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Abstract 

Cell invasion is a complicated process vital to tissue development, immune 

surveillance, and disease states such as metastatic cancer. While in vitro work has 

revealed molecular mechanisms regulating cell invasion, it is limited in its ability to 

recapitulate the local microenvironment of chemicals, forces, and cell types that all affect 

invasive cells. Thus, visualization of the process in in vivo settings provides a deeper 

understanding of the cell biological events of invasion. To invade, a cell must cross 

dense barriers of extracellular matrix and basement membrane (BM); how an invasive 

cell regulates its plasma membrane to facilitate breach and removal of these barriers is 

poorly understood. The developmental event of C. elegans anchor cell (AC) invasion 

provides an in vivo model for the visualization of cell invasion in a native 

microenvironment. The AC, a specialized uterine cell, creates a gap in the BM separating 

the uterine and vulval tissues and then expands that gap through the formation of an 

invasive protrusion. Using live-cell imaging, RNAi screening, genome editing, and 

photobleaching techniques I examined the mechanisms governing plasma membrane 

regulation during AC invasion. In Chapter 1, I provide a background of the 

understanding of cell invasion in disease and development and introduce AC invasion 

as a model for cell invasion in vivo. In Chapter 2, I discover that the AC rapidly expands 

an invasive protrusion to clear underlying BM through exocytosis of lysosomes in a 
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netrin-dependent manner. In Chapter 3, I identify a barrier to membrane diffusion 

formed by the BM receptor dystroglycan as being necessary for expansion of the 

invasive protrusion and maintenance of polarity. Chapter 4 discusses the implications of 

these findings and future directions. 
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1. Cell invasion across barriers of extracellular matrix 

The movement of cells through tissues and across barriers of extracellular matrix 

(ECM) is vital for many developmental, physiological, and pathological processes, 

including trophoblast implantation, neural crest migration, and leukocyte trafficking 

(Nakaya and Sheng, 2013; Nourshargh et al., 2010; Pijnenborg et al., 1981). Misregulation 

of invasion also underlies numerous inflammatory diseases, developmental disorders, 

and metastasis (Hagedorn and Sherwood, 2011). One ECM is basement membrane (BM), 

a thin (50-100 nm), highly-crosslinked sheet predominantly comprised of type IV 

collagen and laminins which lines and supports epithelia and endothelia (Kramer, 2005; 

LeBleu et al., 2007). To migrate between tissue layers, cells must cross this BM barrier. 

Because the size of pores and gaps in the BM is less than 100nm (Abrams et al., 2000) 

and the smallest gaps traversable by invading and migrating cells are no less than 2µm 

(Wolf et al., 2013), to cross a BM, a cell (which I term an invasive cell) must create and 

expand gaps in BM to facilitate passage. 

To initially penetrate BM barriers, invasive cells use small, highly-protrusive, 

membrane-associated F-actin structures called invadopodia (Lohmer et al., 2014; 

Murphy and Courtneidge, 2011). The events that follow invadopodial penetration of 

BM, however, are less clear, as this step in tissue invasion is challenging to recapitulate 

with in vitro and ex vivo invasion assays (Even-Ram and Yamada, 2005; Friedl and Wolf, 

2010). In addition, in vertebrates, most cell invasions occur deep in tissues and are 
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stochastic in nature, which makes them difficult to detect and dynamically image in vivo 

(Beerling et al., 2011). 

1.1 Cell invasion in metastatic cancers 

The role of cell invasion in disease processes is perhaps most notable in the 

metastasis of cancer. Metastatic cancer is responsible for 90% of the disease’s mortality 

(Chaffer and Weinberg, 2011). In order to move from one tissue to another, a cancer cell 

must detach from its primary tumor, intravasate and then extravasate the vasculature, 

invade into a new tissue, and then proliferate, all while avoiding immune surveillance 

(Duffy et al., 2008; Hanahan and Weinberg, 2011; Seyfried and Huysentruyt, 2013). 

Central to this process is the generation and expansion of holes in the ECM and BM 

barriers to allow tumor cells to cross tissues (Hagedorn and Sherwood, 2011; Rowe and 

Weiss, 2008).  

Cancerous cells can invade in two primary ways: as single, detached cells or as a 

collective group of cells following a leading cell (Friedl and Alexander, 2011; Friedl et al., 

2012). In both modes, the migrating cell(s) must engage their cytoskeleton, change 

shape, generate force, and remodel surrounding ECM. Most solid tumors migrate and 

invade in a mesenchymal manner characterized by repeated cycles of protrusion, 

adhesion, movement of the cell body, and then a release of trailing adhesions. In 

mesenchymal cell migration, migrating tumor cells extend one or more actin-rich 

membrane protrusions, termed lamellipodia and filopodia, at the leading edge of 
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migration (Friedl and Wolf, 2003). These protrusions contact and attach to the 

extracellular matrix through cell adhesion molecules, primarily the transmembrane 

receptor integrin which can bind laminin, collagen, and other extracellular matrix and 

basement membrane components (Hynes, 2002). Integrins at the leading edge can recruit 

both secreted and membrane-tethered matrix metalloproteinases (MMPs) that function 

to degrade the surrounding ECM to provide space for the cell body to move forward 

(Brooks et al., 1998; Dumin et al., 2001; Ellerbroek et al., 2001; Gálvez et al., 2002). 

Following protrusion of the cell and adhesion to the ECM, the cell body translocates 

forward using tractional forces originating from actomyosin contractility at the points of 

integrin-based adhesion to the substrate. Adhesions at the rear of the cell disassemble, 

allowing the cell to move forward (Ridley et al., 2003). Some cancers, particularly those 

of hematopoietic origin, can migrate and invade in an amoeboid manner. In contrast to 

mesenchymal migration, adhesion to ECM and forces generated from these adhesions 

are weaker (Friedl and Alexander, 2011; Poincloux et al., 2011). The amoeboid-migrating 

cell is driven forward by small, actin-rich filopodia or by membrane blebs extended by 

actomyosin contractility at the cell rear (Friedl and Alexander, 2011; Madsen and Sahai, 

2010). Actomyosin contractility maintains hydrostatic pressure in the migrating cell and 

separation of the plasma membrane from the actin cortex leads to extension of a 

membrane bleb that moves the cell forward (Charras and Paluch, 2008). 



 

4 

When a migrating cancer cell encounters a BM barrier, the first step towards 

moving past it is to breach the barrier. Cancer cells accomplish this through the 

formation of invadopodia: F-actin-rich, matrix-degrading, protrusive structures (Lohmer 

et al., 2014). Invadopodia formation is integrin-dependent and requires the action of 

actin regulators such as WASP and Arp2/3. Matrix metalloproteinases (MMPs) can both 

be secreted from invadopodia or tethered to the invadopodial membrane where they 

facilitate the degradation of ECM (Monteiro et al., 2013; Poincloux et al., 2009). In 

addition to a deep body of in vitro evidence, invadopodia have also been observed in in 

vitro tumor metastasis models (Gligorijevic et al., 2012). Invadopodia are small relative 

to the size of the invading cell (Lohmer et al., 2016), so current theory necessitates 

repeated breaches and degradation of ECM barriers in order to generate a hole wide 

enough for passage of the invading cell.  

While supported by in vitro models of invasion and the genetics of known 

cancers, this understanding of tumor migration and interaction with the ECM has not 

led to fruitful therapeutics. Strategies to reduce the spread of cancer cells through the 

inhibition of proteolytic degradation by MMPs have not yielded increases in patient 

survival in clinical trials (Overall and Kleifeld, 2006), thus suggesting that cancer cells 

have a greater diversity of invasion mechanisms. Cancer cells can adopt MMP-

independent modes of invasion; inhibition of protease activity in fibrosarcomas and 

breast adenocarcinomas on collagen matrices in vitro does not stop invasion, as these 
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cells can adopt an amoeboid form of migration propelled by changes in cell shape to 

squeeze through pre-existing ECM gaps (Wolf et al., 2003a). Additionally, models of 

tumor metastasis in zebrafish reveal amoeboid-like migration mechanisms where 

invading cells secrete the pro-angiogenic factor VEGF to induce disruptions in 

endothelial cells to allow for invasion into the vasculature (Stoletov et al., 2007).  

Reconstitution of cell invasion in vitro has limitations in its ability to mimic the 

chemicals, forces, cell types, and ECM barriers of the in vivo microenvironment. The use 

of Matrigel-style ECM/BM lacks the cross-linking of mature BM in vivo (Madsen and 

Sahai, 2010), and the primary isoform of laminin in Matrigel is rarely observed in adult 

tissues (Rowe and Weiss, 2008). Matrigel ECM can have pore sizes are 10-20 times larger 

than what are normally observed in in vivo BMs (Abrams et al., 2000; Zaman et al., 2006), 

and changes in matrix properties including pore size and stiffness can alter the 

morphology and number of invadopodia in invading cells (Sabeh et al., 2009; Wolf et al., 

2013), making the ECM and BM differences in vitro problematic. Limitations of in vitro 

work emphasize the need for in vivo analysis of cell invasion. Thus, a better 

understanding of cell invasion in developmental and normal physiological settings is 

important, as cancer metastasis is thought to co-opt these mechanisms (Hanahan and 

Weinberg, 2011). 
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1.2 Cell invasion and migration in development 

Cell invasion across basement membrane is a process that also occurs in many 

developmental and physiological contexts when a cell or group of cells must move from 

one region of a tissue to another, including gastrulation, neural crest cell migration, 

leukocyte trafficking, and in the formation of many organs (Nakaya and Sheng, 2013; 

Thiery et al., 2009). After formation of the vertebrate neural tube, neural crest cells 

delaminate from the epithelium and migrate to specific locations where they will form 

the neurons and glia of the peripheral nervous system. To escape the epithelium of the 

neural tube, the neural crest cells break down BM through secretion of MMP-2 and 

ADAM13, a metalloprotease, and then traverse these BM gaps led by actin-rich 

lamellipodial protrusions (Clay and Halloran, 2011; Kerosuo and Bronner-Fraser, 2012).  

Immune cells also regularly undergo invasion across BM regularly to surveil for 

signs of infection. To intravasate and extravasate the vasculature, leukocytes adhere to 

blood vessel walls and form small actin-rich protrusions surrounded by rings of integrin 

similar to the invadopodia of cancer cells (Nourshargh et al., 2010). Invading leukocytes 

also utilize secreted and membrane-bound MMPs to transiently modify BM (Agrawal et 

al., 2006; Ratzinger et al., 2002) and appear to selectively-exit the vasculature in regions 

of low expression of laminin and type IV collagen (Wang et al., 2006). After degradation 

of the BM, leukocytes extend actin-rich protrusions through the hole and move the cell 

body via forward actomyosin contractility at the rear (Madsen and Sahai, 2010). In some 
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contexts, MMP loss does not impair migration, suggesting redundancy in MMPs or the 

presence of MMP-independent means of invasion (Levesque et al., 2004; Madsen and 

Sahai, 2010; Wolf et al., 2003b).  

These many instances of cell invasion across BM and through ECM indicate 

diverse strategies exist for opening and enlarging gaps for the passage of a migrating 

cell and underscore a consistent requirement for cell invasion in development, 

physiology, and disease. The hallmarks of invasion are shared between these 

developmental programs and metastatic cancer, indicating that metastatic cancer may be 

simply a misappropriation of normal cellular programs (Kerosuo and Bronner-Fraser, 

2012; Seyfried and Huysentruyt, 2013). A deeper understanding at a molecular and 

cellular level of how an invasive cell can expand a gap in BM, however, requires a 

system amenable to genetic manipulation and live-cell imaging.  

1.3 C. elegans as a model system 

Caenorhabditis elegans has a long history as a strong model system for forward 

genetic screening, elucidating molecular pathways in multicellular organisms, and live 

cell imaging. The ease of genetic manipulation and visualization of cells in C. elegans 

makes the organism a prime model for the exploration of fundamental developmental 

and cell biological processes. Novel discoveries from C. elegans have included the netrin 

signaling pathway for axon guidance (Hedgecock et al., 1987), microRNAs (Lee et al., 

1993), RNAi (Fire et al., 1998), heterochronic genes (Ambros and Horvitz, 1984), 
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programmed cell death and the caspase signaling that triggers it (Sulston and Horvitz, 

1977; Yuan and Horvitz, 1990) and the first implementation of GFP as a biological maker 

(Chalfie et al., 1994). In addition to its role in elucidating basic cellular and 

developmental mechanisms, C. elegans can serve as a simple model system for the 

understanding of human pathologies. Studies in C. elegans have revealed conservation of 

major signaling pathways (Shaye and Greenwald, 2011), and discovered new genes, 

mechanisms, and pathways governing diabetes and fat metabolism (Ashrafi et al., 2003; 

Kaletta and Hengartner, 2006), neurological pathologies (Dempsey et al., 2005; Link, 

1995; Ranganathan et al., 2001), muscular dystrophy (Kim et al., 2004), and cancer 

(Bergamaschi et al., 2003; Deng et al., 2004; Lackner et al., 2005; Sternberg and Han, 

1998). Discoveries in C. elegans provide further insight into human disease and allow for 

the discovery of new genetics and biological processes. 

1.4 C. elegans anchor cell invasion 

During C. elegans hermaphrodite larval development, a specialized uterine cell, 

the anchor cell (AC) invades across the juxtaposed and connected basement membranes 

(BMs) of the uterine and vulval tissues to contact the underlying vulval epithelium 

(Sherwood and Sternberg, 2003; Morrissey et al., 2014). Connection of these tissues 

allows for formation of the mature vulva through which adult C. elegans hermaphrodites 

mate and lay progeny (Newman et al., 1996; Sherwood and Sternberg, 2003). AC 

invasion is highly stereotyped and correlates temporally with the divisions of the 
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neighboring uterine and underlying vulval cells, which provides an easily-discernable 

marker for developmental time and thus allows for detection of small delays and defects 

in invasion. When AC invasion is defective, the uterine and vulval tissues are not 

connected, yielding adult hermaphrodites that are unable to lay eggs and/or exhibit 

protruding vulval tissue. Both phenotypes make animals with defective AC invasion 

easy to identify. The stereotyped nature of AC invasion and its easily-observed 

phenotypes make it an experimentally-tractable model for studying cell invasion.  

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

invasion is initiated by signaling from the underlying vulval cells (Sherwood and 

Sternberg, 2003). This induction of AC invasion is similar to the promotion of cancer 

metastasis by signaling from neighboring tumor-associated macrophages (Roh-Johnson 

et al., 2014). A diffusible signal (whose molecular nature is unknown) from the vulval 

cells activates CDC-42, a Rho GTPase, that subsequently initiates the formation of 

dynamic, F-actin rich membrane protrusions termed invadopodia through the 

downstream effector WSP-1, the C. elegans N-WASP orthologue (Lohmer et al., 2016). 

Like invadopodia in invasive cancer cells, the formation of the AC’s invadopodia is 

integrin-dependent (Destaing et al., 2010; Hagedorn et al., 2013, 2014). These 

invadopodia rapidly form and break down before reforming again to continue to probe 

the underlying BM. This turnover appears to be a recycling process where the 

invadopodial membrane is rapidly recycled following depolymerization of 
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invadopodial F-actin by UNC-60 (cofilin), an actin depolymerizing factor that severs 

actin filaments and disassembles F-actin from the barbed end (Hotulainen et al., 2005). 

This invadopodial membrane appears to be a uniquely-comprised and selectively-

targeted moiety rich in the phospholipid PI(4,5)P2 and membrane-associated Rho 

GTPases that is recycled through the endolysosomal system (Hagedorn et al., 2014). 

Eventually, one or more invadopodia penetrate the basement membrane. At the 

site of BM breach, the netrin receptor UNC-40 (the C. elegans ortholog of vertebrate 

DCC) becomes enriched, and in response to secreted UNC-6 (netrin), directs the 

formation of a large invasive protrusion (Hagedorn et al., 2013). UNC-40 at the site of 

BM breach drives concentration of F-actin, UNC-34 (C. elegans Ena/VASP homolog), and 

the Rho GTPases MIG-2 and CED-10 at the BM breach (Hagedorn et al., 2013). This 

invasive protrusion opens a hole in the BM approximately 5µm in diameter through 

degradation and physical displacement of BM, thus creating an opening for the AC. 

Furthermore, the AC’s invasive protrusion extends between the primary (1°) vulval cells 

to secure direct uterine-vulval connection (Hagedorn et al., 2013) (Figure 1). In the 

absence of netrin signaling in unc-6 or unc-40 mutants, invasion is delayed or does not 

occur; when invadopodia do breach the BM, the AC fails to open a singular hole in the 

barrier and does not efficiently connect with the vulval tissue (Hagedorn et al., 2013; 

Wang et al., 2014; Ziel et al., 2009). Cancer cells also use single large protrusions to cross 

BMs in ex vivo invasion assays (Hotary et al., 2006; Leong et al., 2014; Schoumacher et 
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al., 2010). Despite the apparent conservation of this aspect of the invasion program, how 

an invasive protrusion forms and rapidly enlarges in the tight confines of the encircling 

BM and invaded tissue is unknown. 

 

Figure 1: Schematic of C. elegans anchor cell invasion 

Anchor cell (AC) invasion in C. elegans (top, lateral view schematic; bottom, grayscale 

image ventral view of fluorescent laminin::GFP-labeled basement membrane). Left: 

During the early L3 larval stage, the AC (blue) sits atop the basement membrane (BM; 

purple) and the two daughters of the 1 fated P6.p vulval precursor cell (1 VPCs; P6.p 

2-cell stage; grey). Actin-rich invadopodia (red) form and one breaches the BM (arrow 

top, arrowhead bottom). Center: At the time the underlying P6.p descendants divide 

(P6.p 2/4-cell transition), the invasive protrusion expands and the BM hole widens. 

Right: By completion of next P6.p descendant division (P6.p 8-cell stage), the BM 

opening has expanded beyond the border of the AC (driven by invagination of vulval 

cells), the invasive protrusion is no longer apparent, and the AC nestles between the 

central 1 fated P6.p descendants. 
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Membrane protrusions are observed in invasive cells (Hotary et al., 2006; Leong 

et al., 2014; Schoumacher et al., 2010), but the molecular and cellular events regulating 

their formation are unknown. Due to its strengths as a model organism, C. elegans AC 

invasion provides an excellent model for the study of cell invasion in vivo to address 

questions that are impossible in in vitro settings. In Chapter 2, I describe the genetic and 

molecular mechanisms by which the plasma membrane of the AC is regulated to 

generate an invasive protrusion to remove basement membrane. The data show the AC 

expands its surface area and volume to form the invasive protrusion. Netrin signaling 

polarizes lysosomes to the AC’s invasive membrane and in the invasive protrusion 

where they are exocytosed to expand the AC’s plasma membrane. In Chapter 3, I detail 

the discovery of a transient barrier to membrane diffusion in the AC formed by the 

basement membrane receptor dystroglycan. This barrier forms at the junction between 

the AC and BM, and integrity of this barrier is required for the formation of the invasive 

protrusion. Chapter 4 discusses this work in the context of other literature and outlines 

potential future directions. 
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2. A role for membrane addition in cell invasion  

Chapter 2 is an adaptation of part of a work entitled Cell invasion in vivo via rapid 

exocytosis of a transient lysosome-derived membrane domain in review at Nature Cell 

Biology at the time of the defense of this dissertation. The authors of this manuscript are Kaleb 

M. Naegeli, Eric Hastie, Zheng Wang, Daniel P. Keeley, Kacy L. Gordon, Ariel M. Pani, Laura 

C. Kelley, Meghan Morrissey, Qiuyi Chi, Bob Goldstein, and David R. Sherwood. In this 

chapter, I use the first-person pronouns in reference to work completed while 

acknowledging the important contributions of all the authors. A full breakdown of 

author contributions can be found in the Chapter 2 Acknowledgements (p.43). 

2.1 Introduction 

In contrast to well-characterized roles for the cytoskeleton within invasive cells, 

the regulation of membrane dynamics during cell migration and invasion is poorly 

understood (Hastie and Sherwood, 2016; Lecuit and Pilot, 2003; Linder et al., 2011). In 

vitro studies examining integrin receptors, endocytosis, and exocytosis events in diverse 

cell types migrating on 2D surfaces suggest that endocytosis is used to recycle adhesion 

receptors, cytoskeletal components, and lipid bilayers to the leading edge of migrating 

cells to build elongated protrusions (Bretscher and Aguado-Velasco, 1998; Bretscher and 

Thomson, 1983; Fletcher and Rappoport, 2010; Lawson and Maxfield, 1995). Although 

mechanistic details are unknown, this treadmilling model accounts for how migrating 

cells could move by redirecting key mechanical, signaling, and membrane elements to 
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the leading edge of the protrusion (Fletcher and Rappoport, 2010). Because invasive 

protrusions likely require unique molecular components to breach tissue barriers, it is 

unclear if a similar recycling mechanism could be exploited for construction of an 

invasive protrusion. 

The possibility of expansion and contraction of the plasma membrane’s surface 

area during formation of invasive protrusions has not been considered previously. 

Directionally-migrating or invading cells often change shape, suggesting that the plasma 

membrane surface area is dynamically regulated. Studies in Dictyostelium have revealed 

that surface area can change 20-30% in the span of minutes during directional migration 

(Traynor and Kay, 2007) and that such expansion and subsequent retraction requires 

active exocytosis and endocytosis (Kay et al., 2008), but similar observations have not 

been made in other cell types or invasive cells despite the presence of membrane 

protrusions and extensions.  

In this chapter, I investigate the dynamic regulation of the AC’s plasma 

membrane during invasion. Using live-cell imaging, I discover that the AC directs 

membrane addition specifically to build an invasive protrusion to displace surrounding 

basement membrane and that expansion of this protrusion is dependent upon netrin. I 

identify lysosomal membrane, the same compartment that functions in the AC’s 

invadopodia (Hagedorn et al., 2014), as the major contributor to protrusion growth via 

exocytosis and that netrin polarizes lysosomal vesicles to the site of protrusion. Using a 
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targeted RNAi screen, I identify novel regulators of the invasion process and membrane 

expansion and subsequently demonstrate that the exocyst complex is required for 

membrane addition and that the t-SNARE SNAP-29 colocalizes with lysosomes and 

facilitates membrane addition at the invasive protrusion. 

2.2 Results 

2.2.1 The anchor cell increases in size during invasion in a netrin-
dependent manner 

To understand the mechanisms that regulate the formation of invasive 

protrusions, I first quantified plasma membrane dynamics during AC invasion into the 

vulval epithelium in C. elegans using AC-specific expression of GFP tagged with a CAAX 

prenylation motif (cdh-3>GFP::CAAX), which localizes to plasma membranes. I 

measured the surface area and volume of the AC throughout the approximately 1.5-hour 

invasion process (see A.1.4 Microscopy and image analysis, p.86). The timing of invasive 

protrusion maturation was assessed using the underlying P6.p vulval precursor cell 

(VPC) divisions, which adopt a 1 vulval fate and divide in synchrony with AC invasion 

(Figure 1). During formation of the invasive protrusion (P6.p 2/4-cell transition), the AC 

increased 12.7% in surface area and 20.6% in volume (Figure 2A-B). Further, AC growth 

was specifically localized to the invasive protrusion (Figure 2C).  
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Figure 2: The AC increases its size to form the invasive protrusion 

(A) AC volume before protrusion formation (P6.p 2-cell stage), during protrusion 

expansion (P6.p 2/4-cell transition), and after retraction (P6.p 4-cell stage) for wild 

type (white) and unc-40 (e271) mutants (blue). (n > 10 each category). **p<0.01, n.s. no 

significant difference, Student’s t-test). (B) AC surface area before (P6.p 2-cell stage), 

during (P6.p 2/4-cell transition), and after (P6.p 4-cell stage) AC invasive protrusion 

formation for wild type (white) and unc-40 (e271) (blue) animals (n > 10 each 

category). *p<0.05, **p<0.01, n.s. no significant difference, Student’s t-test). 

Measurements in (A) and (B) are normalized to average volume and surface are at 

P6.p 2-cell stage (see A.1.4 Microscopy and image analysisp.86) (C) AC body volume 

(purple, left) and invasive protrusion volume (black, right) before (P6.p 2-cell stage) 

and during (P6.p 2/4-cell transition). ***p<0.001, n.s. no significant difference, 

Student’s t-test). The same animals were used for all three panels of Figure 2.  
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Quantification of invasive protrusion expansion during time-lapse analysis 

indicated an average growth rate of 0.427 µm3/min (Figure 3A-B), and an average 

maximum volume of 22.6 ± 1.40µm3 (n=23 animals). Invasive protrusion expansion was 

correlated with enlargement of the BM hole (Figure 4), supporting the idea that the 

protrusion actively clears a large BM opening during invasion into the vulval tissue. 

 

Figure 3: Time-lapse analysis of AC invasive protrusion formation 

(A) Time-lapse of AC invasive protrusion formation. AC membrane labeled by cdh-

3>GFP::CAAX, blue and greyscale; BM (laminin::mCherry, magenta) position shown 

by orange dotted lines. Wild type (top) and unc-40 (e271) (bottom) animals. Invasive 

protrusion isosurfaces (the portion of the AC below the BM, purple). (B) AC 
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protrusion volume over time in wild type (blue) and unc-40 (e271) (red) animals. 

Protrusion volume growth was compared using a y-intercept of 10µm3 as a starting 

point for analysis. For time-lapses where the protrusion does not reach 10µm3 – 

including unc-40 mutants where no protrusions formed – the time-lapses are plotted 

from BM breach time. Average expansion rates (dotted lines) ± SD are shown (n=5 

animals for each group) **p<0.01, Student’s t-test. (C) Time to maximum protrusion 

size for wild type animal time-lapses (n=23 animals) 

Protrusion growth and BM breach widening occurred during an average 55-

minute window (Figure 3C). Following growth, the invasive protrusion retracted (early 

P6.p 4-cell stage; n=10 animals observed; Figure 3A), and the AC volume and surface 

area returned to their approximate original sizes (Figure 2A-B). Similar protrusion 

dynamics were observed in three control strains expressing two membrane markers (see 

A.1.5 RNA interference and scoring of invasion, p.89), indicating invasive protrusion 

formation is robust and highly stereotyped. Notably, ACs from animals lacking the 

netrin receptor UNC-40 (vertebrate DCC), which is required to form the invasive 

protrusion (Hagedorn et al., 2013), did not increase in volume or surface area (Figure 

2A-B and Figure 3A-B). Together, these results indicate that UNC-40 directs the 

formation of a protrusion that locally expands the volume and surface area of the AC to 

open a single large gap in the BM and vulval tissue to allow direct AC-vulval contact. 
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Figure 4: Protrusion growth correlates with expansion of the BM hole 

Change in protrusion volume (black, left) and BM hole size (red, right) over time. 

Each plot is a separate animal. t=0 corresponds to initial BM breach or beginning of 

time-lapse (protrusion volume > 0µm3). 

2.2.2 Lysosomes contribute membrane for expansion of the invasive 
protrusion 

Lipid membranes can only stretch their surface area 2-3% before rupturing 

(Mohandas and Evans, 1994). To dynamically increase surface area, cells add membrane 

from membrane folds or through exocytosis of internal membrane stores (Kay et al., 

2008; Li et al., 2010; Staykova and Stone, 2011). Previous staining with the outer 
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membrane dye FM1-43, suggested that the AC plasma membrane lacks membrane folds 

(Hagedorn et al., 2013). Examination of ACs by transmission electron microscopy 

confirmed that absence of folding in the AC plasma membrane (Figure 5). Thus, the 

expansion of the AC’s plasma membrane during invasion must be due to 

supplementation of new membrane. 

 

Figure 5: The AC plasma membrane lacks ruffling or folds in TEM sections 

Transmission electron micrograph of the AC (left, pink) at the P6.p 2-cell stage. Box 

indicates magnified region (right). The AC plasma membrane (pink, right) was not 

folded (n =3/3 animals). Scale bar = 1µm (left) and 500 nm (magnified, right). 

A number of internal membrane sources provide lipids for plasma membrane 

expansion, including the endoplasmic reticulum, the Golgi apparatus, endosomes, and 

lysosomes (Dyer et al., 2007; Lecuit and Pilot, 2003; Lecuit and Wieschaus, 2000; Raiborg 

et al., 2015; Rodríguez et al., 1997). I examined worms expressing fusion proteins that 

mark the endoplasmic reticulum (CYTB-5.1::GFP), the Golgi apparatus (AMAN-2::GFP), 

early endosomes (mCherry::RAB-5), late endosomes (mCherry::RAB-7), recycling 

endosomes (mCherry::RAB-11), and lysosomes (LMP-1::GFP; GFP::CUP-5) (Sato et al., 
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2014). I hypothesized that if one of these membrane sources builds the protrusion, it 

should localize to the BM breach site. Notably, lysosomes (LMP-1::GFP or CUP-5::GFP-

positive vesicles) were polarized strongly along the AC’s invasive membrane (the region 

of the AC bordering the BM) prior to invasive protrusion formation (Figure 6A-B). 

Further, both lysosome markers were enriched within the invasive protrusion during its 

growth (n=20/20 animals each; Figure 6C).  

 

Figure 6: Polarity of intracellular membrane markers in the AC 

(A) Expression of markers for intracellular membrane sources in the AC (top) and 

corresponding spectral intensity maps showing polarity (bottom) in ACs at the P6.p 2-

cell stage. (B) AC membrane polarity (P6.p 2-cell stage). **p<0.01, ***p<0.001, n.s. = not 
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significant, Tukey-Kramer HSD (n≥12 each category). (C) Expression of the lysosomal 

transmembrane proteins CUP-5 and LMP-1 during protrusion formation (left), and 

corresponding spectral intensity maps (right). Scale bars = 5µm. 

To directly test if the invasive protrusion is formed from lysosomal membrane, I 

used RNAi knockdown of phosphatidylinositol phosphate kinase ppk-3, which regulates 

maturation and integrity of lysosomes (Nicot et al., 2006). Because the null allele of ppk-3 

is lethal (Nicot et al., 2006), I performed these experiments using a uterine-specific RNAi 

strain (see A.1.5 RNA interference and scoring of invasion, p.89). Knockdown of ppk-3 in 

the uterine cells strongly perturbed AC invasion (Table 1) and invasive protrusion 

formation (Figure 7). As other uterine cells do not contribute to AC invasion (Sherwood 

and Sternberg, 2003), these data indicate that ppk-3 functions in the AC to promote 

invasion.  

Table 1: AC invasion defects following uterine-specific knockdown of membrane 

trafficking genes by RNAi 

Gene Full 

Invasion 

Partial 

Invasion 

Blocked 

Invasion 

Total 

Defect 

n 

ppk-3 54.0% 12.0% 34.0% 46.0% 50 

snap-29 66.7% 11.9% 21.4% 33.3% 42 

sec-3  76.0% 10.0% 14.0% 24.0% 50 

sec-10 77.1% 5.7% 17.1% 22.8% 35 

sec-15 71.1% 8.9% 20.0% 28.9% 45 

exoc-8  59.2% 12.2% 28.6% 40.8% 49 

L4440 (negative control) 93.5% 4.3% 2.2% 6.5% 46 

 

To determine if lysosome integrity was necessary for invasive protrusion 

formation, I observed protrusion formation after BM breach following knockdown of 
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ppk-3 by RNAi. Quantification of invasive protrusion growth revealed that wild type 

and control uterine-specific RNAi animals formed invasive protrusions of 10µm3 

volume within 40 minutes of BM breach (n = 23/24 animals). In contrast, only 4 of 10 ppk-

3 RNAi-treated ACs reached that growth threshold, a ratio that was statistically 

significant compared to that of wild type (p=0.0014, χ2 test). In the 6 most significantly 

affected animals that did not reach 10µm3 within 40 minutes, protrusions grew slowly 

(0.091µm3/min versus 0.357µm3/min in control animals, Figure 7A-B). Taken together, 

these observations suggest that lysosomes contribute membrane to form the invasive 

protrusion. 
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Figure 7: ppk-3 is required for invasive protrusion formation 

(A) Time-lapse of AC invasive protrusion formation in a uterine-specific RNAi 

background. AC membrane labeled with cdh-3>mCherry::PLCδPH, blue and greyscale, 

purple isosurface below; BM (laminin::GFP, magenta) position shown by orange 

dotted lines. Scale bars = 5µm. (B) AC protrusion volume over time in control (blue) 

and ppk-3 (RNAi) (red) animals. Average expansion rates (dotted lines) ± SD are 

shown. Protrusion volume growth was compared using a y-intercept of 10µm3 as a 

starting point for analysis. For time-lapses where the protrusion does not reach 10µm3, 

the time-lapses are plotted from BM breach time of the trendline. ***p<0.001, 

Student’s t-test (n=13 animals for wild type, n=6 animals for ppk-3 (RNAi). 
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UNC-40 localizes to the site of BM breach and organizes invasive protrusion 

formation in response to UNC-6. I hypothesized that this interaction may localize 

lysosomes to the site of protrusion formation. Consistent with this notion, LMP-1-

labeled lysosomes were no longer polarized at the invasive membrane prior to or during 

the normal time of invasion in unc-40 (e271) and unc-6 (ev400) mutants (Figure 8A-B).  

To examine how endogenous UNC-6 acts to polarize lysosomes to form the 

protrusion, I used CRISPR/Cas9 to fuse the coding sequence of fluorescent protein 

mNeonGreen (mNG) to the unc-6 genomic locus (unc-6::mNG knock-in) (Shaner et al., 

2013). UNC-6::mNG was detected at high levels in the P6.p vulval precursor cell and its 

descendants from the earliest stages of vulval induction, during AC invasion, during 

protrusion formation, and in extracellular punctae around the AC and its invasive 

protrusion (n>10 animals each stage, Figure 9 and Figure 8C). Additionally, UNC-

6::mNG continued to show consistent expression in the 1° fated vulval cells and vulval 

tissue through the remainder of vulval development (Figure 9). These results suggest 

that a short-range UNC-6 signal polarizes lysosomes to the site of protrusion formation.  
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Figure 8: Netrin signaling directs lysosome polarization for protrusion formation 

(A) Lysosomes (LMP-1::GFP) in the ACs of wild type (top), unc-40 (e271) (middle), and 

unc-6 (ev400) (bottom) animals before protrusion formation (P6.p 2-cell stage), during 

protrusion expansion (P6.p 2/4-cell transition), and after retraction (P6.p 4-cell stage). 

Arrowheads indicate lysosome localization. BM position, orange. (B) Polarity of LMP-

1::GFP at the AC invasive membrane before BM breach. ***p<0.001, Student’s t-test 

(n≥7 animals per genotype). (C) Lysosomes (LMP-1::mCherry, magenta) polarize 

within the invasive protrusion (arrowhead) toward UNC-6::mNG (green, unc-6 

(cp190)), which is expressed in the VPCs and localizes in extracellular punctae (arrow). 

An unc-6 (ev400) mutant with membrane-tethered UNC-6 (zmp-5>unc-6::nlg-

1::TM::GFP) expressed in a dorsal uterine cell (orange arrowhead). The AC extends a 

small protrusion with the lysosome marker LMP-1::mCherry (white arrowhead) 

polarized toward the ectopic UNC-6::GFP . Scale bars = 5μm. 
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Figure 9: UNC-6::mNG vulval expression during invasion and development 

unc-6 (cp190 (unc-6::mNG)) expression from initial vulval induction (P6.p 1-cell stage), 

during AC invasion (P6.p 2, 4, and 8-cell stages), and after completion of AC invasion 

as the vulval lumen forms (mid-late L4) reveals consistent expression of UNC-6 in the 

vulval tissue as well in punctae outside the VPCs and vulva.  

To directly test whether UNC-6 is sufficient to polarize lysosomes, I expressed a 

membrane-tethered form of UNC-6 in the dorsal uterine cells (zmp-5>UNC-6::NLG-

1::TM::GFP) in unc-6 (ev400) null animals (Figure 8C) (Wang et al., 2014). Dorsal 
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presentation of UNC-6 robustly directed lysosomes (marked with LMP-1::GFP) toward 

ectopic UNC-6 (n=15/15 animals) and in some cases the AC extended a small LMP-1 

enriched protrusion toward the ectopic UNC-6 (n=6/15 animals; Figure 8C). These 

observations suggest that localized UNC-6/UNC-40 interactions direct the polarized 

addition of lysosomal membrane to form the invasive protrusion. 

2.2.3 An RNAi screen for regulators of protrusion expansion 

The concentration of lysosomes and addition of membrane at the BM breach site 

suggest that localized exocytosis promotes invasive protrusion formation. To test this 

idea, I performed a RNAi screen of 116 genes encoding proteins involved in endocytosis, 

exocytosis, and membrane trafficking, looking for perturbations in AC invasion (Sato et 

al., 2014). Using a genetic background sensitive to RNAi through a mutation in the 

RNA-directed RNA polymerase rrf-3 (Simmer et al., 2002), RNAi-mediated knockdown 

of 22 of these genes yielded partially-penetrant defects in AC invasion (Table 2).  

Table 2: AC invasion defects in an RNAi screen for mediators of membrane 

trafficking, endocytosis, and exocytosis 

Gene 

Sequence 

ID 

Full 

Invasion 

Partial 

Invasion 

Blocked 

Invasion 

Total 

Defect n 

L4440 (negative control)  97.1% 2.9% 0.0% 2.9% 68 

snap-29 K02D10.5 72.7% 4.5% 22.7% 27.3% 22 

dyn-1 C02C6.1 82.4% 11.8% 5.9% 17.6% 17 

arf-1.2* B0336.2 85.2% 7.4% 7.4% 14.8% 27 

ppk-3 VF11C1L.1 88.2% 5.9% 5.9% 11.8% 34 

arl-5/arl-2 ZK632.8 91.3% 4.3% 4.3% 8.7% 23 

dnj-25 W07A8.3 92.1% 7.9% 0.0% 7.9% 38 

sec-15 C28G1.3 92.6% 3.7% 3.7% 7.4% 27 

vps-18 W06B4.3 93.1% 3.4% 3.4% 6.9% 29 
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rab-21 T01B7.3 93.1% 6.9% 0.0% 6.9% 29 

hsp-1 F26D10.3 93.8% 0.0% 6.3% 6.3% 16 

rab-27/aex-6 Y87G2A.4 93.9% 3.0% 3.0% 6.1% 33 

scav-3 Y49E10.20 94.4% 5.6% 0.0% 5.6% 36 

unc-104 C52E12.2 94.6% 5.4% 0.0% 5.4% 37 

arl-1 F54C9.10 94.9% 0.0% 5.1% 5.1% 39 

apb-1 Y71H2B.10 95.2% 0.0% 4.8% 4.8% 21 

exoc-8 Y105E8B.2 95.5% 4.5% 0.0% 4.5% 22 

ykt-6 B0361.10 95.5% 4.5% 0.0% 4.5% 22 

rme-6 F49E7.1 95.8% 0.0% 4.2% 4.2% 24 

erp-1 F35A5.8 95.8% 0.0% 4.2% 4.2% 24 

rab-6.1 F59B2.7 96.0% 0.0% 4.0% 4.0% 25 

sec-10 C33H5.9 96.4% 0.0% 3.6% 3.6% 28 

unc-41 C27H6.1 96.7% 0.0% 3.3% 3.3% 30 

vps-11 R06F6.2 97.0% 0.0% 3.0% 3.0% 33 

rab-39 D2013.1 97.1% 2.9% 0.0% 2.9% 34 

dpy-23 R160.1 100.0% 0.0% 0.0% 0.0% 23 

rab-5 F26H9.6 100.0% 0.0% 0.0% 0.0% 27 

rab-7 W03C9.3 100.0% 0.0% 0.0% 0.0% 26 

sec-3 F52E4.7 100.0% 0.0% 0.0% 0.0% 25 

syn-4/syx-4 T01B11.3 100.0% 0.0% 0.0% 0.0% 28 

sec-5 T23G7.4 100.0% 0.0% 0.0% 0.0% 27 

ric-4/snap-25 Y22F5A.3 100.0% 0.0% 0.0% 0.0% 20 

snb-1/sup-8 T10H9.4 100.0% 0.0% 0.0% 0.0% 32 

unc-11 C32E8.10 100.0% 0.0% 0.0% 0.0% 22 

arf-2/evl-20/arl-2/arl-5 F22B5.1 100.0% 0.0% 0.0% 0.0% 20 

rab-10 T23H2.5 100.0% 0.0% 0.0% 0.0% 21 

sec-22 F55A4.1 100.0% 0.0% 0.0% 0.0% 27 

arl-8 Y57G11C.13 100.0% 0.0% 0.0% 0.0% 31 

rab-6.2 T25G12.4 100.0% 0.0% 0.0% 0.0% 25 

rab-2/unc-108/unc-67 F53F10.4 100.0% 0.0% 0.0% 0.0% 28 

apa-2 T20B5.1 100.0% 0.0% 0.0% 0.0% 23 

cnt-1 Y17G7B.15 100.0% 0.0% 0.0% 0.0% 19 

rab-14 K09A9.2 100.0% 0.0% 0.0% 0.0% 17 

arl-6/bbs-3 C38D4.8 100.0% 0.0% 0.0% 0.0% 20 

arf-1.2/arf-1 B0336.2 100.0% 0.0% 0.0% 0.0% 21 

rab-30 Y45F3A.2 100.0% 0.0% 0.0% 0.0% 24 

arl-3 F19H8.3 100.0% 0.0% 0.0% 0.0% 20 

stam-1 C34G6.7 100.0% 0.0% 0.0% 0.0% 22 
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rab-33 F43D9.2 100.0% 0.0% 0.0% 0.0% 21 

rab-28 Y11D7A.4 100.0% 0.0% 0.0% 0.0% 22 

use-1 Y110A7A.11 100.0% 0.0% 0.0% 0.0% 22 

N/A ZK669.5 100.0% 0.0% 0.0% 0.0% 22 

dab-1 M110.5 100.0% 0.0% 0.0% 0.0% 28 

arf-1.1/arl-6 F45E4.1 100.0% 0.0% 0.0% 0.0% 28 

arf-6 Y116A8C.12 100.0% 0.0% 0.0% 0.0% 24 

rab-19 Y62E10A.9 100.0% 0.0% 0.0% 0.0% 28 

rabY5 F11A5.3 100.0% 0.0% 0.0% 0.0% 22 

rabY4 F11A5.4 100.0% 0.0% 0.0% 0.0% 21 

ehbp-1 F25B3.1 100.0% 0.0% 0.0% 0.0% 23 

aps-2 F02E8.3 100.0% 0.0% 0.0% 0.0% 24 

aex-4 T14G12.2 100.0% 0.0% 0.0% 0.0% 21 

rabY2 4R79.2 100.0% 0.0% 0.0% 0.0% 26 

RabY1/tag-312 C33D12.6 100.0% 0.0% 0.0% 0.0% 24 

rab-37 W01H2.3 100.0% 0.0% 0.0% 0.0% 26 

rab-8 D1037.4 100.0% 0.0% 0.0% 0.0% 24 

rabY6 C56E6.2 100.0% 0.0% 0.0% 0.0% 28 

atg-18 F41E6.13 100.0% 0.0% 0.0% 0.0% 27 

rab-11.2 W04G5.2 100.0% 0.0% 0.0% 0.0% 35 

rme-8 F18C12.2 100.0% 0.0% 0.0% 0.0% 21 

tbc-2 ZK1248.10 100.0% 0.0% 0.0% 0.0% 22 

vps-35 F59G1.3 100.0% 0.0% 0.0% 0.0% 28 

sec-20 F40G9.1 100.0% 0.0% 0.0% 0.0% 21 

hgrs-1 C07G1.5 100.0% 0.0% 0.0% 0.0% 21 

vamp-8 B0513.9 100.0% 0.0% 0.0% 0.0% 21 

memb-2 M03E7.5 100.0% 0.0% 0.0% 0.0% 30 

rabY3 K02E10.1 100.0% 0.0% 0.0% 0.0% 27 

syx-6 C15C7.1 100.0% 0.0% 0.0% 0.0% 32 

unc-10 T10A3.1 100.0% 0.0% 0.0% 0.0% 23 

memb-1/gosr-2.1 B0272.2 100.0% 0.0% 0.0% 0.0% 21 

epn-1 T04C10.2 100.0% 0.0% 0.0% 0.0% 27 

rab-11.1 F53G12.1 100.0% 0.0% 0.0% 0.0% 24 

unc-64/syx-1 F56A8.7a,b 100.0% 0.0% 0.0% 0.0% 27 

snx-1 C05D9.1 100.0% 0.0% 0.0% 0.0% 20 

syx-17 VF39H2L.1 100.0% 0.0% 0.0% 0.0% 22 

rab-35/rme-5 Y47D3A.25 100.0% 0.0% 0.0% 0.0% 23 

syn-13/syx-7 F36F2.4 100.0% 0.0% 0.0% 0.0% 20 

syx-18 T10H9.3 100.0% 0.0% 0.0% 0.0% 24 
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snb-5 C30A5.5 100.0% 0.0% 0.0% 0.0% 22 

snt-2 F42G9.7 100.0% 0.0% 0.0% 0.0% 25 

snt-1 F31E8.2 100.0% 0.0% 0.0% 0.0% 20 

alx-1 R10E12.1 100.0% 0.0% 0.0% 0.0% 26 

snap-1 D1014.3 100.0% 0.0% 0.0% 0.0% 28 

ehs-1 ZK1248.3 100.0% 0.0% 0.0% 0.0% 21 

syn-16/syx-16 ZC155.7 100.0% 0.0% 0.0% 0.0% 18 

mtm-6 F53A2.8 100.0% 0.0% 0.0% 0.0% 28 

vps-16 C05D11.2 100.0% 0.0% 0.0% 0.0% 24 

rbf-1 F37A4.7 100.0% 0.0% 0.0% 0.0% 35 

exoc-7 C43E11.8 100.0% 0.0% 0.0% 0.0% 23 

sec-8 Y106G6H.7 100.0% 0.0% 0.0% 0.0% 23 

snb-6 T14D7.3 100.0% 0.0% 0.0% 0.0% 22 

snt-6 C08G5.4 100.0% 0.0% 0.0% 0.0% 23 

lst-4 Y37A1B.2 100.0% 0.0% 0.0% 0.0% 20 

rab-3/rbl-3 C18A3.6 100.0% 0.0% 0.0% 0.0% 18 

unc-18 F27D9.1 100.0% 0.0% 0.0% 0.0% 22 

snb-2 F23H12.1 100.0% 0.0% 0.0% 0.0% 15 

snt-5 R12A1.2 100.0% 0.0% 0.0% 0.0% 11 

syn-2/syx-2 F48F7.2 100.0% 0.0% 0.0% 0.0% 27 

unc-57 T04D1.3 100.0% 0.0% 0.0% 0.0% 34 

ego-2 Y53H1C.2 100.0% 0.0% 0.0% 0.0% 20 

snt-4 T23H2.2 100.0% 0.0% 0.0% 0.0% 22 

rme-4 F46F6.1 100.0% 0.0% 0.0% 0.0% 19 

unc-13 ZK524.2 100.0% 0.0% 0.0% 0.0% 22 
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Figure 10: AC invasion defects in an RNAi screen of membrane trafficking regulators 

Images of AC invasion in wild type (top), snap-29 (RNAi) (middle), and rab-11.1 

(RNAi) (bottom). The AC (orange arrowheads) breaches the BM (phase-dense line 

indicated by white arrowhead, top) and the gap expands to the width of the AC by the 

P6.p 4-cell stage. Representative invasion defect in snap-29 (RNAi), the BM was not 

breached by the P6.p 4-cell stage (white arrowhead and laminin::mCherry) in 22% of 

animals. In rab-11.1 (RNAi), the basement membrane was breached normally (white 

arrowhead), but the invasive protrusion (yellow arrowhead) remained visible beyond 

the time when retraction would normally occur. 

2.2.4 Protrusion expansion is driven by exocytosis events 

In the RNAi screen for AC invasion defects in regulators of membrane 

trafficking, endocytosis, and exocytosis, depletion of the SNAP-25-family t-SNARE snap-

29 produced the strongest defect (Table 2, Figure 10). The vertebrate ortholog of snap-29 

(SNAP-25) promotes exocytosis and plasma membrane expansion during axon branch 

formation through interactions with the vertebrate UNC-40 ortholog DCC downstream 

of netrin interactions with DCC (Winkle et al., 2014). Uterine-specific RNAi knockdown 
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of snap-29 disrupted AC invasion to the same extent as whole body treatment (Table 1), 

suggesting that SNAP-29 functions in the AC. A snap-29>GFP transcriptional reporter 

was expressed in the AC and mCherry::SNAP-29 was polarized to the invasive 

membrane before invasion and concentrated in the invasive protrusion (Figure 11A). 

LMP-1::GFP and mCherry::SNAP-29 colocalized at the invasive surface of the AC and in 

the invasive protrusion (Figure 11B-C), suggesting that SNAP-29 may mediate lysosome 

exocytosis to form the invasive protrusion.  

 

Figure 11: SNAP-29 colocalizes with LMP-1 in the AC invasive protrusion 

(A) A snap-29 transcriptional reporter (snap-29>GFP; top right) expressed in the AC. 

An AC expressed translational reporter (cdh-3>mCherry::SNAP-29; bottom) is 

polarized (arrowheads) to the invasive membrane before invasion (left) and within 

the protrusion (right); BM position, orange. Quantification of polarization ± SD is 

shown (n≥5 animals for each stage). (B) Colocalization of mCherry::SNAP-29 and 

LMP-1::GFP during protrusion formation. 0.5µm confocal z-slices of the AC body 

(top,) and invasive protrusion (middle); sum projection of the AC (bottom). Yellow 

line (top inset, right) indicates point of fluorescence measurement shown in (C). (C) 

Fluorescence measurement shows colocalization of peak SNAP-29 (red) and LMP-1 

(blue) signal. Scale bars = 5µm. 
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To test if snap-29 is necessary for invasive protrusion formation, I observed 

protrusion formation following uterine-specific knockdown of snap-29 by RNAi. 

Depletion of snap-29 resulted in a statistically significant portion of animals failing to 

generate an invasive protrusion of 10µm3 within 40 minutes of BM breach (5 of 11 

animals, p=0.0115, χ2 test). Those 5 animals exhibited a rate of protrusion growth only 

38% that of wild type. The AC’s invasive protrusion in snap-29 knockdown animals 

eventually reached maximal volumes similar to those of wild type, but the time required 

to reach this size was significantly increased (Figure 12A-B). This suggests that loss of 

snap-29 reduced the rate of membrane addition by exocytosis and thus slowed the rate of 

invasive protrusion expansion. 
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Figure 12: SNAP-29 is required for invasive protrusion formation 

(A) Time-lapse of AC protrusion formation in a uterine specific RNAi strain. AC 

membrane labeled by cdh-3>mCherry::PLCδPH, blue and greyscale, purple isosurface 

below; BM (laminin::GFP, magenta) position shown by orange dotted lines. Scale bars 

= 5μm. (B) AC protrusion volume over time for wild type (blue) and snap-29 (RNAi) 

(red) animals. Average expansion rates (dotted lines) ± SD are shown (n=13 animals 

for control, n=5 animals for snap-29 (RNAi)). Protrusion volume growth was compared 

using a y-intercept of 10µm3 as a starting point for analysis. For time-lapses where the 

protrusion does not reach 10µm3, the time-lapses are plotted from BM breach time of 

the trendline. Wild type controls were the same as in Figure 7. ***p<0.001, Student’s t-

test.  
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To confirm that the defect in protrusion formation in snap-29 (RNAi) was due to 

failure of exocytosis instead of misregulation of trafficking of UNC-40 (which would 

then yield a failure to form the invasive protrusion), I observed the localization of UNC-

40::GFP following snap-29 depletion by RNAi. Knockdown of snap-29 did not affect 

UNC-40 localization at the invasive membrane before BM breach (Figure 13A-B), 

indicating that snap-29 does not alter the invasive protrusion through misregulation of 

UNC-40 localization.  

 

Figure 13: SNAP-29 does not alter the localization of UNC-40 in the AC 
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(A) Localization of UNC-40 (cdh-3>UNC-40::GFP) before invasion (P6.p 2-cell stage), 

in snap-29 (RNAi) with defective AC invasion, and after protrusion formation (P6.p 4-

cell stage); BM position, orange. Scale bars = 5µm. (B) UNC-40::GFP AC polarity was 

not altered by snap-29 (RNAi). n.s. = not significant p>0.05, Student’s t-test (n=18 for 

wild type; n=5 for snap-29 (RNAi)). 

Three components of the exocyst complex were also identified in my screen 

(Table 2). The exocyst complex regulates transport, tethering, and docking of vesicles 

prior to SNARE function at the plasma membrane (He and Guo, 2009). The exocyst 

complex is composed of eight subunits, encoded in C. elegans by the genes sec-3, sec-5, 

sec-6, sec-8, sec-10, sec-15, exoc-7, and exoc-8 (Jiu et al., 2012). Uterine-specific RNAi 

knockdown of exocyst components yielded defects in AC invasion (Table 1), suggesting 

that the complex acts in the AC during invasion. Endogenously-tagged SEC-5::YFP was 

expressed in the AC, but it and other exocyst components were not polarized to the 

invasive membrane (Figure 14) (Armenti et al., 2014).  

 

Figure 14: Localization of exocyst components in the AC before invasion 

Endogenous SEC-5 expression (SEC-5::YFP knock-in, far left), single copy insertion of 

SEC-15::YFP under sec-15 promoter (second to left), and AC-specific expression of 

cdh-3>exoc-8::GFP, cdh-3>sec-5::GFP, cdh-3>exoc-7::GFP, cdh-3>sec-15::GFP exocyst 

subunits (four rightmost images) lack obvious polarization at the P6.p 2-cell stage 

(before invasion). 
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I assayed protrusion formation in a null mutant of exoc-8 (ok2523), which is a 

regulatory subunit of the exocyst complex not required for animal viability (Jiu et al., 

2012). ACs in exoc-8 mutants breached the BM but had dramatically diminished rates of 

protrusion growth and volume (Figure 15A-B; n=7/8 animals whose invasive protrusion 

failed to grow to 10µm3 in 40 minutes; p<0.0001, χ2 test).  

 

Figure 15: The exocyst complex is required for AC invasive protrusion formation 
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(A) Time-lapse of AC protrusion formation. AC membrane labeled by cdh-

3>mCherry::PLCδPH, blue and greyscale, purple isosurface below; BM (laminin::GFP, 

magenta) position shown by orange dotted lines. Scale bars = 5μm. (B) AC protrusion 

volume over time for wild type (blue) and exoc-8 (ok2523) (red). Average expansion 

rates (dotted lines) ± SD are shown. Protrusion volume growth was compared using a 

y-intercept of 10µm3 as a starting point for analysis. For time-lapses where the 

protrusion does not reach 10µm3, the time-lapses are plotted from BM breach time of 

the trendline. (n=5 animals for wild type, n=7 animals for exoc-8 (ok2523)). ***p<0.001, 

Student’s t-test.  

Notably, UNC-40::GFP and LMP-1::mCherry polarities to the invasive membrane 

were normal in exoc-8 (ok2523) mutants (Figure 16A-B), indicating that the exocyst 

complex is not necessary for UNC-40 or lysosome. Together, the data in this chapter 

provide evidence that invasive protrusion formation requires exocytosis of lysosomes, 

which is mediated by the exocyst complex and the SNAP-25 family t-SNARE SNAP-29. 

 

Figure 16: Mutation in exoc-8 does not affect UNC-40 or LMP-1 polarity 
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(A) UNC-40::GFP polarity in wild type and exoc-8 (ok2523) mutants (P6.p 2-cell stage, 

n≥11 animals for each). (B) LMP-1::mCherry polarity in the ACs of wild type and exoc-

8 (ok2523) mutants (P6.p 2-cell stage, n≥9 animals for each). n.s. = not significant, 

p>0.05, Student’s t-test. 

2.2.5 Invasive protrusion retraction 

Following RNAi knockdown of the recycling endosome GTPase rab-11.1, the AC 

breached the BM normally and protrusion formation appeared to be unaffected. At later 

timepoints after invasion, however, (P6.p 6-cell and 8-cell stages), the invasive 

protrusion was still visible (Figure 10). Because the invasive protrusion normally retracts 

shortly after extension (Figure 3A), the failure of retraction in rab-11.1 (RNAi) suggests a 

role for endocytosis and membrane recycling in protrusion retraction. Animals grown to 

adulthood on rab-11.1 (RNAi) exhibited no protruded vulva phenotype or defects in egg 

laying, indicating that a failure to retract the invasive protrusion did not affect uterine-

vulval connection. 

2.3 Discussion 

By using quantitative live-cell imaging during the stereotyped process of AC 

invasion, I discovered that invasive protrusion formation rapidly increases the AC’s 

surface area approximately 15%, far beyond the 2-3% that a cell can stretch (Mohandas 

and Evans, 1994). I show that UNC-40/UNC-6 interactions polarize lysosomes, 

organelles that contribute lipids for membrane repair and neurite outgrowth (Arantes 

and Andrews, 2006; Reddy et al., 2001), to the breach site. As the invasive protrusion 

formed, it became enriched with the lysosomal protein LMP-1, and disruption of 
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lysosomes inhibited protrusion formation, suggesting that lysosomes are used to form 

the protrusion. Finally, through a membrane trafficking RNAi screen I found that both 

the targeting SNARE SNAP-29 and the exocyst complex, which together mediate the 

docking, tethering, and fusion of exocytic vesicles (He and Guo, 2009), are expressed in 

the AC and promote invasive protrusion formation. Given that no protrusion formed in 

the absence of UNC-40 or UNC-6, my results suggest that the UNC-40/UNC-6 

interaction acts through the t-SNARE SNAP-29 and the exocyst complex to facilitate 

exocytosis of lysosomes to form the invasive protrusion. Netrin-mediated membrane 

addition may be a common mechanism to construct invasive protrusions, as the 

vertebrate netrin-1 ligand is overexpressed in numerous metastatic cancers, and 

stimulates invasion in pancreatic, breast, colorectal, malignant melanoma, 

hepatocellular, and multiple brain tumors examined in vitro and in vivo (Han et al., 2015; 

Kaufmann et al., 2009; Rodrigues et al., 2007; Shimizu et al., 2013; Wang et al., 2015; 

Ylivinkka et al., 2016). 

The mechanisms that promote AC invasive protrusion formation have marked 

similarities to those guiding axon outgrowth and branching. Mediators of netrin 

signaling downstream of the vertebrate UNC-40 receptor DCC interact with the 

vertebrate homolog of SNAP-29 (the t-SNARE SNAP-25) to mediate exocytosis of 

membrane for axon outgrowth and branching (Winkle et al., 2014). Lysosomes 

contribute membrane for cell expansion during neurite outgrowth (Arantes and 
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Andrews, 2006) and, notably, DCC/SNAP-25 exocytosis in neurons is partially 

dependent on VAMP-7, a lysosomal v-SNARE (Winkle et al., 2014), suggesting the use 

of a lysosomal membrane source in neurons similar to that of the AC. Further, the 

exocyst complex is required for axon outgrowth (Tojima and Kamiguchi, 2015). Thus, 

the circuitry that directs membrane addition during axon outgrowth and AC invasion 

appears to be shared. This connection might reflect parallel functions of invasive 

protrusions and extending axons, as axon growth cones must also invade tissues during 

establishment of proper synaptic connections (Santiago-Medina et al., 2015). 

Endocytosis, exocytosis, and trafficking of membrane are required throughout 

the process of cell invasion. Exocytosis mediated by the exocyst complex is required for 

formation of invadopodia and delivery of MMPs to invadopodia in breast cancer cells in 

vitro (Sakurai-Yageta et al., 2008). Cycles of endocytosis and exocytosis are required to 

recycle membrane, cytoskeletal components, and adhesion receptors to the leading edge 

of a migrating cell (Bretscher and Aguado-Velasco, 1998; Fletcher and Rappoport, 2010). 

While the importance of membrane trafficking is acknowledged in these contexts, the 

question of changes in cell size has remained unaddressed.  

The dynamic shape changes of migrating and invading cells suggest the 

possibility of changes in the surface area and volume of the cell during migration and 

invasion. Dictyostelium amoebae migrating in vitro produce large membrane protrusions 

that extend forward before the rear of the cell moves (Weber et al., 1995). The membrane 
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protrusions of Dictyostelium during chemotaxis produce changes of 20-30% in the surface 

area of the cell in a period of minutes, and these changes require functional NSF (N-

ethylmaleimide sensitive factor), an enzyme required for the release of bound SNARE 

proteins (Traynor and Kay, 2007). Membrane trafficking and exocytosis is required 

throughout the process of cell invasion and migration in multicellular organisms. 

Previous studies of human colorectal cancer cells cultured in vitro have shown expansion 

of invadopodia following breach of BM (Schoumacher et al., 2010), but the protrusions 

formed on the order of hours and days and changes to cell size were not considered. The 

expansion of the C. elegans AC by exocytosis of lysosomes to form a protrusion that 

displaces BM is the first demonstration of rapid expansion of an invasive cell’s plasma 

membrane to facilitate invasion. 
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3. A membrane diffusion barrier facilitates invasion 

Chapter 2 is an adaptation of part of a work entitled Cell invasion in vivo via rapid 

exocytosis of a transient lysosome-derived membrane domain in review at Nature Cell 

Biology at the time of the defense of this dissertation. The authors of this manuscript are Kaleb 

M. Naegeli, Eric Hastie, Zheng Wang, Daniel P. Keeley, Kacy L. Gordon, Ariel M. Pani, Laura 

C. Kelley, Meghan Morrissey, Qiuyi Chi, Bob Goldstein, and David R. Sherwood. In this 

chapter, I use the first-person pronouns in reference to work completed while 

acknowledging the important contributions of all the authors. A full breakdown of 

author contributions can be found in the Chapter 3 Acknowledgements (p.64). 

3.1 Introduction 

Cells can generate specialized subcellular domains through the use of diffusion 

barriers (Trimble and Grinstein, 2015). Diffusion barriers can help establish segregation 

of plasma membrane and transmembrane proteins, produce differential trafficking of 

intracellular vesicles and cargoes, and maintain such cellular asymmetries. Several 

plasma membrane barriers have been described, including the initial segment of axons, 

the phagocytic cup of macrophages, the neck of budding yeast cells, adherens junctions 

in epithelial cells, and the base of primary cilia (Caudron and Barral, 2009; Freeman et 

al., 2016; Hu et al., 2010; Nakada et al., 2003; Takizawa et al., 2000; Trimble and 

Grinstein, 2015). Specialized domains of plasma membrane can be generated by many 

mechanisms. Localized exocytosis of selected membrane coupled with focused 
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endocytosis in regions surrounding the exocytic events can effectively generate a stable, 

specialized region of plasma membrane (Wahl et al., 2013). Motor proteins on actin 

filaments and microtubules can maintain segregation of intracellular and 

transmembrane components through continued directional trafficking (Qin et al., 2004). 

Specialized domains can also be formed using physical barriers that restrict the 

movement of lipids and proteins in the plasma membrane. Transmembrane proteins 

that interact with the cytoskeleton can aggregate and generate a cytoskeletal mesh that 

can restrict the movement of lipids, vesicles, and transmembrane proteins – both 

tethered and untethered (Kusumi et al., 2012; Trimble and Grinstein, 2015). This 

transmembrane protein-cytoskeletal mesh diffusion barrier has been observed in the 

axon initial segment of neurons, where the membrane protein ankyrin interacts both 

with actin in the initial segment and sodium channels; this molecular fence restricts 

trafficking of vesicles in the axon as well as diffusion through the plasma membrane 

(Gasser et al., 2012; Nakada et al., 2003; Winckler et al., 1999). Specialized membrane 

domains can also form from the interactions of membrane-anchored proteins, 

particularly integrins, with the extracellular matrix. Osteoclasts use podosomes to attach 

to bone and form a sealing zone; this sealing zone is rich in integrins, actin regulators, 

and F-actin, and their presence allows for polarized exocytosis at the osteoclast-bone 

interface to form a specialized region for degradation of bone matrix (Itzstein et al., 
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2011). In all of these examples, diffusion barriers function to localize proteins and lipids 

to specific subcellular regions. 

In Chapter 2, I noted that LMP-1::GFP, a transmembrane protein, was 

concentrated in the invasive protrusion (Figure 6), raising the possibility that the 

invasive protrusion membrane is isolated from the rest of the AC and may be a 

specialized invasive structure. It is possible that this segregation of LMP-1::GFP is aided 

by some form of physical or mechanical diffusion barrier.  

In this chapter, I identify another membrane component of the invasive 

protrusion: the membrane-tethered MMP ZMP-1. Using photobleaching techniques, I 

discover the transient presence of a barrier to lipid diffusion in the AC’s plasma 

membrane specifically during the time of protrusion formation and extension. Using 

CRISPR/Cas9 genome editing, I knocked the fluorescent protein mNeonGreen (mNG) 

into the endogenous dgn-1 locus and discovered that the basement membrane receptor 

dystroglycan localized to the site of diffusion barrier formation. RNAi depletion of dgn-1 

followed by live-cell imaging and photobleaching revealed DGN-1 is required for 

expansion of the invasive protrusion, polarity of ZMP-1, and formation of the AC’s 

membrane diffusion barrier. 
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3.2 Results 

3.2.1 The anchor cell has a barrier to plasma membrane diffusion 

To test the idea that the AC invasive protrusion is segregated from the AC body, 

I first searched for other transmembrane components involved in invasion that could be 

distinctly enriched in the invasive protrusion. One candidate was MMPs, as three 

human MMPs (MT1-MMP, MMP-2, and MMP-9) enrich in invadopodia and at the 

leading edge of invasive cancer cells (Nakahara et al., 1997; Poincloux et al., 2009). 

Additionally, the membrane-tethered MMP, MT1-MMP, traffics through lysosomes 

(Steffen et al., 2008) and its exocytosis requires the exocyst complex (Monteiro et al., 

2013), mechanisms similar to what I previously implicated in the formation of the 

invasive protrusion (Figure 6 and Figure 15). Examination of the localization of the 

membrane-tethered MMP ZMP-1, which promotes BM removal during invasion 

(Sherwood and Sternberg 2005), using a ZMP-1 reporter (zmp-1>GFP::zmp-1-GPI) 

showed that the MMP was strongly enriched in the invasive protrusion (Figure 17A-B, 

n=22/22 animals), supporting the notion that the protrusion is a unique invasive 

structure separated from the AC body.  
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Figure 17: The MMP ZMP-1 is polarized in the AC during invasion 

(A) A reporter of ZMP-1 localization (zmp-1>GFP::ZMP-1-GPI) (top) and 

corresponding spectral representation of fluorescence intensity (bottom) shows that 

ZMP-1 becomes highly concentrated in the invasive protrusion during its formation. 

Scale bars = 5µm. (B) Quantification of GFP::ZMP-1-GPI polarity before invasion 

(P6.p 2-cell stage, n=15 animals) and in the invasive protrusion (P6.p 2/4-cell 

transition, n=22 animals).  

I hypothesized that if the invasive protrusion is a distinct membrane domain, 

fluorescence loss in photobleaching (FLIP) would show that photobleached GFP::CAAX 

from the AC body does not diffuse into the protrusion and vice versa (Figure 18). After 

three iterations of photobleaching followed by acquisition of GFP signal from the AC 

(each approximately 20 seconds long), a rate of GFP loss would then be computed for 

each region. A diffusion barrier visible on a timescale of 60 seconds corresponds with 

those observed in other systems (Lee et al., 2016; Luedeke et al., 2005). If a diffusion 
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barrier exists, I hypothesized that a greater loss of GFP would occur in the 

photobleached region than what occurs in the non-bleached region (Figure 18). To 

control for the possibility that distance functions as a rate-limiting step in GFP diffusion 

through the AC plasma membrane, I also photobleached ACs at the P6.p 8-cell stage 

after protrusion retraction, as these ACs are larger. More equal rates of GFP loss 

between the targeted and untargeted halves of the cell would eliminate distance as a 

variable (Figure 18). In addition, an equal rate of loss at the P6.p 8-cell stage would also 

demonstrate that the diffusion barrier is lost after the AC loses contact with the BM. To 

further assay this possibility, I photobleached ACs at the P6.p 2-cell (before invasion), 

hypothesizing equal rates of GFP loss in this and the P6.p 8-cell stage animals if the 

diffusion barrier is a transient feature. 
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Figure 18: Schematic of FLIP experiment 

A schematic of hypothesized results from fluorescence loss in photobleaching (FLIP) 

experiments in the AC. Targeted bleaching of one area (red) at three stages of AC 

invasion. Lighter shades of blue indicate reduced GFP intensity. Ratios for calculating 

rates of GFP loss compare the ratio for the half of the cell targeted for photobleaching 

(x, red dotted outline) with the ratio for the untargeted half of the cell (y, black 

outline). Ratios near 1.0 would indicate equal GFP loss rates between the halves of the 

cell while ratios further from 1.0 would indicate hindrances to lipid diffusion during 

the timescale of photobleaching and acquisition (~60 seconds). 

During protrusion formation, photobleaching a 1µm-diameter region of the body 

of the AC (the portion above the BM) revealed a significantly higher rate of GFP signal 

loss in the AC body than in the protrusion (Figure 19A-B). The reciprocal FLIP 

experiment targeting the protrusion revealed a similar rate of GFP signal loss localized 

to the protrusion (Figure 19A-B). In contrast, in ACs that had not yet formed a 
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protrusion and in ACs after protrusion retraction, I found close rates of GFP signal loss 

throughout the AC (Figure 19A and Figure 19C). I conclude that the invasive protrusion 

membrane is a separate compartment that is isolated from the rest of the AC. 

 

Figure 19: FLIP in AC reveals a transient barrier to membrane diffusion 

(A) Fluorescence loss in photobleaching (FLIP) of AC membrane reporter (cdh-

3>GFP::CAAX). Red dot indicates target of photobleaching (left). A smoothed spectral 

intensity map of percentage of GFP lost (center). The white dotted lines outline the 

AC. FLIP ratios (right) were determined by dividing the average loss in the region of 

photobleaching (X) by the average loss in the region of the AC not targeted (Y). Scale 
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bars = 5μm. (B) Raw rates of GFP loss in AC body (white) and invasive protrusion 

(blue) segregated by FLIP ROI (n=11 animals for AC body bleach, n=9 animals for AC 

protrusion bleach). ***p<0.001, Student’s t-test (C) FLIP ratios before invasion (P6.p 2-

cell stage, n=5 animals), during protrusion formation (targeting the invasive 

protrusion or the AC body, P6.p 2/4-cell transition, n=20 animals), and after AC 

invasion (P6.p 8-cell stage, n=6 animals). *p<0.05, ***p<0.001, Tukey-Kramer HSD.  

3.2.2 The basement membrane receptor dystroglycan contributes to 
the membrane diffusion barrier 

My FLIP results suggested that a membrane diffusion barrier may separate the 

invasive protrusion from the AC body. Membrane diffusion barriers impede lipid and 

protein movement in structures such as tight junctions in epithelial cells and the axon 

hillock in neurons, where cytoskeletal and transmembrane proteins are concentrated 

(Trimble and Grinstein, 2015). Because the neck of the invasive protrusion, which 

contacts the BM, appeared to be the boundary between the invasive protrusion and AC 

body (Figure 19A), I hypothesized that a BM adhesion receptor might concentrate at the 

neck of the protrusion and form a diffusion barrier.  

The two major classes of adhesion receptors that link BM to the cytoskeleton are 

integrin family members and the receptor dystroglycan (Bello et al., 2015; Yurchenco, 

2011). The INA-1/PAT-3 heterodimer is the only integrin expressed in the AC at the time 

of invasion (Hagedorn et al., 2009) where it is required for invadopodia formation 

(Hagedorn et al., 2013). A functional PAT-3::GFP fusion protein was not concentrated at 

the neck of the invasive protrusion (Figure 20; n=19/19 animals), suggesting that integrin 

does not contribute to the formation of the AC diffusion barrier.  
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Figure 20: Integrin does not contribute to diffusion barrier or protrusion formation 

(A) The integrin β subunit PAT-3 in the AC (pat-3>PAT-3::GFP, ina-1) during 

protrusion formation is not concentrated at the neck of the protrusion at the AC-BM 

interface (arrowheads; n=19/19 animals). (B) Invasive protrusion volume in wild type 

and dominant negative integrin (n ≥ 11 for each group). n.s. = not significant, p>0.05, 

Student’s t-test. (C) Fluorescence loss in photobleaching (FLIP) of AC membrane 

reporter (cdh-3>GFP::CAAX). Red dot indicates target of photobleaching (left). A 

smoothed spectral intensity map of percentage of GFP lost (center). The white dotted 

lines outline the AC. FLIP ratios (right) were determined by dividing the average loss 

in the region of photobleaching (X) by the average loss in the region of the AC not 

targeted (Y). (D) FLIP ratios for wild type and ina-1 (gm39) animals. (ina-1(gm39) n=7 

animals, wild type=20 animals). n.s. = not significant, p>0.05, Student’s t-test. 
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To examine dystroglycan localization, I used CRISPR/Cas9 to fuse the coding 

sequence of mNG to the dgn-1 genomic locus (dgn-1::mNG knock-in). DGN-1::mNG was 

present at high levels in the AC prior to and throughout invasion. During the time of 

protrusion formation, DGN-1::mNG was enriched at the AC-BM interface in an 

expanding ring at the neck of the invasive protrusion (Figure 21A). Following retraction, 

when the AC loses contact with the BM and moves between the central vulval cells, 

DGN-1::mNG enrichment on the basal sides of the AC was lost (Figure 21A). As actin 

networks also contribute to diffusion barriers (Trimble and Grinstein, 2015), I next 

examined the localization of F-actin. Notably, a similar localization pattern at the neck of 

the protrusion was observed for F-actin (Figure 21B-C). These observations indicate that 

dystroglycan and F-actin form a ring at the neck of the invasive protrusion, which may 

function as a membrane diffusion barrier that isolates the protrusion from the AC body. 
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Figure 21: DGN-1 and F-actin form a ring at the invasive protrusion neck 

(A) ACs expressing dgn-1::mNG, dgn-1 (qy18) (left) and spectral representations of 

fluorescence intensity (center), with BM (laminin::GFP, right). DGN-1::mNG localizes 

to the invasive membrane before invasion (top), concentrates at the AC-BM interface 

(arrowheads) at the neck of the protrusion (middle), and is lost at this location 

(bottom) as the BM moves beyond the AC (brackets). The protrusion also retracts at 

this time. (B) F-actin (cdh-3>mCherry::moesinABD) similarly concentrates at the neck 

of the invasive protrusion at the AC-BM interface (arrowheads) during protrusion 

formation. (C) Ventral view of the AC-BM interface shows F-actin localization at the 

site of initial BM breach (top, arrowhead), in a ring (arrowheads) at the AC-BM 

contact site as the BM hole expands (middle), which is then lost (arrowheads) after the 

BM gap extends beyond the AC (bottom). (D) Quantification of endogenous DGN-1 

expression (dgn-1::mNG (dgn-1 (qy18)) following dgn-1 (RNAi) (n = 5 for each group). 

**p<0.01, Student’s t-test. (E) F-actin intensity at the AC-BM interface in wild type 

(n=27 actin punctae from 14 animals) and dgn-1 (RNAi) (n=25 actin punctae from 13 

animals). n.s. = not significant, p>0.05, Student’s t-test. All data collected at P6.p 2/4-

cell transition. Scale bars = 5µm. 
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To test whether dystroglycan functions as a diffusion barrier, I performed FLIP 

experiments on ACs after RNAi knockdown of dgn-1. Knockdown of dgn-1 (an average 

75% reduction of DGN-1::mNG fluorescence within the AC; Figure 21D), showed an 

increased rate of GFP diffusion between the invasive protrusion and the AC body 

compared to controls (Figure 22A-B). RNAi knockdown of dgn-1 did not significantly 

impact the localization of F-actin to the AC-BM interface at the invasive protrusion neck 

(Figure 21E), suggesting that a DGN-1-independent mechanism regulates actin 

localization. Importantly, loss of INA-1/PAT-3 (integrin) through a viable loss of 

function ina-1 allele (gm39) did not disrupt the membrane diffusion barrier (Figure 20C-

D). These results indicate that DGN-1, and not integrin, is required for formation of a 

membrane diffusion barrier at the neck of the AC invasive protrusion. 

 

Figure 22: Knockdown of DGN-1 yields a loss in the AC diffusion barrier 

(A) Fluorescence loss in photobleaching (FLIP) of AC membrane reporter (cdh-

3>GFP::CAAX). Red dot indicates target of photobleaching (left). A smoothed spectral 

intensity map of percentage of GFP lost (center). The white dotted lines outline the 

AC. FLIP ratios (right) were determined by dividing the average loss in the region of 
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photobleaching (X) by the average loss in the region of the AC not targeted (Y). Scale 

bars = 5µm. (B) FLIP ratios for wild type and dgn-1 (RNAi). (n=20 animals for wild 

type, n=10 animals for dgn-1 (RNAi);). **p<0.01, Student’s t-test. 

To then test if the presence of the membrane diffusion barrier is necessary for 

protrusion formation, I performed time-lapse analysis of invasive protrusion formation 

following uterine-specific RNAi knockdown of dgn-1. Knockdown of dgn-1 resulted in a 

dramatic reduction in invasive protrusion size and growth rate (Figure 23A-B; n=10/16 

animals that failed to grow to 10µm3 in 40 min., p<0.0001, χ2 test). Furthermore, 

perturbation of integrin using a dominant-negative form of pat-3 expressed in the AC 

(Hagedorn et al., 2009) did not yield changes in protrusion volume (Figure 20B). 

Together, these results indicate that dystroglycan is required for expansion of the 

invasive protrusion. 
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Figure 23: DGN-1 is required for invasive protrusion formation 

(A) Time-lapse of AC protrusion formation in a uterine-specific RNAi strain with the 

AC membrane labeled by cdh-3>mCherry::PLCδPH, blue and greyscale, purple 

isosurface below; BM (laminin::GFP, magenta) position shown by orange dotted 

lines. (B) AC protrusion volume over time for wild type (blue) and dgn-1 (RNAi) (red). 

Average expansion rates (dotted lines) ± SD are shown (n=13 animals for wild type, 

n=10 animals for dgn-1 (RNAi)). Protrusion volume growth was compared using a y-

intercept of 10µm3 as a starting point for analysis. For time-lapses where the 

protrusion does not reach 10µm3, the time-lapses are plotted from BM breach time of 

the trendline. ***p<0.001, Student’s t-test. Wild type controls were the same as in 

Figure 7. 
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Finally, I wanted to determine if the diffusion barrier is important for 

concentrating ZMP-1 within the protrusion. RNAi knockdown of dgn-1 did not affect 

ZMP-1 polarity before invasion but reduced the polarity of ZMP-1 within the invasive 

protrusion by 21% (Figure 24A-B, n>19 animals each), suggesting that the diffusion 

barrier helps to localize or maintain ZMP-1 within the invasive protrusion.  

 

Figure 24: DGN-1 knockdown reduces ZMP-1 Polarity 

(A) Polarity of zmp-1>ZMP-1-GPI::GFP in the AC during protrusion formation; BM 

position, orange. (B) Polarity of GFP::ZMP-1-GPI before invasion (P6.p 2-cell stage) 

and during protrusion formation (P6.p 2/4-cell transition) (n≥19 for each group). 

Asterisks indicate statistical significance, n.s. = not significant, p>0.05, Student’s t-

test. Scale bars = 5µm. 

3.2.3 A basement membrane scaffold is necessary to form a robust 
invasive protrusion 

My observations suggest that a diffusion barrier set up by dystroglycan-BM 

interactions at the neck of the AC promotes invasive protrusion growth by maintaining 



 

61 

it as a distinct membrane domain. To further test this idea, I examined invasive 

protrusion formation in unc-6 (ev400) mutant animals with membrane tethered UNC-6 

expressed ectopically in the dorsal uterine cells (see Figure 8), which directed lysosome 

polarity away from the BM. Consistent with the requirement for a BM-dependent 

diffusion barrier, most ACs failed to form a protrusion upon contacting ectopic UNC-6 

(n=18/26 ACs observed). Further, the few protrusions that formed were about one third 

of the volume of normal invasive protrusions (Figure 25A-B).  

 

Figure 25: The AC-BM junction is required for robust protrusion growth 

(A) F-actin (cdh-3>mCherry::moesinABD; left) marks the invasive protrusion (purple 

isosurface), UNC-6 (center), and overlay on DIC (right, BM position, orange). 

Endogenous UNC-6 (top) and dorsal uterine cell membrane tethered UNC-6 (bottom, 

arrowhead). Scale bars = 5μm. (B) Maximum protrusion volume (n=12 animals for 

wild type, n=8 animals for unc-6 (ev400) with ectopic dorsal UNC-6). ***p<0.001, 

Student’s t-test. 

Taken together, my observations in this chapter indicate that the AC invades into 

the neighboring vulval tissue by forming an MMP-enriched invasive protrusion whose 
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expansion requires the transient establishment of a membrane diffusion barrier at the 

AC-BM interface. The presence of BM and the receptor dystroglycan are necessary to 

establish this diffusion barrier and facilitate growth of an invasive protrusion that 

breaches tissue boundaries. 

3.3 Discussion  

Diffusion barriers are thought to help form and maintain specialized membrane 

domains in cells, such as the axon initial segment and neck of budding yeast (Trimble 

and Grinstein, 2015). Although the mechanisms that establish these barriers are poorly 

understood, it is thought that densely-packed transmembrane and cytoskeletal proteins 

can act as molecular fences that contribute to barrier formation (Nakada et al., 2003; 

Trimble and Grinstein, 2015). I have discovered that the dystroglycan transmembrane 

BM receptor and F-actin concentrate in a ring around the neck of the protrusion at the 

AC-BM interface. Fluorescence loss in photobleaching (FLIP) and knockdown studies 

revealed that dystroglycan restricts the diffusion of an inner leaflet-anchored GFP 

protein between the protrusion and AC body, suggesting that dystroglycan forms a 

barrier that helps isolate the invasive protrusion. Loss of dystroglycan did not perturb 

the F-actin ring. The F-actin ring might help localize dystroglycan, as dystroglycan can 

be stabilized at specific cellular domains by anchoring to the cytoskeleton (Nakaya et al., 

2013). F-actin has also been implicated as possibly stabilizing an integrin receptor 

diffusion barrier during phagocytosis (Freeman et al., 2016). Interestingly, rings of 
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matrix adhesion proteins surround invadopodia in cancer cells, invasive podosomes in 

dendritic cells, and podosomes during sprouting angiogenesis (Branch et al., 2012; 

Gawden-Bone et al., 2010; Seano et al., 2014), suggesting that diffusion barriers might be 

a common mechanism to form protrusions that invade tissues. 

My results suggest that the primary function of the dystroglycan-BM diffusion 

barrier is to allow or maintain focused growth of the protrusion. RNAi-mediated 

reduction of dystroglycan or the absence of the dystroglycan-BM barrier led to a loss of 

the protrusion or dramatic reduction in protrusion size. Disassembly of the diffusion 

barrier may also trigger protrusion withdrawal; when the BM gap eventually widened 

beyond contact with the protrusion, the dystroglycan-BM barrier at the neck of the 

protrusion broke down, and the protrusion retracted. The diffusion barrier at the neck of 

the invasive protrusion might have functional similarities with the barrier organized by 

a ring of septins at the neck of budding yeast, where this barrier restricts growth to the 

new bud by focusing vesicle trafficking and membrane addition (Caudron and Barral, 

2009). The dystroglycan-BM barrier also appears to help concentrate or maintain 

membrane associated proteins within the protrusion, as polarity of the GPI-anchored 

MMP ZMP-1 within the protrusion was reduced after loss of dystroglycan. As ZMP-1 

polarity was only modestly decreased, however, other mechanisms for polarization, 

such as transport and recycling, are likely also used to localize proteins such as ZMP-1 

to the protrusion (Mellman and Nelson, 2008).  
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4. Discussion 

Work examining cell migration and invasion in confined extracellular matrix and 

cellular in vitro and in vivo environments has revealed that cells harbor a remarkable 

repertoire of strategies to move through restrictive barriers, including shifts between 

amoeboid and mesenchymal migration, the ability to withstand nuclear envelope 

rupture, and even osmotic and nuclear-piston driven cell movement (Papadopoulos et 

al., 2008; Paul et al., 2017; Petrie et al., 2014; Stroka et al., 2014; Wolf et al., 2003a). 

Because of the challenges of examining cell size during the dynamic process of tissue 

invasion and the necessity of performing these studies in vivo, however, it was not 

known if invasive cells can dynamically modulate membrane area and cell volume to 

enter tissues.  

Using C. elegans AC invasion into the vulval tissue as a model, I found that the 

netrin receptor UNC-40 (DCC) directs lysosomes to the site of BM breach. My results 

indicate that UNC-40 acts through the targeting t-SNARE SNAP-29 to trigger exocytosis 

of lysosomes to form an MMP-enriched invasive protrusion that locally increases in 

volume to create a large opening in the BM and underlying vulval tissue. I show that the 

dystroglycan BM receptor clusters at the neck of the protrusion (the AC-BM interface) 

and forms a membrane diffusion barrier that enables protrusion growth. I further 

discovered that the protrusion is short-lived: as it degraded and displaced the BM, the 

dystroglycan-BM diffusion barrier was lost, and the protrusion retracted. Together these 
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results define the mechanisms that build an invasive protrusion, a transient, lysosome-

derived membrane structure that is specialized to rapidly breach tissue barriers (Figure 

26). Given observations that cancer cells use single large protrusions to cross BMs into 

tissues (Hotary et al., 2006; Leong et al., 2014; Schoumacher et al., 2010), I expect this 

may be a common strategy for invading cells to breach tissue barriers. 

 

Figure 26: A model for invasive protrusion formation 

Following invadopodial breach of the BM, the netrin receptor UNC-40 localizes to the 

breach site where it is activated by UNC-6 (netrin), which is expressed in the central 

vulval cells (P6.p and its descendants). UNC-40 polarizes lysosomes, which add 

membrane to form the invasive protrusion through SNAP-29-mediated exocytosis. 

During protrusion growth GPI-anchored ZMP-1 concentrates in the invasive 

protrusion, and the BM receptor dystroglycan and F-actin localize to a ring at the AC-

BM interface, forming a membrane diffusion barrier. This diffusion barrier allows 

focused membrane addition and expansion of the protrusion, which clears an opening 

in the BM and vulval tissue allowing the AC to enter the vulval tissue. 

4.1 A better understanding of exocytosis in cell invasion 

In Chapter 2, I show that the C. elegans anchor cell (AC) expands an invasive 

protrusion through basement membrane and into the underlying vulval tissue through 
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exocytosis of lysosomes and that this exocytosis is mediated by the t-SNARE SNAP-29 

and components of the exocyst complex. The SNAP-25 family t-SNARE SNAP-29 is 

required for protrusion expansion, but even when depleted, protrusion generation still 

occurs, albeit at a significantly slower rate (Figure 12). This leaves open the possibility of 

other SNARE proteins regulating this process both on the target membrane (t-SNARE) 

and on the vesicle membrane (v-SNARE). The C. elegans genome encodes 29 known 

SNARE proteins (Sato et al., 2014, 2011), and 22 were screened in this work (Table 2). 

The remaining seven genes (two t-SNARESs and five v-SNAREs) were unscreened due 

to lack of availability of RNAi clones, and those warrant further investigation to build 

the full molecular mechanism of membrane regulation and invasive protrusion 

expansion. Additionally, the RNAi screen in this work was performed in a background 

sensitive to RNAi throughout the entire body, which yielded larval arrest in some genes 

that were screened, including some SNAREs, due to the likely necessary roles of these 

genes in early larval development. Alternative RNAi strategies in a uterine-specific 

background that would be less likely to impair larval development or knockdown after 

progressions between larval stages would assist in elucidation of the roles of these 

SNAREs. 

The SNAP-25 family of t-SNAREs are an appealing target for this work because 

of their previous implication with netrin-dependent membrane addition in axon 

branching (Winkle et al., 2014) The C. elegans genome harbors three genes SNAP-25-
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family t-SNAREs: snap-29, ric-4, and aex-4. The latter two gave no defect in the RNAi 

screen (Table 2), but it is possible they too could play roles. Mutant alleles of both ric-4 

and aex-4 are viable and were observed to produce small defects in AC invasion in initial 

observation. SNARE activity at the target membrane can be further elucidated through 

investigation of these two genes on their own and in complement with snap-29 

perturbation, as redundant function of ric-4, aex-4, and snap-29 is also possible. 

The v-SNARE(s) that regulate lysosome exocytosis are also unknown. In human 

cell culture systems, lysosome exocytosis is regulated by the calcium-sensitive 

synaptotagmin VII and v-SNARE VAMP-7 (Rao et al., 2004). C. elegans lack an 

orthologue for VAMP-7 and none of the screened synaptotagmins produced a defect in 

invasion, suggesting other unannotated C. elegans SNAREs play a role, SNAREs function 

redundantly, or alternative screening methods to bypass deleterious effects to the whole 

animal that occur before AC invasion are required. Screening of these SNARE proteins 

in a uterine-specific background that would avoid phenotypes in earlier larval stages, 

profiling expression patterns of each SNARE, and biochemistry experiments such as 

coimmunoprecipitation of SNAP-29 would begin to elucidate which v-SNARE(s) play a 

role in the exocytosis of lysosomes into the invasive protrusion. Techniques to generate 

single-cell transcriptomes in C. elegans have recently been established (Hashimshony et 

al., 2012), and single-cell profiling of the AC would allow for discovery of expression of 

SNAREs functioning in the AC; the generation of the AC transcriptome is underway.  
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In human cell culture systems, lysosomes are a source of membrane for repair of 

plasma membrane wounds; calcium influx is required to trigger exocytosis and 

membrane addition (Andrews et al., 2015; Jaiswal et al., 2002; Rodríguez et al., 1997). 

Calcium influx into a cell is also necessary for triggering release of synaptic vesicles in 

action potential propagation (Südhof, 2012) and exocytosis events in non-neuronal cells 

(Thorn et al., 2016). A role for calcium signaling in C. elegans AC invasion and the 

exocytosis events of invasive protrusion expansion can be investigated using the 

calcium-sensitive fluorophore gCaMP (Chung et al., 2013). Implication of calcium-

sensitive SNAREs in invasion or observation of calcium signaling through gCaMP 

would be informative to the understanding of how the AC triggers exocytosis of 

lysosomes to generate an invasive protrusion.  

The lumens of lysosomes have an acidic pH of 4.5 to 5.5 (Johnson et al., 2016), 

and this acidity is necessary for degradation of the contents of lysosomes. Breakdown of 

the contents of lysosomes is accomplished through a host of proteases, including a 

family of enzymes called cathepsins. While once believed to be a class of enzymes 

broadly expressed and restricted to intraluminal activity in lysosomes, cathepsins can 

have tissue-specific expression patterns (Tan et al., 2013) and also function 

extracellularly in the degradation of proteins outside of lysosomes (Buck et al., 1992; 

Turk et al., 2012; Yasuda et al., 2004). In particular, extracellular function of cathepsin K 

has been shown to play a role in osteoclast resorption of bone (Troen, 2004) and 
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cathepsins B, L, and S possess ability to degrade components of basement membrane 

(Brömme and Wilson, 2011; Buck et al., 1992). Overexpression of individual cathepsins 

with the ability to degrade ECM has been observed in human cancers (Koblinski et al., 

2000; Sameni et al., 2000) and strongly associated with increased invasiveness and poor 

prognosis (Gocheva et al., 2006; Jedeszko and Sloane, 2004).  

Given this rich background of cathepsin function in the remodeling of ECM and 

progression of human cancer and the requirement of the acidic lumen of lysosomes to 

activate the proteolytic activity of cathepsins (Tan et al., 2013), the implication of 

lysosome exocytosis in the expansion of the AC’s invasive protrusion is interesting. Dual 

functionality of these vesicles at the leading edge of an invasive cell could supply both 

membrane for cell expansion as well as proteases to degrade the surrounding ECM and 

allow for the invading cell to more easily displace this tissue barrier. Early transcriptome 

profiling of the AC has shown expression of cathepsins with homology to BM-degrading 

cathepsins, but their expression has not been experimentally validated. Further 

investigation of possible secretory role of lysosomes and the proteolytic role of 

cathepsins in AC invasion, protrusion formation, and BM displacement is warranted. If 

cathepsins are found in the AC, disruption by RNAi or viable mutant alleles would then 

clarify any role they may place in facilitating AC invasion through degradation of BM. 
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4.2 Extension and retraction of the invasive protrusion 

In chapter 2, I detail mechanisms governing the extension and subsequent 

retraction of the invasive protrusion (Figure 3). The invasive protrusion bears a 

resemblance to the actin-rich lamellipodia of other migratory and invasive cells 

(Gawden-Bone et al., 2010; Ridley, 2011; Weisswange et al., 2005). In contrast to the AC’s 

invasive protrusion which extends and then retracts, migration and invasion in in vitro 

contexts dictates a “treadmilling” mechanism wherein actomyosin contractility at the 

rear of the cell and at cell-matrix adhesions drives the cell forward onto and over its 

extended protrusion (Poincloux et al., 2011). While this may be true for cells migrating 

on a constant two-dimensional bed of matrix, it does not accurately recapitulate the 

three-dimensional in vivo setting nor the physical properties of a cell crossing through a 

dense BM. The discovery that an invasive cell can dynamically regulate its volume – first 

through a large expansion, then through retraction of that membrane – to invade is a 

novel feature of an invasive cell. The mechanisms described in this dissertation 

characterize expansion of the invasive protrusion, but the mechanisms governing the 

retraction and subsequent reduction of AC volume are both intriguing and unknown. 

Preliminary evidence from the targeted RNAi screen showed that depletion of 

rab-11.1, a marker for recycling endosomes, resulted in ACs with latent invasive 

processes at the P6.p 8-cell stage (after the completion of invasion, Figure 10), suggesting 

that the AC’s invasive protrusion requires endocytosis and recycling in order to be 



 

72 

reabsorbed into the cell. Further analysis of membrane by photoconversion and live-cell 

imaging could reveal the trafficking destinations of the invasive protrusion’s membrane 

following retraction. Loss of rab-11 and other genes regulating endocytosis and vesicle 

recycling – such as clathrin, dynamin, and other Rab GTPases – and subsequent 

observation of protrusion retraction dynamics via time-lapse microscopy could reveal 

the trafficking mechanisms necessary for protrusion retraction. Retraction of invasive 

protrusions may be necessary for uptake of signals from the extracellular space, removal 

of harmful effects of proteases from neighboring cells and matrix, or for 

supplementation of membrane to other parts of the cell.  

As the invasive protrusion expands, it extends out from the AC body towards a 

source of UNC-6 (netrin) in the underlying vulval tissue and ventral nerve cord (Figure 

8 and Figure 9). The attractive netrin receptor, UNC-40, is enriched in the invasive 

protrusion (Hagedorn et al., 2013) and is required for extension of this protrusion, 

analogous to its role in guiding the outgrowth of axons towards sources of UNC-6 (Chan 

et al., 1996). Another netrin receptor, UNC-5, mediates a repulsive reaction in response 

to binding UNC-6 (Chan et al., 1996; Leonardo et al., 1997). In the C. elegans PVD neuron, 

3° dendrites that would normally retract fail to do so in unc-5 mutants (Smith et al., 

2012), demonstrating that UNC-5 can mediate withdrawal of membrane processes. 

UNC-5 remains largely unstudied in the AC and is a strong candidate for a molecular 

regulator of invasive protrusion retraction.  
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4.3 Generation of force to expand BM gaps 

In Chapter 2, I show data indicating that expansion of the AC’s invasive 

protrusion correlates with expansion of the BM gap (Figure 4) and in Chapter 3 I show 

that a ring of dystroglycan and F-actin localize to the AC-BM interface at the neck of the 

invasive protrusion (Figure 21). Expansion of the gap in the BM is likely to require 

exertion of force by the AC, as optical highlighting experiments reveal that the BM is not 

simply degraded but also displaced (Hagedorn et al., 2013). The mechanism or 

mechanisms of force generation remain unknown. 

Research on apical emergence of multiciliated cells entering an epithelium in 

Xenopus has identified the presence of a ring of actin similar to what was observed in the 

AC (Figure 21) (Sedzinski et al., 2016). In this model of epithelial emergence, the motile 

cell displacing existing epithelial tissue generates a small gap and then forms a ring of 

actin that actively expands and pushes aside the surrounding epithelium to form a space 

for the multiciliated cell to join the epithelium (Sedzinski et al., 2016). This expansion of 

a tissue gap is accomplished through actin polymerization; force can be generated by 

both linear and branched actin filaments in order to direct membrane extensions and 

processes (Kovar and Pollard, 2004; Prass et al., 2006). An F-actin ring might also push 

aside tissues and matrix barriers in generation of apical surfaces of the epithelia of 

tubular organs during lumen formation, where the polymerization of actin and vesicle-

mediated delivery of new membrane are required for expansion of the apical cell surface 
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(Datta et al., 2011; Massarwa et al., 2009). F-actin polymerization in the ring at the AC-

BM interface may function similarly to these developmental programs and generate 

force for the displacement of the BM during AC invasion. 

Another potential means of force generation by the AC is osmotic pressure. 

Recent studies have shown that HeLa cells grow by 10-30% in 30-60 minutes during 

mitosis in order to displace neighboring cells to allow room for mitosis (Zlotek-

Zlotkiewicz et al., 2015). The magnitude and rate of expansion in HeLa cells are similar 

to what I observed in the AC. To generate the force necessary to displace tissues and 

allow for such expansion, mitotic cells draw on two mechanisms in tandem. Pushing 

forces from mitotic cells are generated by the myosin recruitment to the cell’s actin 

cortex (Ramanathan et al., 2015) as well as through osmotic swelling (Stewart et al., 2011; 

Zlotek-Zlotkiewicz et al., 2015). Inhibition of ion pumps in cell culture models eliminates 

the ability of mitotic cells to increase their volume (Son et al., 2015), supporting the need 

for regulation of water and osmotic pressure. Even small changes in osmolarity can 

produce large forces and displace neighboring tissues, providing an appealing 

mechanism for how cells can generate force by increasing their size in a regulated 

manner. In motile cells, regulation of osmolarity and volume are vital, as increases in 

extracellular osmolarity inhibit formation of protrusive membrane blebs in 

Dictyostellium (Yoshida and Soldati, 2006). This is likely due to a reduction in 

intracellular pressure in high osmotic environments, and reduced intracellular pressure 
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results in insufficient intracellular force to protrude membrane. Breast cancer cells 

overexpressing aquaporin water channels are more motile in vitro and show increased 

numbers of metastases compared to controls (Papadopoulos et al., 2008). Additionally, 

aquaporins are overexpressed in breast and endometrial cancers and glioma in vivo 

(Hayashi et al., 2007; Otterbach et al., 2010; Pan et al., 2008). Aquaporins may allow for 

increased invasion through flow of water into the cell to facilitate changes in cell shape 

and size and the generation of hydrostatic pressure to displace tissues and extracellular 

barriers. I suspect that focused membrane addition may allow the invasive protrusion to 

penetrate initially small, confined gaps in tissues. Subsequent osmotic swelling coupled 

with the concentration of proteases and further membrane addition would then allow 

these gaps in tissues and BM to be progressively widened by the expanding protrusion 

to clear a path for the invading cell.  

These possible means of force transmission could be studied by observing and 

quantifying protrusion formation in animals lacking aquaporins or ion channels via 

viable null mutations or RNAi knockdown. To assess force generation in the actin ring at 

the AC-BM interface would require observation of protrusion generation and BM hole 

opening rates following disruption of the AC’s actin specifically at the ring. Preliminary 

data shows the actin regulator UNC-34 (Ena/VASP) localized at the invasive protrusion 

neck, so further studies of it and other actin regulators and their function in forming the 

actin ring are warranted. In the absence of force generation through the pushing 
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mechanism of an expanding actin ring or changes in osmolarity, other mechanisms for 

force generation exist. In some migratory cells, actomyosin contractility coupled with 

intermediate filaments can pull the nucleus forward to generate a subcellular region of 

higher pressure to expand membrane into an invasive process (Petrie et al., 2014).  

In the AC, expansion of the invasive protrusion and displacement of BM both 

likely require the generation of force. Pushing forces from polymerization of an F-actin 

ring, osmotic pressure, actomyosin contractility, or some combination of multiple force-

generating mechanisms could drive protrusion formation and cell invasion. 

4.4 The role of a diffusion barrier in facilitation of invasion 

In Chapter 3, I show data indicating that dystroglycan, a transmembrane 

receptor for basement membrane, contributes to the formation of a membrane diffusion 

barrier, segregating the AC’s invasive protrusion from the body of the cell (Figure 19 

and Figure 22). The loss of this diffusion barrier perturbs invasive protrusion formation 

(Figure 23), thus suggesting that the membrane diffusion barrier facilitates protrusion 

expansion. The observed defect in protrusion growth in dgn-1 RNAi knockdown 

experiments (Figure 23) could be the result of several mechanisms. The DGN-1 diffusion 

barrier at the invasive protrusion neck may be required to segregate SNAREs for 

polarized exocytosis or to exclude clathrin and other mediators of endocytosis. DGN-1 

may also be needed to maintain vesicle segregation in the invasive protrusion; without 
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polarization of vesicles into the invasive protrusion, the membrane source for exocytosis 

would be lost and expansion of the protrusion may be impaired.  

The few instances of organization and segregation of cellular membrane using 

transmembrane BM receptors implicate integrin (Trimble and Grinstein, 2015). Murine 

fibroblasts in vitro form membrane microdomains and lipid rafts following integrin 

binding of ECM at focal adhesions (Gaus et al., 2006). During phagocytosis, receptors 

bound to antibodies recruit an expanding circle of integrins tethered to the actin 

cytoskeleton form a diffusion barrier that excludes the phosphatase CD45, thus forming 

the phagocytic cup (Freeman et al., 2016). Macrophage podosomes show the same ability 

to exclude CD45 using rings of vinculin centered around integrin adhesions to the ECM 

(Freeman et al., 2016). Osteoclasts form a ring of F-actin rich podosome adhesions to 

bone matrix in an integrin-dependent manner. This ring forms a distinct membrane 

region densely populated with endosomal and lysosomal proteins that breaks down and 

resorbs bone (Itzstein et al., 2011; Salo et al., 1997). In the AC, however, I observed no 

evidence of integrin requirement for diffusion barrier formation, and instead the 

basement membrane receptor dystroglycan regulated this process. DGN-1 does not 

recruit F-actin to the AC-BM interface, but instead F-actin might play a role in stabilizing 

BM-bound DGN-1. As discussed previously, the actin regulators that contribute to actin 

ring formation, though, remain unknown. Integrin mediates polarity of UNC-40 and, by 

extension, F-actin at the AC’s invasive membrane (Hagedorn et al., 2009), and a complex 
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mechanism of integrin establishing the AC’s invasive membrane but the not being 

required for diffusion barrier formation likely exists. In other contexts of integrin-

mediated diffusion barriers, the initial matrix-integrin-F-actin adhesion recruits and 

segregates other proteins necessary for to the function of the newly-established 

subcellular region, including tyrosine kinases and actin regulators (Freeman et al., 2016; 

Itzstein et al., 2011). The observation of reduced ZMP-1 polarity in dgn-1 knockdown 

suggests the possibility that DGN-1 at the diffusion barrier could similarly recruit 

necessary components for protrusion expansion, actin ring growth, or BM degradation. 

Supporting this idea, in murine fibroblasts, dystroglycan-laminin binding recruits the 

actin binding protein Ezrin and the GEF Dbl that directly bind the intracellular domain 

of dystroglycan, activate CDC42, and drive filopodia formation (Batchelor et al., 2007). 

The identification of a diffusion barrier in the C. elegans AC is the first 

demonstrated instance of membrane segregation in an invasive cell. The components 

that form the AC’s diffusion barrier, a transmembrane protein bound to extracellular 

BM and colocalized with internal F-actin in a ring around a protrusive structure, have 

been observed in other migratory and invasive cell types. In cancer cells in vitro, focal 

adhesion proteins vinculin and paxillin localize in rings surrounding invadopodia 

following integrin binding of the ECM. These rings of matrix adhesion are required for 

the maturation of invadopodia through the recruitment of MMPs (Branch et al., 2012). 

Dendritic cells show similar rings of paxillin and vinculin at sites of ECM contact around 
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protrusive, proteolytic podosomes (Gawden-Bone et al., 2010), as do the podosomes of 

macrophages as mentioned above (Freeman et al., 2016). Given the results of my work, 

the possibility of membrane diffusion barriers existing at sites of membrane-ECM 

contact around podosomes and protrusions of invasive cells to segregate specialized 

membrane is an intriguing hypothesis. 

4.5 Concluding Remarks 

The C. elegans anchor cell (AC) invades across juxtaposed basement membranes 

(BM) during larval development in order to connect the uterine and vulval tissues. Once 

these BMs are breached, the AC forms a large invasive protrusion that displaces the BM 

and contacts the underlying vulval tissue. In this dissertation, I present work that 

advances our understanding of how the AC generates this invasive protrusion necessary 

to open gaps in tissue barriers.  

To form its invasive protrusion, the AC rapidly expands its surface area and 

volume in a netrin-dependent manner. Using CRISPR/Cas9 genome editing, the 

endogenous expression pattern of the netrin ligand in the vulval tissue has been 

revealed for the first time. This presentation of netrin is required for polarization of 

lysosomes to the AC’s invasive membrane; these lysosomes then supply the membrane 

to expand the invasive protrusion. Using RNAi-mediated knockdown of candidate 

genes, I have identified the t-SNARE SNAP-29 and the exocyst complex as required 

mediators of lysosome exocytosis to form the invasive protrusion. 
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Lysosomal membrane is markedly polarized to the invasive protrusion. Using 

photobleaching techniques, I discovered that this protrusion is an isolated membrane 

domain formed by the BM receptor dystroglycan. The presence of this barrier is required 

for protrusion growth and polarization of membrane-anchored proteins like the matrix 

metalloproteinase ZMP-1. While membrane diffusion barriers have been observed in 

other cell types, this is the first example of a diffusion barrier in an invasive cell and 

offers a novel mechanism for how an invasive cell can rapidly regulate the size of its 

membrane and displace tissue barriers during invasion. 

Understanding of this process of cell invasion and how invasive cells regulate 

their plasma membranes is important for understanding of cell invasion events in 

development and disease states like metastatic cancer. As mechanisms regulating 

invasion tend to be conserved across species and cell types. C. elegans AC invasion 

provides a powerful tool for elucidating the genetics and cell biology regulating cell 

invasion across basement membrane.  
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Appendix A 

A.1 Chapter 2 and 3 Materials and Methods 

A.1.1 Worm strains 

Culturing and handling of C. elegans was performed as previously described 

(Brenner, 1974). Wild-type animals were strain N2. In the text and figures, transgene 

linkage to a promoter is indicated with a greater than symbol (>) and a fusion of open 

reading frames is indicated with a double colon (::). The following alleles and transgenes 

were used in this study: qyEx257 (zmp-5>unc-6::NLG-1TM::GFP), qyEx260 (zmp-

1>GFP::ZMP-1-GPI), qyEx517 (cdh-3>exoc-8::GFP), qyEx519 (cdh-3>sec-5::GFP), qyEx520 

(cdh-3>exoc-7::GFP), qyEx549 (snap-29>GFP::SEC::ZF1), qyEx72 (cdh-3>cytb-5.1::GFP), 

qyEx73 (cdh-3>aman-2::GFP), qyIs502 (fos-1a>rde-1, myo-2>GFP), qyIs205 (cdh-

3>mCherry::rab-11), qyIs210 (cdh-3>lmp-1::GFP), qyIs211 (cdh-3>lmp-1::GFP), qyIs252 (cdh-

3>mCherry::rab-7), qyIs257 (cdh-3>mCherry::rab-5), qyIs391 (zmp-1>lmp-1::mCherry), qyIs409 

(cdh-3>GFP::cup-5), qyIs484 (cdh-3>sec-15::GFP), qyIs498 (lin-29>mCherry::snap-29), qyIs499 

(lin-29>mCherry::snap-29), qyIs509 (cdh-3>GFP::CAAX); LGI exoc-8 (ok2523), unc-40 (e271); 

LGII qyIs23 (cdh-3>mCherry::PLCδPH), qyIs57 (cdh-3>mCherry::moesinABD), rrf-3 (pk1426), 

sec-15 (xnSi34[sec-15>sec-15::YFP + unc-119(+)]) sec-5 (xn51[sec-5-zf1-YFP + unc-119(+)]); 

LGIII ina-1 (gm39), qyIs166 (cdh-3>GFP::CAAX); LGIV qyIs10 (lam-1>laminin::GFP), qyIs42 

(pat-3>pat-3::GFP, genomic ina-1), qyIs15 (zmp-1>HA-βtail); LGV qyIs127 (lam-

1>laminin::mCherry), qyIs50 (cdh-3>mCherry::moesinABD), rde-1 (ne219); LGX qyIs24 (cdh-
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3>mCherry::PLCδPH), qyIs66 (cdh-3>unc-40::GFP), qyIs7 (lam-1>laminin::GFP), unc-6 (ev400), 

unc-6 (cp190 [unc-6::mNG^3xFLAG]), dgn-1 qy18 (dgn-1::mNG). 

A.1.2 Generation of genomically edited strains 

Endogenous tagging of the C-terminus of unc-6 with the mNG::3xFLAG 

sequence was accomplished using CRISPR/Cas9-triggered homologous recombination 

with 500bp homology arms as described previously (Dickinson et al., 2015) using a 

guide RNA with a targeting sequence of 5’- TATCTGTGTGACGTAATCTCTGG-3’. GFP 

was knocked into the dgn-1 locus by CRISPR/Cas9-triggered homologous recombination 

with 1.7kb homology arms at the HindIII site 7 amino acids upstream of the stop codon 

(Johnson et al., 2006) using two targeting sequences, 5’-

GATGAAGCATGTcCGAGACGCGG-3’ (antisense) and 5’-

GCCAGCAACTCTCCGCGTCTCGG-3’ (sense). Silent mutations were introduced into 

the homology arms using site directed mutagenesis. See Table S3 for homology arm 

primer sequences. 

A.1.3 Construction of GFP fusion proteins 

GFP::CAAX was amplified from pSA129 then linked to the cdh-3 promoter using 

SalI and SacI sites. CUP-5::GFP was amplified from a previously-made construct and 

linked to the cdh-3 promoter using SacI and ApaI sites (Fares and Greenwald, 2001). 

Fusion of the lin-29 promoter to the snap-29 open reading frame and the mCherry open 

reading frame was accomplished by Gibson assembly. Exocyst component GFP fusions 
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from prior studies were fused to the cdh-3 promoter by PCR fusion (Zou et al., 2015). 

LMP-1 was cloned into a plasmid containing zmp-1>mCherry using AgeI and PacI to 

generate zmp-1>LMP-1::mCherry. The snap-29>GFP transcriptional reporter was 

generated from 1.4kb of sequence 5’ of the snap-29 transcription start site expressed as an 

extrachromosomal array. The zmp-1>GFP::ZMP-1-GPI construct was generated by 

cloning the zmp-1 GPI membrane targeting sequence (final 28 amino acids of zmp-1) into 

pBS using EcoRV and NotI sites. The resulting GFP::GPI sequence was then amplified 

and joined to the 2.7kb of sequence 5’ of the zmp-1 transcription start site and the zmp-1 

signal sequence (first 66 amino acids) by PCR fusion. All other transgenes were 

generated through PCR fusion. 

Constructs were injected into unc-119 (ed4) hermaphrodites along with 50ng/μL 

unc-119 rescue DNA, 50ng/μL pBsSk, and 50ng/μL EcoRI-digested salmon sperm DNA. 

Lines with stable extrachromosomal expression of transgenes were established and 

selected lines were integrated by gamma irradiation as previously described (Sherwood 

et al., 2005). Primer sequences used to amplify DNA regions follow (Table 3). 

Table 3: Primer sequences 

Primer Sequence (5’→3’) Primer 

Type 

Amplicon Template 

aaggtacccagaaacagtcacattcgtcg  Forward snap-29 5’ of TSS N2 genomic 

DNA 

ccactagttgatgaagtttctagaagttcaag 

 

Reverse snap-29 5’ of TSS N2 genomic 

DNA 

aagcatgcatgtctcgtaatccatttgacgacgatt

atcgacccagt 

Forward snap-29 3’ of TSS N2 genomic 

DNA 
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aagcggccgctattcacaagcgacatccacac  

 

Reverse snap-29 3’ of TSS N2 genomic 

DNA 

aaaccggtatgttgaaatcgtttgtcatc 

 

Forward LMP-1 N2 genomic 

DNA 

aattaattaagacgctggcatatccttgt 

 

 

Reverse LMP-1 N2 genomic 

DNA 

aagggcccttcgccatttacatcggctc  

 

Forward cup-5::GFP and 

unc-54 3’UTR 

pHD736 

aagagctcgtacggccgactagtagg 

 

Reverse cup-5::GFP and 

unc-54 3’UTR 

pHD736 

ttaagttgggtaacgccagg  

 

Forward cdh-3 promoter pPD107.94 

tcatttgaaagcatctagccaagcaagg 

 

Reverse cdh-3 promoter 

with exoc-8 

overhang 

pPD107.94 

taaacaaccaacatctagccaagcaagg 

 

Reverse cdh-3 promoter 

with exoc-7 

overhang 

pPD107.94 

gcgttttcttccatctagccaagcaagg 

 

Reverse cdh-3 promoter 

with sec-5 

overhang 

pPD107.94 

gatgagtttggcatctagccaagcaagg 

 

Reverse cdh-3 promoter 

with sec-15 

overhang 

pPD107.94 

atgctttcaaatgaggatgg 

 

Forward exoc-8 pPD129.36 

atgttggttgtttattatttt 

 

Forward exoc-7 pPD49.26-

ser2prom3 

atggaagaaaacgctcaagctcgg 

 

Forward sec-5 pPD49.26-

ser2prom3 

atgccaaactcatccagtacc 

 

Forward sec-15 pPD49.26-

ser2prom3 

cccatagacactactccactttc 

 

Reverse exocyst::GFP 

component and 

unc-54 3’UTR 

pPD129.36 and 

pPD49.26 

tgtaaaacgacggccagt Forward 

nested 

(M13F) 

cdh-3>exocyst::GFP 

fusions 

PCR product 
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ggaaacagttatgtttggtatattgg 

 

Reverse 

nested 

cdh-3>exocyst::GFP 

fusions 

PCR product 

cgtcctctagtgcaagtccaattactcttcaacatcc

c 

 

Forward lin-29 promoter, 

backbone, and 

unc-54 3’UTR 

pBS-lin29 

ctttgtttgagccattgcgttgaagaagttggcttg 

 

Reverse lin-29 promoter, 

backbone, and 

unc-54 3’UTR 

pBS-lin29 

aacttcttcaacgcaatggctcaaacaaagccgat

tgcc 

 

Forward mCherry pBS-cdh-3-

mCherry 

tggattacgagacatcttatacaattcatccatgcc

acc 

 

Reverse mCherry pBS-cdh-3-

mCherry 

gatgaattgtataagatgtctcgtaatccattcgat

g 

 

Forward snap-29 N2 genomic 

DNA 

gaagagtaattggacttgcactagaggacggtg

ag 

 

Reverse snap-29 N2 genomic 

DNA 

aagtcgacatgagtaaaggagaagaacttttc 

 

Forward GFP::CAAX and 

let-858 3’UTR 

pSA129 

aagagctcggcccaagcgaggacaattc  

 

Reverse GFP::CAAX and 

let-858 3’UTR 

pSA129 

gatatcaatgagaagcttgttctgaattc Forward zmp-1 GPI N2 genomic 

DNA 

gcggccgcttaaaagatgagtatcaaaata Reverse zmp-1 GPI N2 genomic 

DNA 

tgatgcggcaaaaatagaaa Forward zmp-1 promoter N2 genomic 

DNA 

tcgatgaaagccaagttcaa Forward 

nested 

zmp-1 promoter N2 genomic 

DNA 

ctcctttacttctagattcacccgtttcttctaatcc Reverse zmp-1 promoter N2 genomic 

DNA 

tctagaagtaaaggagaagaactttt Forward GFP::GPI pBS-cdh-3-GFP 

cgcgcaattaaccctcacta Reverse unc-54 3’UTR pBS-cdh-3-GFP 

aagcctggagtcactggaac Forward unc-6 5’ homology 

arm 

N2 genomic 

DNA 

tctgggcattgtccaagtttat Reverse unc-6 5’ homology N2 genomic 
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arm DNA 

acgaacttttgattttcagaat Forward unc-6 3’ homology 

arm 

N2 genomic 

DNA 

tcacggaaaccagatcaaca Reverse unc-6 3’ homology 

arm 

N2 genomic 

DNA 

gcgcgcgtaatacgactcactatagggcgaattg

ggtaccatcaaatcaagaggacgcaa 

Forward dgn-1 5’ homology 

arm 

N2 genomic 

DNA 

aggccatgttgtcctcctctcccttggagaccatac

tagtaagcttttggttcgatgaag 

Reverse dgn-1 5’ homology 

arm 

N2 genomic 

DNA 

caagcgtgattacaaggatgacgatgacaagag

agcatgccagtctccattcattcctcc 

Forward dgn-1 3’ homology 

arm 

N2 genomic 

DNA 

tcactaaagggaacaaaagctggagctccagcg

gccgcgacagctgcattttgtacca 

Reverse dgn-1 3’ homology 

arm 

N2 genomic 

DNA 

 

A.1.4 Microscopy and image analysis 

Images were acquired using an EM-CCD or Orca-R2 camera (Hamamatsu 

Photonics) and a spinning disk confocal microscope (CSU-10, Yokogawa) mounted on 

an upright AxioImager microscope (Carl Zeiss) with a Plan-APOCHROMAT 100x/1.4 oil 

differential interference contrast objective controlled by μmanager software (version 1.4) 

(Edelstein et al., 2010). Time-lapse acquisition was performed as described previously 

(Hagedorn et al., 2013). Acquired images were processed with Fiji (ImageJ 1.51f) and 

Photoshop (CC 2015; Adobe) (Schindelin et al., 2012). Time-lapse analysis and 3D 

reconstructions were built from confocal z-stacks, analyzed, and exported using IMARIS 

7.6.5 (Bitplane, Inc). Figures and graphs were constructed using Excel 2010 (Microsoft) 

and Illustrator (CC 2015; Adobe).  

AC invasion was precisely staged in reference to VPC divisions as previously 

described (Sherwood et al., 2005). Invasive protrusion volume was calculated in time-
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lapses by hand-tracing the protrusion (the region of the AC extending below the BM) in 

each slice to generate an isosurface for each time point. Rates of expansion were 

calculated by dividing the difference in protrusion volume of initial breach from the 

maximal size of the protrusion by the time that transpired. For total AC surface area and 

volume measurements, AC isosurfaces were generated in Imaris based on manual 

thresholding of fluorescence intensity using 0.300µm surface detail and invasive 

protrusion volume was calculated by using the slicer tool to separate the AC from the 

invasive protrusion. In comparisons across stages, AC surface area or volume was 

normalized to average AC surface area or volume before invasion (P6.p 2-cell stage). In 

dominant negative integrin (zmp-1>HA-βtail) animals, AC invasion is delayed, so data 

were collected from ACs that breached the BM at the P6.p 8-cell stage before the BM 

hole expanded beyond the AC.  

AC polarity measurements were generated from background-subtracted sum 

projections of the AC. For P6.p 2-cell stage images, the integrated density of a 5 pixel 

wide line across the invasive membrane was compared to the integrated density of the 

outlined AC. For P6.p 2/4-cell transition images (invasive protrusions), the integrated 

density of the outlined invasive protrusion was divided by the integrated density of the 

entire AC. An ImageJ macro which automates this process is available upon request. 

Data from fluorescence loss in photobleaching (FLIP) experiments was collected 

using a point scanning confocal microscope (Zeiss 780; Carl Zeiss) with a GaAsP high 
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QE 32 channel spectral array detector with a 63x/1.4 oil Plan-Apochromat objective (Carl 

Zeiss) controlled by Zen software (version 2010; Carl Zeiss). The FLIP region of interest 

was a 25-pixel (approximately 1µm) diameter circle placed on the perimeter of the AC. 

Relative GFP loss was calculated by subtracting the pixel values of a sum projection of 

the AC from the fourth acquisition cycle (after three cycles of bleaching, 54 seconds from 

acquisition start) from the corresponding pixel values from a sum projection of the AC 

from the first acquisition cycle (before any photobleaching). The resulting difference was 

then divided by the initial pixel intensity from the first acquisition cycle to generate a 

relative rate of loss. Regions for FLIP ratios were established by drawing a 3-pixel wide 

line across the AC to separate the two halves (for P6.p 2-cell and 8-cell controls) or by 

drawing a 3-pixel wide line across the AC at the neck of the invasive protrusion. The 

average rate of loss of the two AC regions was calculated from the relative rates of loss 

of the pixels in each region. FLIP ratios display the quotient of the average of the region 

with the photobleaching ROI (Region X) divided by the average of the region without 

the photobleaching ROI (Region Y). Spectral images for display purposes were 

generated by adding a background value of 100 to each pixel of the first acquisition cycle 

to eliminate background noise before the calculation of relative loss and applying the 

fire lookup table in Fiji with constrained pixel ranges from 0.00 to 0.50; the resulting 

image was then smoothed. An ImageJ macro which automates this process was 

generated to standardize the process. 
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A.1.5 RNA interference and scoring of invasion 

RNAi was delivered by feeding worms E. coli expressing double-stranded RNA. 

An empty RNAi vector (L4440) was used as a negative control for all RNAi experiments. 

All wild-type animals in RNAi experiments were grown on L4440. Transcription of 

RNAi vector expression was induced with 1mM Isopropyl β-D-1-thiogalactopyranoside 

(IPTG) and cultures were plated on plates containing NGM and topical application of 

5µL each of 30mg/mL carbenicillin and 1M IPTG. Synchronized L1-arrested larvae were 

plated on the RNAi-expressing E. coli and grown for 40-48 hours at 16°C before scoring. 

RNAi that produced observable phenotypes were sequenced to verify correct insert.  

For uterine-specific RNAi experiments, the strain NK1316 was utilized (Haerty et 

al., 2008; Hagedorn et al., 2009). The strain harbors mutations in rrf-3, an RNA-directed 

RNA polymerase whose loss sensitizes the worms to RNAi, as well as rde-1, an 

argonaute protein required for RNAi (Hagedorn et al., 2009). Expression of rde-1 in the 

somatic uterine cells (fos-1a>rde-1) specifically restores RNAi in the uterine cells. I 

found that the uterine-specific RNAi strain grew slightly slower than N2 (wild type) 

worms and had a slightly slower protrusion growth rate (see Figures 1C and Figure 2D), 

although this rate difference was not statistically significant (p>0.05, Student’s t-test).  

The RNAi screen (Table 2) was accomplished using a strain with the rrf-3 

mutation and markers for the AC and BM. Animals were scored for invasion at the P6.p 

4-cell stage. Normal invasion was considered when the BM was breached and the gap 
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extended to the width of the AC. Partial invasion was scored when the BM was 

breached but the gap was not equal to the width of the AC. Invasion was scored as 

blocked when the BM was one continuous line underneath the AC with no discernable 

gap. 

For the localization of UNC-40::GFP in snap-29 (RNAi) (Figure 13), animals were 

plated on RNAi as described above. Confocal z-stacks were acquired for snap-29 (RNAi) 

animals that showed a block in AC invasion at the P6.p 4-cell stage. These animals were 

compared to UNC-40::GFP on L4440 at the P6.p 2-cell stage instead of the P6.p 4-cell 

stage, as many proteins involved in AC invasion, including UNC-40::GFP, polarize more 

strongly after BM breach and protrusion formation (Hagedorn et al., 2009). 

A.1.6 Calculation of basement membrane hole opening rates 

Rates of BM hole expansion were calculated from BM images from lateral time-

lapse analyses rendered in Imaris 7.6.5 (Bitplane, Inc.). The 3D-rendered BM was rotated 

to a ventral view for export into individual images for each timepoint. BM hole size was 

then analyzed in Fiji/ImageJ by manually thresholding the BM hole and measuring the 

area of the thresholded region. 

A.1.7 Electron microscopy 

Transmission electron micrographs were acquired in serial sections as described 

previously (Hall et al., 2012; Morrissey et al., 2014). Longitudinal sections were cut 
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across the gonad to allow for evaluation of the tissue to establish precise developmental 

stage and to identify the anchor cell. 

A.1.8 Data analysis 

For polarity and fluorophore intensity measurements, data sets were 

randomized using an ImageJ macro (courtesy of Martin Hoehne) to blind analysis. For 

samples in which blind analysis was not possible, randomly-selected samples were 

chosen for re-analysis to confirm measurements. 

Statistical analyses were performed using JMP version 12.0 (SAS Institute). For 

all figure legends, asterisks indicate statistical significance as follows: n.s., p>0.05; *, 

p<0.05; **, p<0.01; ***, p<0.001. All comparisons of means were accomplished using a 

two-tailed unpaired Student’s t-test or Tukey-Kramer honest significant difference test 

as appropriate. Protrusion time-lapse outcomes were analyzed for significance using a 

chi-squared (χ2) comparisons with Yates correction. Calculations of the 2x2 contingency 

table were performed using Graphpad QuickCalcs resource 

(https://graphpad.com/quickcalcs/contingency1.cfm). Sample sizes were validated by 

assaying normality of variance (in parametric samples) using a Shapiro-Wilk’s normality 

test. 
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