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Abstract 

Caenorhabditis elegans is a powerful tool to study cellular migration and morphogenesis 

during organ development. During pharynx development, the dorsal gland cell, g1p, is born in 

the anterior aspect of the pharyngeal primordium and undergoes a form of morphogenesis called 

retrograde extension. When morphogenesis is complete, the cell body is located in the posterior 

pharynx and a cytoplasmic extension is left behind the migratory path. egl-15, the single 

Fibroblast Growth Factor Receptor (FGFR) in C. elegans and ina-1, one of two α-integrin 

receptors, are both required for the proper migration of g1p cell. Mutations in either egl-

15 or ina-1 show similar gland cell over-migration defects where the gland cell body migrates 

past the terminal bulb and is located in proximity of the intestine. The kinase domain of EGL-15 

was found to be required for migration and transgenic rescue strategies were used to determine 

the tissue of EGL-15 function. RNA interference was used to determine if egl-15 and ina-1 are 

functioning in the same pathway to regulate gland cell migration. 
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1 Introduction 

 

An organ is a complex organization of cells that performs a specific function in an 

organism and cell migration is an intricate process essential for both organ development and 

homeostasis [Horwitz and Webb 2003; Ewald et al., 2008; Geh et al., 2011; Braun and Gautel 

2011; Harunaga et al., 2011; Bae et al., 2012; Tada and Kai, 2012]. For instance, in mammalian 

embryonic development, an extensive movement of cells (e.g. gastrulation) is necessary to form 

the three germ layers: ectoderm, mesoderm and endoderm [Bae et al., 2012; Tada and Kai, 2012]. 

Cells within these layers will further migrate to strategic locations, and organize into their final 

form as an organ and/or tissue. Impaired or excessive cell migration results in various disorders 

such as congenital defects and tumor metastasis [Kurosaka and Kashina, 2008].  

The foregut or the pharynx of Caenorhabditis elegans, C. elegans, is a muscular pumping 

structure that functions to ingest and process food that will enter the intestine [Mango, 2007]. 

Overall, the mature pharynx is a cylinder-like structure with four distinct regions: the anterior 

procorpus, a bulb-shaped metacorpus, a cylindrical isthmus, and a terminal bulb (Figure 1.4) and 

eight regions of muscle compose the general structure of the pharynx [Mango, 2007; Albertson 

and Thomson, 1976]. Pharyngeal muscle 1, 2 and 3 (pm1, pm2, pm3) are found in the procorpus, 

pm4 is in the metacorpus, pm5 is in the isthmus, and pm6-8 is in the terminal bulb (Figure 1.5H). 

The terminal bulb of the pharynx connects to the intestine via the pharyngeal-intestinal valve, 

which is made up of six cells tightly connected together to form a disc-like structure [Mango, 

2007]. This structure provides a narrow opening that that links the lumen of the pharynx to the 

lumen of the intestine. Although the pharynx may seem simple in structure, consisting of only 95 

cells, it has six distinguishable cell types (muscle, epithelial, neural, structural, secretory, and 
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valve cells) each with a distinct position and morphology. The presence of these diverse cell type 

in this relatively simple organ make it an excellent model for studying organ development 

(Figure 1.4) [Albertson and Thomson, 1976; Sulston et al., 1983]. This thesis is an investigation 

into a unique secretory/gland cell migration, called retrograde extension that occurs during the 

development of the C. elegans foregut. 

 

1.1 Caenorhabditis elegans pharynx development 

During the first 100 minutes of embryogenesis, maternally deposited factors establish six 

founder cells (Figure 1.1). ABa and MS are two cells of the six cell staged embryo that give rise 

to a pool of pharyngeal precursors that later converge to make up the pharyngeal primordium 

[Mango, 2009]. Although ABa and MS are distinct blastomeres that give rise to two different 

cell lineages, cells from these ancestries adopt pharynx-specific fates to form the mature organ. 

This is done through the forkhead family transcription factor, PHA-4, activated at 28 and 44 cell 

stage in MS and ABa descendants respectively [Updike and Mango, 2006]. pha-4 is an organ 

identity factor that is necessary and sufficient for pharynx formation. In animals that contain null 

mutations of pha-4, the pharynx is absent or severely defective [Mango, 2007]. The cells that 

should make up the pharynx instead adopt an ectodermal fate in pha-4 mutants [Horner et al., 

1998; Kalb et al., 1998]. On the other hand, animals that have an ectopic expression of PHA-4 

have excess pharyngeal muscle and marginal cells. PHA-4 has a similar amino acid sequence as 

the winged helix DNA-binding domains of the Drosophila forkhead gene and the mammalian 

HNF-3α, β, and ɣ genes (FOXA1, 2, and 3) [Horner et al., 1998; Kalb et al., 1998; de-Leon, 

2011]. In flies and mice, the PHA-4 related genes have also been implicated in the development 

of the anterior digestive tract indicating that these protein are likely homologues functioning in a 
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conserved pathway for foregut development in metazoans [Kaufmann and Knochel, 1996; 

Weigel et al., 1989]. 

PHA-4 is a master regulator of pharynx development. In addition to its requirement for 

pharynx formation, PHA-4 activates most or all of the genes required for the formation and 

function of the pharynx. It is expressed in cells once they become committed to the pharyngeal 

fate and PHA-4 continues to be expressed in all pharyngeal cells throughout the life of the worm 

[Gaudet and Mango, 2002]. pha-4, interacts with other transcription factors to specify each of the 

different cell type within the pharynx. For example, ceh-22, tbx-2, and pha-2 are downstream 

targets of PHA-4, and are required to specify pharyngeal muscle fates. hlh-6, encodes a helix-

loop-helix transcription factor that acts through a discrete cis-regulatory element named PGM1 

(Pharyngeal Gland Motif 1), to activate a number of gland-specific genes and regulate the 

pharyngeal gland cell development [Smit et al., 2008]. hlh-6 requires three distinct regulatory 

elements, one of which is the PHA-4 binding site [Raharjo and Gaudet, 2007].  

 

1.2 C. elegans as a model system to study cell migration in organogenesis 

In order to further understand the molecular mechanisms that regulate gland cell migration 

during pharynx development, genes that are known to signal cell migration in other 

developmental systems, FGFR and integrin, were studied in this thesis. The simple, yet powerful 

genetic model organism, C. elegans, is an ideal system to study gene interactions [Mango, 2009]. 

C. elegans is a free-living soil nematode that is commonly found in many parts of the world 

[Fitch, 2005]. C. elegans is well known for being the first multicellular organism to have its 

genome sequenced [C. elegans Sequencing Consortium, 1998]. The genome sequence of C. 

elegans is ~100 million base pairs long, encodes ~20,000 genes organized onto six chromosomes: 

five autosomes and a single sex chromosome [Hodgkin, 2005; Hillier et al., 2005]. C. elegans is 



4 
 

a powerful tool to study organ development: with the help of its fully sequenced genome, an 

extensive genetic characterization can be achieved through molecular experimental methods such 

as transgenic animal formation, RNA interference (RNAi), and microscopy [Brenner, 1974; C. 

elegans Sequencing Consortium, 1998; Mello et al., 1991; Fire et al., 1998; Ahringer 2006]. 

Studies of gene function in the C. elegans is not only relevant to the nematode but also to 

humans because C. elegans homologues of human genes are prevalent in this model organism 

(>50% of genes) [Reviewed in Kaletta and Hengartner, 2006]. This makes C. elegans a powerful 

model organism for the study of human biology and disease [Shaye and Greenwald, 2011].  

Usually, in a given population, the majority of C. elegans are hermaphrodites, which 

possess both female and male reproductive organs, and are able to reproduce by self-fertilization 

[Herman, 2005]. Males, which spontaneously arise at low frequency (~ 0.1%) due to non-

disjunction of the X chromosome in the hermaphrodite germ line, reproduce by fertilizing 

hermaphrodites [Wood, 1988]. Successful mating can increase male frequency to 50% within the 

population of progeny. Males are useful because they allow for manipulation of the genetic 

makeup within cross progeny. C. elegans feed primarily on bacteria, and because the nematode 

is transparent, its development throughout the lifecycle is easily followed using Differential 

Interference Contrast (DIC) microscopy (Figure 1.2). C. elegans growth rate changes according 

to temperature, availability of food, and population density [Fay, 2006]. This indicates that C. 

elegans, although simple in its anatomy, possesses a plethora of sensory responses to its 

environment. To illustrate, at 20°C, a microscopic embryo (~80μm) hatches and grows through 

four larval stages to be a reproductive adult (~1mm) in ~3 days but at a colder temperature, 16°C, 

the life cycle is slowed down to ~4 days [Fay, 2006]. At higher temperatures (25°C),when food 

becomes scarce, and/or the local population density is high, C. elegans L1 larvae goes into dauer, 
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or ‘enduring’ stage (Figure 1.3) [Hu, 2005]. Dauers are able to resist harsh environmental 

conditions, adapt to metabolic stress, and extend its lifespan. Once environmental conditions 

become favorable again, dauers continue on into their normal development cycle.  

There are remarkably rich and diverse ways to genetically probe molecular questions with 

C. elegans. Genetic mutants are readily formed by subjecting the worms to chemical mutagens, 

such as EMS (ethyl methanesulfonate) or TMP (Trimethylpsoralen), and ionizing radiations, 

such γ-irradiation [Brenner, 1974; Stewart et al., 1991; Gengyo-Ando and Mitani, 2000]. 

Mutants can be then screened for desired phenotypes and once heritable traits are found, the 

mutated gene position can be mapped through approaches such as Single Nucleotide 

Polymorphism (SNP) mapping or genome sequencing [Brenner, 1974; Yook, 2005; Fay, 2006; 

Sarin et al., 2008; Doitsidou et al., 2010]. Another common source for genetic screening is by 

transposon based insertional mutagenesis [Bessereau, 2006]. Genes are mutated when nucleotide 

sequences of the transposons insert into the genomic DNA during transposition. Genome wide 

mutagenesis like these is a common way to perform unbiased forward genetic screen and identify 

new genes involved in a biological process of interest. On the other hand, tools for reverse 

genetic studies, which seek to discover function of a gene through observing the phenotypic 

effects caused by the gene, are also readily available in C. elegans. The C. elegans Deletion 

Mutant Consortium, consisting of three laboratories around the world, are dedicated to providing 

the research community with gene knockouts or deletion mutations in worms [Reviewed in 

Moerman and Barstead, 2008]. Large gene deletions are important for creating genetic null 

alleles which cause complete loss of the gene function.  

Gene knockdown methods such as RNA interference (RNAi) also contribute to reverse 

genetic studies [Ahringer, 2006]. RNAi is a cellular process, originally found in C. elegans, 
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where a specific mRNA is degraded in response to the presence of complementary dsRNA [Fire 

et al., 1998]. C. elegans can be injected with and/or fed and/or soaked in dsRNA and cause gene 

knockdown without altering the nematode’s DNA. Currently, there are two RNAi feeding 

libraries for C. elegans through the Ahringer lab and the Vidal lab [Fraser et al., 2000; Kamath et 

al., 2003; Rual et al., 2004]. Furthermore, with C. elegans, transgenic animals can be easily 

formed by introducing extrachromosomal transgenic plasmid constructs into the worm [Mello et 

al., 1991; Fire et al., 1998]. This opens up the door to study targeted genes in various ways. Each 

gene can be modified and expressed at specified time points and locations by being under the 

control of different transcriptional promoters or enhancer elements. In addition, because the 

worms are transparent, visualization of these gene products is possible through fluorescent tags 

such as GFP (Green Fluorescent Protein) at any stage of development [Chalfie et al., 1994]. 

 

1.3 Retrograde migration of the gland cells in C. elegans pharynx 

Within the pharynx muscles lie five gland cells that produce secretions into the lumen of 

the pharynx [Avery and You, 2005; Smit et al., 2008; Altun and Hall, 2014] (Figure 1.5H,I). The 

five gland cells consist of three g1 cells: g1p, g1a (left) and g1a (right) and two smaller g2 cells: 

g2 (left) and g2 (right). In a mature pharynx, all five gland cell bodies are located in the terminal 

bulb. The relative location of g1p, g2, and g1a cells in the terminal bulb are posterior/dorsal, 

posterior/ventral, and anterior/ventral, respectively. These gland cells exhibit a unique 

morphology in which they have extensions that connect to more anterior locations of the 

pharyngeal lumen (Figure 1.5H,I) [Sulston and Horvitz, 1977; Smit et al., 2008; Raharjo et al., 

2011; Altun and Hall, 2014]. These extensions secrete molecules, such as mucins, that aid in 

digestion [Smit et al., 2008]. Animals that have defective glands due to a mutation in the gland 
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specific transcription factor, hlh-6, are feeding defective and arrest as larvae [Smit et al., 2008]. 

The starvation phenotype of the hlh-6 mutants however, are rescued when a less sticky food 

source, such as the HB101 strain of E. coli, is used instead of the normal OP50 E. coli. This 

suggests that glands are not required for the digestion of food per se but are primarily involved in 

lubricating the anterior digestive tract for efficient movement of bacteria into the intestine. The 

secretions from the gland cells are composed of various mucin-related molecules that will 

lubricate the passageway of food [Smit et al., 2008]. The genes code for PHAT proteins, named 

after pharyngeal gland toxin-related proteins, and each protein contains multiple copies of a ShK 

(Src-homology 2 domain-bearing kinase) domain separated by Ser/Thr-rich sequences similar to 

a group of gland secreted mucins from the parasitic nematode Toxocara canis [Gems and 

Maizels, 1996; Loukas et al., 2000; Doedens et al., 2001]. 

Following pharyngeal primordium formation, around 390 minutes after the first embryonic 

cleavage, 4D live-imaging microscopy shows that the dorsal gland cell (g1p) undergoes a unique 

form of cell migration called retrograde extension (Figure 1.5 A-D) [Sulston et al., 1983; 

Heiman and Shaham, 2009; Kormish et al., in prep]. The gland migration takes place for nearly 

an hour from early comma stage to 1.75 fold stage of the embryo (Figure 1.2). The g1p cell is 

born in the anterior aspect of the pharyngeal primordium, and as the pharynx develops along the 

anterior-posterior axis, the gland cell migrates to the posterior aspect of the pharynx (Figure 1.5 

A-H) [Sulston et al., 1983; Kormish et al., in prep]. What is interesting about this migration is 

that the cell leaves a part of its cell body anchored to the place of birth, near pm3, and the cell 

body moves away from the anchor. Therefore, when migration is complete, a long extension is 

left behind the cell’s migratory path (Figure 1.5 A-H) [Kormish et al., in prep]. Canonically, 

extensions are often an outgrowth from the cell body which moves away from the cell in order to 
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form the new process. This is seen for both axon formation in many organisms and tracheal 

branch formation in Drosophila [Myers et al., 2011; Ghabrial et al., 2003]. Retrograde migration 

was first seen in neuronal process formation in C. elegans where dendrite tips are anchored at 

target locations, and the cell body moves away to their functional locations [Sulston et al., 1983; 

Heiman and Shaham, 2009]. 

Moreover, in a mature wild type pharynx of C. elegans, g1a cells have projections that 

extend to just behind the metacorpus, and g2 cell bodies have short processes that connect to the 

grinder which lies between pm6 and pm7 (Figure 1.5 H, I) [Altun and Hall, 2014]. For these 

cells, retrograde extension seems to play a lesser role in their extension formation and other less 

well-defined morphogenic events influence their development [Kormish et al., in prep]. Because 

g1p goes through the longest migration and has one of the biggest cell bodies, it is the most 

obvious to observe and follow under a microscope. Therefore, the rest of this thesis focuses on 

the proper regulation of g1p migration in an attempt to understand the molecular underpinnings 

of the process of retrograde extension.  

 

1.4 Cellular regulation of dorsal g1p migration 

Previous research has shown that the regulation of g1p cell migration in C. elegans 

pharynx requires the function of egl-15, the single Fibroblast Growth Factor Receptor (FGFR) in 

worms, and ina-1, one of two α-integrin receptors in worms (Figure 1.6) [Kormish et al., in prep]. 

As described in below, both proteins are essential transmembrane receptors found in all 

metazoans and collectively function to regulate developmental processes such as cell migration 

and maintain homeostatic processes [reviewed in Borland et al., 2001; Hynes, 2002; Li and 

Hristova, 2006; Turner and Grose, 2010].  
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1.4.1 Fibroblast Growth Factor Receptor in C. elegans 

The FGFR or Fibroblast Growth Factor Receptor is a tyrosine kinase receptor that signals 

to control a plethora of developmental processes such as cell proliferation, cell differentiation, 

cell migration, and cell survival. It is involved in many molecular signalling cascades such as 

Ras/MAPK, phospholipase-Cγ(PLCγ)/Ca2+, phosphatidylinositide -kinases(PI3K)/Akt, and 

CBL/SLI1 mediated Ubiquitinylation pathways (Figure 1.7) [reviewed in Böttcher and Niehrs, 

2005; Yun et al., 2010; Turner and Grose, 2010; Polanska et al., 2009]. FGFR activation is 

regulated by fibroblast growth factor (FGF) ligands and in many processes, requires co-binding 

of heparan sulfate proteoglycan (HSPG) with the FGF ligand for full activity [Mundhenke et al., 

2002]. Upon ligand binding, FGFR homodimerizes, changes intracellular domain conformation, 

trans-autophosphorylates, then phosphorylates its substrates to initiate downstream signalling 

cascades [Klint and Claesson-Welsh, 1999]. Currently, 22 FGF ligands and five structurally 

conserved FGFRs are found in mammals [Lea et al., 2009]. The basic structure of FGFR is 

comprised of three glycosylated immunoglobulin-like (Ig-like) domains in the extracellular 

region, a single transmembrane domain, and a cytoplasmic tyrosine kinase domain [Liang et al., 

2012]. Between the first and second immunoglobulin domains lies a small acid box domain rich 

in glutamic and aspartic acid. Deletion of this domain leads to increased ligand and HSPG 

binding and thus, likely functions to decrease receptor activity [Schlessinger et al., 2000].  

In C. elegans, there is one known FGFR orthologue named egl-15, and it binds one of 

two known FGF ligands: egl-17 or let-756 (Figure 1.8) [Borland et al., 2001; Goodman et al., 

2003]. In contrast to mammalian FGFR, EGL-15 contains a large peptide insert, called the EGL-

15 specific insert, located between the first immunoglobulin domain and the acid box domain, 

[Goodman et al., 2003]. This region can be alternatively spliced and give rise to two isoforms of 
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the receptor: EGL-15(5A), which is required for sex myoblast migration in C. elegans, and EGL-

15(5B), which is necessary for essential functions of the organism but is unable to compensate 

for the role of the 5A isoform in sex myoblast migration. During embryonic development, 5A 

isoform is predominantly expressed in M cell-line lineage which gives rise to muscle cells while 

5B isoforms are found in the hypodermis [Lo et al., 2008]. egl-15 null animals have a distinct 

head morphology similar to, but less severe than, the “notched head” phenotype studied by 

Tucker and Han, and are L1 lethal (Figure 3.1) [2008]. 

mRNA splicing and proteolytic cleavage of FGFR can also give rise to truncated forms of 

FGFR lacking both the transmembrane and intracellular tyrosine kinase domains [Johnson and 

Williams, 1993; Hanneken, 2000]. The truncated version of FGFR is soluble and can diffuse into 

the extracellular matrix. The biological significance of the soluble forms of FGFR is not 

completely understood, but many studies note their ability to impact the endogenous FGF/FGFR 

signalling in various developmental processes such as bone development [Pandit et al., 2002], 

neural development [Guillonneau et al., 2000], and cancer [Wang et al., 2000] in mammals. It is 

speculated that the soluble receptors are formed to down-regulate FGF/FGFR signalling by 

competing with the endogenous receptors for available FGF ligands. Previous experiments by 

Bulow and colleagues presented evidence for the presence of soluble FGFR in C. elegans 

[Bulow et al., 2004]. In these studies a soluble form of the EGL-15(5A) isoform expressed in the 

hypodermis is required for the postembryonic maintenance axon position.  

In addition to maintenance of axon positions, EGL-15 also takes part in axon outgrowth 

and neuron migration [Bulow et al., 2004; Fleming et al., 2005]. In C. elegans, most neurons are 

born close to their final positions except for a few neurons that need to migrate long distances to 

their ultimate locations after they are born [Sulston and Horvitz, 1977; Altun and Hall, 2014]. An 
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example is canal-associated neurons (CANs), which move from the head of the animal to a 

location midway along the body. Mutations in genes encoding EGL-17/FGF and EGL-15/FGFR 

enhance CAN migration defects caused by other mutations. EGL-17 is normally expressed in the 

anterior end of the embryo during the time of CAN migration and functions as a repellent. When 

the ligand is ectopically expressed in the body of C. elegans, CANs are repelled from the new 

sites of EGL-17 expression. Cell-specific rescue experiments demonstrate that EGL-15 acts cell-

autonomously in CANs to promote posteriorly directed migration [Fleming et al., 2005].   

Alternative splicing in the intracellular region of EGL-15/FGFR results in five different 

C-terminal domains (CTD) from type I to type V. Type I is the most common variant and the 

distribution is roughly equivalent in the 5A and 5B EGL-15 cDNAs [Goodman et al., 2003]. 

Within the CTD of EGL-15, there are two consensus binding sites (YXNX) for the SH2 domain 

of SEM-5, Y1009 (YCND) and Y1087 (YANL). SEM-5 is homologous to mammalian adaptor 

protein, GRB-2, and mediates interaction with LET-341/SOS to stimulate the LET-60/RAS 

MAPK pathway in C. elegans. Y1009 is located in the amino-terminal portion of the CTD that is 

common to all EGL-15 C-terminal isoforms, while Y1087 is found in a fragment that is unique 

to type IV isoform only [Songyang et al, 1993]. There is also a consensus SEM-5 binding site 

sequence within the kinase domain of EGL-15, at Y884 (YANL), but the site has not shown to 

participate in any signalling mechanisms. In mammals, FGFR associates with the multi-substrate 

adaptor, FRS2, to bind GRB2 [Kouhara et al., 1997]. However, in C. elegans, previous research 

has shown that EGL-15 does not require its FRS2 ortholog, ROG-1, to bind SEM-5, rather EGL-

15 binds SEM-5 directly using its SH2 binding sites in the CTD [Lo et al., 2010].  

Other functions of egl-15 are found when EGL-15 is hyper-activated, formed by mutation 

or by the loss of its negative regulator clr-1 (Clear). CLR-1 is a receptor tyrosine phosphatase 
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homologous to the Leukocyte Antigen Related (LAR) family of mammalian receptor tyrosine 

phosphatases. The increased activity of EGL-15 due to the loss of CLR-1 causes accumulation of 

fluid in the pseudocoelomic space of C. elegans, indicating EGL-15 also functions to control 

fluid homeostasis within the worm [Huang and Stern, 2004]. FGFR signals fluid accumulation 

and SM migration through SEM-5/GRB-2. SEM-5 is an important signal adaptor protein to 

several receptor tyrosine kinase proteins and contains both SH3 and SH2 domains. The loss of 

SEM-5 leads to suppression of fluid accumulation in clr-1 mutants. 

Furthermore, muscle membrane extension defects are also observed in animals with 

compromised FGF pathway, including let-756, egl-15 and sem-5 mutants [Dixon et al., 2006]. C. 

elegans adults have 95 body wall muscles (BWMs) that are required for head and body 

locomotion. These BWMs make contact with the motor axons using specialized membrane 

extensions called muscle arms [Sulston and Horvitz, 1977; Sulston et al., 1983]. Formation of 

these muscle arms is seen in two phases [Dixon and Roy, 2005]. First, during embryogenesis, a 

process possibly similar to ‘retrograde extension’ is observed. Particular myoblasts that are born 

juxtaposed to nerve cords leave membranes attached to the motor neurons as the cell body moves 

away during development. However, during larval development, post-embryonic neurons 

develop and these additional axons induce active extensions of muscle arms from the BWMs 

towards the neurons through a secretion of chemotropic guides [Dixon and Roy, 2005].   

 

1.4.2 Integrin in C. elegans 

Integrin is an obligate heterodimeric receptor protein consisting of an alpha (α) and a beta 

(β) subunit (Figure 1.9) [Hynes, 2002; Lowell and Mayadas, 2012]. Integrin is a unique adhesive 

protein present in all metazoans that can provide stable linkage between cells or cells and their 



13 
 

substrate in the extracellular matrix (ECM). Both α and β subunits are composed of relatively 

large extracellular domains, compared to the shorter intracellular cytoplasmic tails. These 

cytoplasmic tails can connect to a variety of intracellular signalling molecules and the 

cytoskeleton [Arnaout et al., 2005]. This physical link between the ECM and the cytoskeleton 

provides the foundational basis to which integrin maintains tissue integrity of complex 

multicellular organisms. However, integrin is not a dormant glue that only maintains tissue 

structure, but it plays an essential role to actively shape a developing organism as well as 

mediate cell migration [Gumbiner, 1996; Brown, 2000].  

Integrin is able to provide both cell-cell and cell-ECM communication by transmitting 

signals from “inside-out,” and “outside-in,” where “inside” and “outside” is referring to 

intracellular and extracellular environment respectively (Figure 1.9) [Hynes, 2002; Legate et al., 

2009]. An inside-out signalling event begins as integrins are bent or in a closed conformation and 

unable to bind ligands. However, upon stimulation by intracellular signalling proteins such as an 

activated G-protein-coupled receptor, integrin undergoes a conformation change to become 

active [Lowell and Mayadas, 2012]. In this process integrins unfold and extend their 

extracellular region to bind specific ligands. Extracellular ligands of integrin are common 

proteins of the extracellular matrix (ECM) such as laminin, collagen, fibronectin, and vitronectin 

[Humphries et al., 2006; Wickström et al., 2011].  

During outside-in signalling cascades, a ligand is first bound in the ECM. Integrin then 

recruits necessary adaptors and signal transduction molecules to its cytoplasmic tail to induce 

specific intracellular events. Many of the molecules recruited to the cytoplasmic tails of integrin 

include but are not limited to, Src cytoplasmic tyrosine kinases, talin, α-actinin, vinculin, paxillin, 

focal adhesion kinase (FAK), and integrin-linked kinase (ILK) [Reviewed in Huttenlocher and 
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Horwitz, 2011; Wehrle-Haller, 2012b]. Through these molecules, integrin can induce diverse 

biological activities such as cell proliferation, cell differentiation, immune response, wound 

healing and homeostasis [Hynes, 1992; Springer, 1994; Hertle et al., 1992; Legate et al, 2009; 

Liu and Leask, 2013]. 

Currently in mammals, 18 α and 8 β integrin subunits have been identified and 24 

different heterodimers have been characterized [Bridgewater et al., 2012; Bokel and Brown 

2002]. Drosophila contains five α and two β integrin subunits and C. elegans, has two α and one 

β integrin orthologs. The low genetic redundancy of integrin in C. elegans makes this model 

organism advantageous for the study of integrin. Regions of highest homology are in the Arg-

Gly-Asp (RGD) binding region and in the cytoplasmic domain [Gettner et al., 1995]. Examples 

of RGD containing proteins are fibronectin, vitronectin, fibrinogen, laminin, and under some 

conditions, collagens [Ruoslahti, 1996]. The variety of substrates imply integrin’s complex role 

in a variety of molecular events.  

In C. elegans, integrin subunits are named ina-1 and pat-2 for the α-subunits, and pat-3 

for the β-subunit. Like egl-15, the integrin subunits have previously been observed to be a part of 

many developmental and homeostatic processes. Three well studied areas are in the development 

of muscular, reproductive, and neuronal structures of C. elegans.  

During embryonic development of C. elegans, myoblasts must attach to hypodermal cells 

outlining the embryo and the neighboring muscle cells. Collectively the muscle cell must 

organize their subcellular structure into functional band-like structure called sarcomeres similar 

to those in vertebrates [Moerman and Williams, 2006]. Failure in the formation of these 

sarcomere structures or attachment of muscles to the hypodermis, causes an embryonic lethal 

phenotype characterized by animals that are defective in muscle function and embryo elongation, 
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hence resulting in the paralyzed and arrested at two-fold (Pat) phenotype [Williams and 

Waterson, 1994]. This is observed in animals that are null for either pat-3 or pat-2. In wild type 

animals, these two integrin subunits are concentrated in body wall muscle cells forming muscle 

connections through M-line and Z-disc, or dense-body, analogues [Francis and Waterson, 1985; 

Qadota and Benian, 2010]. The sarcomere assembly through M-line and dense bodies are 

responsible for translating muscular contractions to the hypodermis and the sinusoidal motion 

characteristic of C. elegans. In addition to their roles in muscle subcellular structure ina-1, has 

been described to promote proper embryonic muscle cell extension to the anterior-most head 

region [Tucker and Han, 2008; Viveiros et al., 2011]. Without its function, ina-1 null mutants 

show a distinct notched head phenotype and die as larvae (Figure 3.1). Part of this muscle 

extension defect has been attributed to the failure of neuronal migrations in the head that provide 

a block for proper muscle extension migration along its hypodermal substrate. 

Integrin also functions during the development the gonad. The gonadal arm is elongated 

during development through the migration of distal tip cells (DTC), located at the tip of each 

gonad arm. In animals that have compromised integrin function, DTC migration is abnormal 

[Lee et al., 2005; Xu et al., 2006, Meighan and Schwarzbauer, 2007; Martynovsky et al., 2012]. 

Potential phosphorylation sites of the β-integrin, PAT-3, tail have been determined to be 

important for DTC path finding. An increase in PAT-2 protein with a concomitant decrease in 

INA-1 protein is required to provide a stop signal during DTC migration [Lee et al., 2005; 

Meighan and Schwarzbauer, 2007]. ina-1 also mediates the gonadal anchor cell (AC) invasion to 

vulval precursor cells (VPC) to form uterine-vulval attachment [Hagedorn et al., 2009]. INA-1, 

in partner with PAT-3, functions within the AC to recruit proteins needed to form a protrusive 

membrane.  
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Finally, integrin has been recognized to take part in neuronal development through 

signalling axon fasciculation and Q neuroblast migrations [Baum and Garriga, 1997; Ou and 

Vale, 2009]. Q neuroblasts are born on the posterior aspect of the body, but their descendants 

end up in various locations anterior and posterior from the original position of birth. This is 

because descendants of Q neuroblasts possess distinct migratory capacities [Sulston and Horvitz, 

1977; Ou and Vale, 2009]. Descendant cells that are mutant for either mig-2 or ina-1 migrate 

shorter distances with significantly slower velocities, indicating that there is a relationship 

between migratory capacity and the two genes [Ou and Vale, 2009]. mig-2 encodes a Rho family 

guanosine triphosphatase (GTPase). Rho GTPases are known to regulate cell polarity and 

migration through cytoskeletal regulation [Heasman and Ridley, 2008]. Expression of MIG-

2::GFP and INA-1::GFP is up- and down-regulated, respectively, in cells with high migratory 

capacities [Ou and Vale, 2009]. Wild type cells send out an extension toward their direction of 

migration and position their nucleus towards their future path. However, in mig-2 mutants, cells 

randomly extend their processes and are not able to stabilize to a direction, suggesting that mig-2 

is polarizing the cells as Q neuroblast descendants migrate. On the other hand, ina-1 mutants 

show normal polarization and positioning of their nuclei, implying that they are reducing 

migratory capacity through speed control but not polarity. 

Antibody staining during gastrulation shows that all cells express low levels of INA-1 in 

C. elegans with a more pronounced expression in the developing pharynx (Figure A3) [Baum 

and Garriga, 1997]. By the end of embryogenesis, expression is limited to the pharynx, neurons, 

migrating cells, and tissues undergoing morphogenesis. Anti-INA-1 antiserum 

immunoprecipitates with PAT-3 from embryonic membrane extracts, in agreement to the fact 

that INA-1 functions as a heterodimer with the β-integrin subunit as well [Baum and Garriga, 
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1997]. A recent article by Rasmussen and colleagues showed high embryonic expression of pat-

3p::PAT-3::GFP in the basal and apical surface of the developing pharynx [Rasmussen et al., 

2012]. Head muscles directly attached to the pharynx during early primordium development also 

show strong expression of PAT-3 while its expression within the pharynx is present but weak in 

comparison to the head muscles. This embryonic localization of PAT-3 starts around 310 

minutes into first embryonic cleavage when laminin, an ECM ligand of integrin, also envelops 

the pharyngeal cyst. Laminin is shown to be significant to orient proper epithelial polarity in the 

C. elegans pharynx during development [Rasmussen et al., 2012].  

Embryonic fluorescence expression of the other α-subunit, PAT-2, is found in the 

hypodermis, body wall muscles, and the apoptotic cells adjacent to the muscle cells [Hsieh et al., 

2012]. PAT-3::GFP co-localizes with PAT-2 fluorescence indicating that PAT-2 forms a 

functional integrin complex with PAT-3 in the hypodermal and body wall muscle cells.   

 

1.4.3 GFR and integrin cross-talk 

Major signalling pathways that signal cell survival and cell proliferation, such as 

phosphoinositide-3-kinase (PI3K) pathway and mitogen-activated protein kinase (MAPK) 

pathway can be induced by integrins and growth factor receptors (GFRs) [Schwartz and 

Ginsberg, 2002]. GFRs are receptors that bind growth factors and FGFRs specifically bind FGFs. 

The high overlap of downstream molecules between integrin and GFR indicate that functions of 

these two proteins can be connected, and recent studies have provided evidence that integration 

of signals by the two receptors is possible [Schwartz and Ginsberg, 2002; Eliceiri, 2001].  

In humans, mitosis and growth is mediated by the FGFR1 (flg) receptor within the 

presence of FGF [Zhan et al., 1994]. A study shows that a high percentage of flg and various 
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signalling proteins such as Na+/H+ antiporter, PI-3- kinase, PI-4-kinase, and PI-4P5-kinase, are 

found under the Focal Adhesion Complex (FAC) organized by integrin [Ingber, 1991; Plopper et 

al., 1995]. FAC is an actin cytoskeleton network induced by integrin to counter-balance the 

forces from the extracellular environment. Because the cytoplasmic domains of both α and β 

integrin subunits are short and absent of enzymatic activity, integrin may need other receptor 

molecules like GFRs to assist in facilitating signalling cascades [Hynes, 2002]. Each molecule 

that is recruited to FACs may be activating one another’s activity, enhancing each other’s 

signalling, or acting as checkpoints for one another before they can become activated.  

Moreover, a high expression of both GFR and integrin are found in cancerous cells, 

inducing angiogenesis around tumors and leading to malignancy [Weis and Cheresh, 2011; 

Carmeliet and Jain, 2011]. To illustrate, in various human mammary (SKBr3 and BT474) and 

ovarian (SKOv3) carcinoma cell lines, a high expression of both ErbB2 and integrin proteins 

(e.g., α6β1 and α6β4) are detected [Falcioni et al., 1997]. ErbB2 or HER2 (human epidermal 

growth factor receptor 2) is one of four members of the ErbB family of receptor tyrosine kinases 

and is a potent oncoprotein [Yarden and Sliwkowski, 2001]. Breast cancer with aberrant 

expression ErbB2 protein is difficult to treat and has a high mortality rate [Morris and Carey, 

2006]. It is interesting to note that when proteins are purified from cancerous cells and subjected 

to western blot analysis, binding is observed between ErbB2 and integrin, suggesting that 

physical interaction between the two receptors is possible. 

 

1.4.3.1 GFR and integrin work together in the gonad development in C. elegans 

Potential signal integration by GFR and integrin is also observed in C. elegans. Both 

GFR and integrin take part in regulating distal tip cell (DTC) migration of C. elegans gonad. The 
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adult germ line of C. elegans exhibits a mirror image of two U-shaped gonad arms [Hubbard and 

Greenstein, 2000; Hubbard and Greenstein, 2005; Altun and Hall, 2014]. The distal most end of 

the gonad arms are capped by DTCs and C. elegans gonadogenesis relies on the proper migration 

of these cells. During development, the two DTCs migrate away from the gonad primordium, in 

opposite directions, on the ventral surface of the nematode. When the DTCs have reached the 

anterior and the posterior end, they each then turn toward and migrate to the dorsal surface. Then, 

they turn again and migrate back toward the center of the nematode.  

DTCs in unc-5/netrin receptor mutant animals are unable to complete the ventral-to-

dorsal migration, and continue to migrate along the ventral side of the animal. The netrin 

receptor is a transmembrane receptor that binds netrin, a family of extracellular proteins that 

were originally found to take part in neural development by acting as chemotropic guidance cues 

for axons [Ishii et al., 1992; Reviewed in Lai Wing Sun et al., 2011]. DTC migration defects in 

unc-5 mutants are enhanced by mutations in UNC-52/perlecan and SDN-1/syndecan, which are 

basement membrane and transmembrane heparan sulfate proteoglycan (HSPG), respectively. 

HSPGs are unique proteins that have two functions: 1) a structural role within the ECM and 2) 

regulators for growth factor signalling [Bernfield et al., 1999]. Mutations in genes such as egl-

20/Wnt and egl-17/Fgf have also been found to suppress the enhancement of unc-5 migration 

defect caused by unc-52 and sdn-1. Therefore, it is likely that these genes take part in DTC 

migration through regulation of signalling pathways [Merz et al., 2003; Schwabiuk et al, 2009].  

Integrins are directly involved in the regulation of DTC migration and are expressed 

throughout its migration [Meighan and Schwarzbauer, 2007]. RNAi knockdown of ina-1 

terminates DTC migration early along its migratory route. Similar gonad defects are observed 

when a dominant-negative PAT-3::HA transgene with a mutant cytoplasmic tail is expressed in 
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the DTCs [Lee et al., 2001]. Proper termination of DTC migration correlates with down-

regulation of INA-1 expression by vab-3/Pax6 embryonic transcription factor. Failure to do so 

results in continual migration of the DTC and further extension of the gonad arm [Meighan and 

Schwarzbauer, 2007]. On the other hand, up-regulation of PAT-2, the second α-integrin subunit 

in C. elegans, is associated with the directionality during dorsal migration, and animals with the 

loss of PAT-2 expression through RNAi show aberrant DTC turns and gonad shape. Therefore, 

DTC migration is governed by different expressions of the two integrin proteins, and it is likely 

that the engagement with respective ECM ligands by INA-1 or PAT-2 causes either continuation 

or turning within DTC migration.  

Although direct interaction has yet to be found, both FGFR and integrin are expressed 

early in development to bring about a specific migration mechanism in C. elegans that is critical 

to pharynx development. Through the study of gland cell migration in C. elegans, we hope to 

further gain insight on the complex molecular intricacy and potential signal cross-talk between 

FGFR and integrin.  

 

1.5 Preliminary Results 

Null mutants, i.e. animals with complete loss of protein function, for egl-15/FGFR or ina-

1/α-integrin, have distinct head morphology defects and die as larvae (Figure 3.1). When the 

gland cells of these lethal larvae are visualized by crossing in fluorescent gland markers such as 

ivIs17 [phat-1::YFP elt-2::Tomato, pRF4 (rol-6(su1006))] V or ivIs28 [hlh-6(long)::wCherry, 

pRF4 (rol-6(su1006))], these animals do not have a g1p gland cell body in the posterior aspect of 

the terminal bulb as seen in wild type animals (Figure 1.6). In these mutant backgrounds, the g1p 

cell is found past the posterior bulb, in proximity of the intestine, indicating that FGFR and 
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integrin proteins are required to prevent g1p over-migration during pharynx development. When 

the two known FGF ligands of EGL-15/FGFR, let-756 and egl-17, were observed for their 

requirement in the gland cell migration, let-756 and not egl-17, was found to be required to 

prevent gland cell over-migration (Figure 1.6). Interestingly, the two other integrin subunits of C. 

elegans, pat-2 (the other α-integrin), and pat-3 (the sole β-integrin), showed no involvement in 

regulating g1p migration. The fact that pat-3 mutants did not show the same over-migration 

phenotype as ina-1 mutants was unexpected because integrin is known to require both α and β 

subunit to function.  

Another unanticipated result is from the preliminary tissue-specific rescue experiments. 

When EGL-15(5B), the essential isoform of EGL-15 able to rescue embryonic lethality of egl-

15(ok2314) animals, is expressed in the gland cells, pharyngeal muscle cells, or the entire 

pharynx, the expression patterns are not able to rescue the egl-15 mutant gland cell over-

migration defect (Figure 1.10). This was done by cloning EGL-15(5B) under the promoters of 

hlh-6, ceh-22, and K07C11.4, respectively, and expressing the plasmids in egl-15(ok2314) null 

animals [Smit et al., 2008; Gaudet et al., 2004; Dupuy et al., 2007; Okkema and Fire, 1994]. These 

results indicate that EGL-15 does not function within the gland cells (hlh-6), pharyngeal muscle 

cells (ceh-22), or the pharynx as a whole (K07C11.4) to regulate pharyngeal gland cell migration 

(Figure 1.10). Slight rescue of the gland cell over-migration is observed with the gland specific 

promoter but the restoration of the migration defect is limited. Near the time of gland cell 

migration (~390 minutes after first embryonic cleavage), expression of egl-15::EGL-

15(5B)::GFP is observed in the head muscle, hypodermis, and sex myoblasts [Kormish et al., in 

prep]. This construct is able to rescue the gland cell migration defects in the egl-15(ok2315) 

mutant background and therefore likely recapitulates endogenous EGL-15 function. Further 
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experiments, addressed in my research objectives, will attempt to determine whether EGL-15 is 

acting non-autonomously to signal gland cell migration, for instance, through expression in the 

head muscles or the hypodermis. 

 

1.6 Significance of study 

Cell migration is the force that underlies gastrulation, neuronal tube formation, wound 

healing, and also cell replenishment [Lehmann, 2001; Locascio and Nieto, 2001]. The 

phenomena of cell migrations are a common and an essential part of all metazoan development 

and homeostasis. If cells fail to migrate or migrate to inappropriate locations, significant 

abnormalities such as congenital defects, vascular diseases, tumor formation and metastasis can 

arise [Kurosaka and Kashina, 2008]. Regulation of cell migration, therefore, is not only 

important for the study of development but is significant for the understanding of devastating 

diseases and their potential cures.  

Essential transmembrane receptor molecules are known to take part in the unique gland 

cell migration of a C. elegans embryo. EGL-15/FGFR and INA-1/α-integrin are the proteins 

currently known to regulate the process [Kormish et al., in prep]. FGFR and integrin are both 

well studied proteins all across the animal phyla. FGF/FGFR signalling was originally identified 

in fibroblasts promoting cell proliferation. Since then, FGF has become one of the largest known 

family of growth factor ligands promoting diverse developmental and homeostatic processes in a 

wide variety of cell types (skin, blood vessel, muscle, adipose, tendon/ligament, cartilage, bone, 

tooth, and nerve tissues) [Yun et al., 2010]. Integrin, like FGFR, can activate major signalling 

pathways that are essential to development [Cox et al., 2010]. Its ability to connect the 

intracellular space to the extracellular compartment is both unique and necessary for the life of 

all metazoans. Even simple multicellular organisms like sponges require integrin to organize 
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their development [Pancer et al., 1997]. Conservation of both FGF/FGFR and integrin protein 

complexes throughout all metazoan species indicates the significance of these proteins and the 

biological processes they are able to induce. Low genetic redundancy of integrin and FGFR in C. 

elegans makes it much easier to study these proteins in the nematode compared to more complex 

organisms like mammals. Increased knowledge in the signal mechanism of these receptors can 

be applied to better understand and benefit all metazoan species. 

Moreover, directly or indirectly, integrin and FGFR work together to signal a unique 

‘retrograde cell migration’. Although canonically extensions grow out from an immobile cell 

body such as in axons, in the gland cell migration of C. elegans, a part of the cell body is 

anchored to an end point and the cell body migrates away to form an extension in its migratory 

path. This process was first observed in 1983, but since then, limited progress has been made on 

uncovering the mechanism which lies behind this [Sulston et al., 1983]. The potential signal 

integration of FGFR and integrin to bring about this migration process is also novel and 

significant. Currently in mammals, study of integrin and FGFR cross-talk is an immense topic of 

research in the field of cancer [Weis and Cheresh, 2011; Carmeliet and Jain, 2011]. The simple, 

yet powerful experimental genetic model organism, C. elegans will help dissect this unique 

interplay of complex cell interactions during pharynx development. 

 

1.7 Study Aims 

The overall aim of this research is to elucidate the molecular signalling mechanism of 

gland cell migration during organogenesis of the C. elegans pharynx. To achieve this goal, the 

following experiments were performed: 
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1) EGL-15/FGFR domain specific transgenic rescue of egl-15 null mutants to determine 

domains required for gland cell migration:  

Plasmid constructs encoding various domain specific forms of EGL-15(5B) (pGD632, 

pGD670, pGD671, pGD672, and pGD673) were previously formed by Indra Raharjo 

of the Gaudet lab (Figure 3.2, 3.3). pGD632 has no mutation to EGL-15 protein and 

contains the entire endogenous promoter of egl-15. It acts as a control and building 

block to the four other plasmids. pGD670 had a single missense mutation in the 

Y1009 SEM-5/GRB-2 binding domain [Lo et al., 2010]. This will indicate whether 

SEM-5 binding at this location is necessary to signal gland cell migration. pGD671 

has a deletion in both the transmembrane and intracellular domain of EGL-15. This 

construct will test for the potential presence and signalling by soluble FGFR proteins. 

pGD672 and 673 have a deletion in the intracellular and kinase domain, respectively, 

and they will assess the importance of intracellular signalling by these domains 

through mechanisms such as phosphorylation. All constructs include EGL-15 

chimeric C-terminal GFP to ensure detection of the plasmids. 

 

2) Transgenic rescue of egl-15 null mutants with tissue specific EGL-15/FGFR to 

determine the location of FGFR function:  

To determine whether EGL-15 functions within the embryonic hypodermis or head 

muscles in C. elegans embryo to control gland migration, EGL-15::GFP was cloned 

under the control of hypodermis (elt-1p::EGL-15::GFP) [Gilleard and McGhee, 2001] 

and head muscle (hlh-1p::EGL-15::GFP) [Viveiros et al., 2011] promoter.  
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3) RNA interference experiment with egl-15 and ina-1 to determine the possibility of 

signal integration: 

Double knock-down of the two receptor proteins is performed by injecting ina-1 

dsRNA into egl-15 null mutants and introducing egl-15 dsRNA into ina-1 null 

mutants. If the two proteins are signalling through the same pathway, the double 

knock-down will not enhance the gland cell migration mutation. However, if EGL-15 

and INA-1 are signalling gland migration in separate pathways, the double mutants 

will show an increase in their over-migration defect. 

 

4) Cloning of ina-1 coding region:  

Cloning of INA-1 was attempted in order to perform similar tissue specific and 

domain specific rescue experiments as performed for EGL-15 (Figure 2.1). 
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Figure 1.1  The C. elegans cell lineage, with emphasis on the sublineages that generate pharyngeal cells (green lines). Pharyngeal 

cell types are denoted by color: yellow arcade cells, red muscles, purple neurons, orange epithelial cells, pink marginal cells, 

brown gland cells and blue valve cells. Mango, S.E. The C. elegans pharynx: a model for organogenesis (January 22, 

2007), WormBook, ed. The C. elegans Research Community, WormBook, 

doi/10.1895/wormbook.1.129.1, http://www.wormbook.org. 
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Figure 1.2  Embryonic stages of C. elegans. Numbers below the horizontal axis show approximate time in minutes after 

fertilization at 20-22°C. The blue bar represents time of gastrulation when gut precursors (E), followed by mesoderm (MS) and 

germline (P4) precursor cells are internalized from the ventral surface. The red bar indicates time of elongation in the embryo due 

to circumferential contraction within the hypodermis. During elongation, the embryo increases in length about three fold. The 

stages, number of nuclei, developmental events and DIC images of the embryos and a newly hatched larva are shown above the 

horizontal axis [Figure based on figures from von Ehrenstein and Schierenberg, 1980; Sulston et al., 1983; Wood, 1988b; Bucher 

and Seydoux, 1994; Chin-Sang and Chisholm, 2000]. Altun, Z.F. and Hall, D.H. 2009. Introduction. 

InWormAtlas. doi:10.3908/wormatlas.1.1 
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Figure 1.3  C. elegans lifecycle at 22oC. 0 min is the time of fertilization. Numbers in blue along the arrows indicate the length of 

time the animal spends at different stages of development. The blue numbers in parentheses indicate the time of first embryonic 

cleavage (40 min) and the time it takes for eggs to be laid outside post-fertilization (150 min). The length of the animal at each 

stage is marked next to the stage name in micrometers (μm) and molt states are in gold. At the L1 stage, animal can choose one of 

two developmental paths to develop into wild type adults or dauer larvaes depending on environmental conditions. Dauer animals 

can enter back into the normal development cycle once feeding conditions within the environment become favorable. Mango, S.E. 

The C. elegans pharynx: a model for organogenesis (January 22, 2007), WormBook, ed. The C. elegans Research Community, 

WormBook, doi/10.1895/wormbook.1.129.1, http://www.wormbook.org 
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Figure 1.4  (A) A DIC image of the head of the adult C. elegans highlighting the structure of the mature pharynx including the 

anterior procorpus, the bulb-shaped metacorpus, the cylindrical isthmus, and the terminal bulb. The labeled image was acquired 

from Mango, S.E. The C. elegans pharynx: a model for organogenesis (January 22, 2007), WormBook, ed. The C. 

elegans Research Community, WormBook, doi/10.1895/wormbook.1.129.1, http://www.wormbook.org (B) Five cell types of the 

pharynx: neural, marginal (structural), muscle, epithelial, and glandular (secretory) cells, are illustrated within their appropriate 

positions within a mature pharynx. 
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Figure 1.5 (A-D) Retrograde migration of gland cells during embryonic development of the C. elegans pharynx by 4D live 

imaging (390-440 minutes after first cleavage). The gland cells are in green and intestinal cells are in red. White arrow indicates 

the g1p anchor; grey arrow points to the leading edge of the g1p cell migrating to the posterior; white arrowhead and grey 

arrowhead indicates g1a and g2 anchors respectively. (E-G) As the gland cells go through retrograde migration, the pharyngeal 

muscle cells elongate along the anterior-posterior axis.  (H) Fluorescent image of gland cells in C. elegans pharynx. Five gland 

cells (1 g1p, 2 g1a, 2 g2) in dorsal view of early larvae are shown in red, hlh-6p::mCherry. Glands are in direct contact with 

pharyngeal muscle groups (pm) muscle cell boundaries are indicated with adherens junction at the apical surface of the 

myoepithelium (green, ajm-1p::AJM-1::GFP). White arrow indicates the g1p extension anchor; the open white arrow head 

indicates the region of the g1a extension anchors; yellow arrow indicates pm6/7 border; grey arrow shows the most posterior 

location of g1p cell body in wild type animals. Scale bar 10µm. (I) Cartoon representation of the mature C. elegans phraynx; 

lateral view. Int (intestine); intR (pharyngeal-intestinal valve). Image provided by Dr. Jay Kormish. 
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Figure 1.6  g1p gland cell location of wild type, FGF, FGFR, and integrin mutants. (Left) Distribution of g1p position in relation 

to muscle cells in wild type animals and animals that are mutant for FGF (egl-17, let-756), FGFR (egl-15), or integrin (ina-1, pat-

2, pat-3). Alleles used are predicted nulls [Burdine et al., 1997; Roubin et al., 1999; KO consortium; Baum and Garriga, 1997; 

Williams and Waterson, 1994]. Up to 80 animals were observed for their gland positions after crossing in ivIs17 [phat-1::YFP 

elt-2::Tomato, pRF4 (rol-6(su1006))] gland marker. The ivIs17 carriers were used as the wild type background. The g1p 

locations were given numerical value according to the pharyngeal muscle group it associates (pm=3, pm4=4, …, pm7=7, intR=8, 

int=9); pm: pharyngeal muscle, intR: intestinal ring and int: intestine. The dotted lines indicate weighted averages and n value is 

as shown. (Right) Gland cell body positions (arrowhead) of wild type, egl-15 (ok2314) and ina-1(gm86) null mutants. Glands are 

located in the terminal bulb in wild type animals but over-migration of the glands to/near intestine is observed in animals mutant 

for either egl-15 or ina-1. Mutant animals expressing phat-1p::YFP and displaying the gland cell over-migration phenotype. In 

these figures the head of the animal is facing left and pharynx is in dotted outline. Figures provided by Dr. Jay Kormish.  
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Figure 1.7  Schematic diagram of fibroblast growth factor receptor (FGFR) molecular network. Protein names for both the 

vertebrate and their C. elegans homologues are displayed if known. The intracellular signalling pathways of FGF receptors are 

highly conserved between vertebrates and C. elegans. The exception is the C. elegans FRS2 (yellow oval) homologue ROG-1. 

ROG-1 is not linked to any known EGL-15 function and is hence omitted from this figure. Extracellular receptors or molecules 

designated with a single asterisk interact directly with the FGF receptor. Molecules marked with a hash symbol display both 

positive and negative influence on FGFR signalling depending on the cell type. Molecules in the red and blue zone are known to 

potentiate and attenuate FGFR signalling respectively. Polanska et al., 2009; License ID: 3478851469198. 
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Figure 1.8  (A) Schematic diagram of the EGL-15 showing different domains of the FGFR. The extracellular region EGL-15 

contains three immunoglobulin domains, an EGL-15 specific insert, and an acid box domain. In the intracellular region, kinase 

domain is followed by the C-terminal domain. n1457 egl-15 allele is predicted to remove C-terminal domain.  (B) Alternative 

splicing of exon 5 will give rise to two distinct receptor isoforms encoding different EGL-15 isoforms: EGL-15(5A) and EGL-

15(5B). (C) The EGL-15(5A) isoform binds to the EGL-17 FGF ligand to regulate sex myoblast migration. The EGL-15(5B) 

isoform binds the LET-756 FGF ligand and is essential in the regulation of many developmental and homeostatic processes such 

as neuronal development and fluid homeostasis [Bulow et al., 2004, Fleming et al., 2005; Huang and Stern, 2004].  Goodman et 

al., 2003; License ID: 3478861078669. 

  

A. 
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Figure 1.9  Inside-out (top) and outside-in (bottom) signalling of integrin proteins. α-subunit is to the left and β-subunit is to the 

right in each integrin unit. (Top-left) Integrin is in bent-inactive conformation. (Top-right) Following stimulation by any number 

of agonists (a generalized G-protein-coupled receptor drawn as curved line) a number of signalling proteins are engaged to the 

cytoplasmic tails of both α and β subunits. This activates and unfolds the extracellular portion of integrin to engage a high affinity 

state of the integrin complex to an extracellular substrate. Shown are a number of proteins involved in these signalling events as 

well as some of the structural proteins that couple the integrin and the actin cytoskeleton. (Bottom) After ligand binds the 

activated integrin, additional signalling molecules are recruited to the tails of the integrin to communicate activation of 

downstream functional responses, such as actin polymerization and changes in gene transcription. Molecules that are recruited 

include tyrosine kinases (Src family kinases as an example, indicated as SFK) and other signalling adapter proteins. Although not 

depicted in the image, ligand binding also induces clustering of integrins and the actin cytoskeleton at the plasma membrane to 

form a macromolecular structure known as the focal adhesion. Figure from Abram and Lowell, 2009. 
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Figure 1.10  Tissue specific rescue experiment of egl-15(ok2314) null mutants. The genomic-cDNA hybrid EGL-15(5B)::GFP 

construct was cloned under its endogenous, gland specific (hlh-6), pharyngeal muscle specific (ceh-22), and pan-pharyngeal 

(K07C11.4) promoter [Okkema and Fire, 1994; Bulow et al., 2004; Gaudet et al., 2004; Dupuy et al., 2007; Smit et al., 2008]. 

VC1782, +/szT1[lon-2(e678)] I, egl-15(ok2314)/szT1 X, animals were injected with each plasmid constructs with the plasmids, 

pRF4 rol-6(su1006), and pJH1774 myo-3p::wCherry to mark transgenesis. Up to 80 egl-15 (ok2314) null mutants (black bars) 

and a similar number of transgenic siblings (red bars) were observed for their g1and cell positions by individually crossing in 

ivIs28 [hlh-6(long)::wCherry, pRF4 (rol-6(su1006))] III gland marker to each transgenic background. g1p locations were given 

numerical value according to the pharyngeal muscle group it was positioned in (pm=3, pm4=4, …, pm7=7, intR=8, int=9); pm: 

pharyngeal muscle, intR: intestinal ring and int: intestine. The dotted lines indicate weighted averages and p-values are calculated 

from two tail t-test with unequal variance. Figure provided by Dr. Jay Kormish. 
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2 Materials and methods 

 

2.1 Strains and maintenance 

Strains were grown on NGM plates seeded with the Escherichia coli strain OP50 at 15°C 

or 20°C using standard methods [Brenner, 1974]. The strains used in EGL-15 protein domain 

study were: N2 (wild type); VC1782: +/szT1[lon-2(e678)] I, egl-15(ok2314)/szT1 X; GD529: 

ivIs28 [pGD623 (hlh-6(long)p::wCherry), pRF4 (rol-6(su1006))] III, outcrossed 3 times; 

JDK0019: ivIs28 [pGD623 (hlh-6(long)p::wCherry), pRF4 (rol-6(su1006))] III; egl-

15(ok2314)/(ok2314) X; ivEx197 [pGD632 (egl-15p::EGL-15(5B)::GFP), pJH1774 (myo-

3p::wCherry), pRF4 (rol-6(su1006)), pBluescript II SK+]; JDK0022: ivIs28 [pGD623 (hlh-

6(long)p::wCherry), pRF4 (rol-6(su1006))] III; egl-15(ok2314)/(ok2314) X; ivEx198 [pGD632 

(egl-15p::EGL-15(5B)::GFP), pJH1774 (myo-3p::wCherry), pRF4 (rol-6(su1006)), pBluescript 

II SK+]; JDK0023: ivIs28 [pGD623 (hlh-6(long)p::wCherry), pRF4 (rol-6(su1006))] III; egl-

15(ok2314)/(ok2314) X, korEx2 [pGD670 (egl-15p::EGL-15(5B) Y1009F::GFP), pJH1774 

(myo-3p::wCherry), pRF4 (rol-6(su1006)), pBluescript II SK+]; JDK0037: ivIs28 [pGD623 (hlh-

6(long)p::wCherry), pRF4 (rol-6(su1006))] III; egl-15(ok2314)/szT1 X; korEx3 [pGD672 (egl-

15p::EGL-15(5B)::GFP Δ 562-1040), myo-3p::wCherry, pRF4 (rol-6(su1006)), pBluescript II 

SK+]; JDK0042: ivIs28 [pGD623 (hlh-6(long)p::wCherry), pRF4 (rol-6(su1006))] III; egl-

15(ok2314)/szT1 X; korEx11 [pGD672 (egl-15p::EGL-15(5B)::GFP Δ 562-1040), myo-

3p::wCherry, pRF4 (rol-6(su1006)), pBluescript II SK+]; JDK0024: ivIs28 [pGD623 (hlh-

6(long)p::wCherry), pRF4 (rol-6(su1006))] III; egl-15(ok2314)/szT1 X; korEx4 [pGD673 (egl-

15p::EGL-15(5B)::GFP Δ 632-928), myo-3p::wCherry, pRF4 (rol-6(su1006)), pBluescript II 

SK+]. Strains formed in tissue specific experiment are: JDK0043: ivIs28 [pGD623 (hlh-
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6(long)p::wCherry), pRF4 (rol-6(su1006))] III; egl-15(ok2314)/szT1 X; korEx5 [pJDK1 (hlh-

1p::EGL-15(5B)::GFP), myo-3p::wCherry, pRF4 (rol-6(su1006)), pBluescript II SK+]; JDK0052: 

ivIs28 [pGD623 (hlh-6(long)p::wCherry), pRF4 (rol-6(su1006))] III; egl-15(ok2314)/szT1 X; 

korEx6 [pJDK2 (elt-1p::EGL-15(5B)::GFP), myo-3p::wCherry, pRF4 (rol-6(su1006)), 

pBluescript II SK+]. Strains used in RNAi experiment are: NG2324: ina-1(gm86)/qC1[dpy-

19(e1259), g1p-1(q339)] III; GD282: ivIs17 [pGD31 (phat-1p::YFP), pJM371 (elt-

2p::H2B::tdTomato), pRF4 (rol-6(su1006))] V; GD337: ina-1(gm86)/+ III; ivIs17 [pGD31 

(phat-1p::YFP), pJM371 (elt-2p::H2B::tdTomato), pRF4 (rol-6(su1006))] V; TY3837: dpy-

28(y402)/qC1[dpy19(e1259), glp1(q339), qIs26(lag-2p::GFP, pRF4 (rol-6(su1006)))] III; 

JDK0034: ina-1(gm86)/ [dpy19(e1259), glp1(q339), qIs26 [lag-2p::GFP, pRF4 (rol-6(su1006)] 

III; ivIs17 [pGD31 (phat-1p::YFP), pJM371 (elt-2p::H2B::tdTomato), pRF4 (rol-6(su1006)]/+ V. 

Strains used for preliminary expression analysis are: NG2517: him-5(e1490) V; gmIs5 [ina-

1p::INA-1::GFP+pRF4] III, and PS3827 rhIs2 [pat-3p::PAT-3::GFP]. 

 

2.2 Confirmation of strains using PCR and gel electrophoresis 

PCR and gel electrophoresis was used to detect the presence of wild type and egl-

15(ok2314) alleles from each transgenic line, as well as the injected extrachromosomal plasmid. 

DNA for the PCR was prepared through single worm lysis reaction as published previously 

[Hope, 2000]. Ten worms were put into 10μL of lysis mixture in PCR tubes. Lysis mixture was 

made up of 100μL 1x lysis buffer (1mM Tris-HCl at pH 8.3, 5mM KCl, 0.25mM MgCl2, Tween 

20, 2% gelatin) and 2μL 10mg/mL of proteinase K. The worms and lysis solution was frozen in -

70°C for ~15 minutes and then thawed for lysis reaction (60°C for 1 hour, 95°C for 15 minutes 

and maintained at 4°C). The resulting products were used immediately for PCR or stored at -

70°C. 
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Manufacture protocol (Thermo Scientific #EP0404) was followed to form a standard 25μL 

PCR reaction mix, containing 1x PCR buffer (100μM Tris HCl at pH 8.3, 500μM KCl, 14μM 

MgCl2, and water), 200nM forward and reverse primers, 1 unit of Taq polymerase, 2mM dNTPs, 

PCR water, and 2 μL lysed worm mixture. PCR cycling parameters were: 1) 5 min of initial 

denaturation at 95°C, 2) ~30 cycles of 30 s denaturation at 95°C, 30 s annealing at ~5°C below 

Tm of primers, and 1kb/min extension speed at 72°C, 3) 5 min of final extension at 72°C and 4) 

maintain at 4°C. Hot start was performed by heating the block to denaturation temperature before 

inserting the PCR mixtures to the machine. This was to help reduce non-specific amplification. 

Primers used to detect the wild type allele, egl-15(ok2314) allele, pGD632, pGD670, pGD672, 

and pGD673, are oGD1288-oGD1291 , oGD1286/1287, oGD1288-oGD1291, oJDK1/4, 

oJDK2/4, and oJDK3/4, respectively (Table 2.1). oGD1288/1289 amplifies the region within 

egl-15(ok2314) deletion. oGD1290/1291 amplifies 946bp and568bp products from genomic and 

plasmid templates respectively.  

Agarose gels were made with 1x TAE electrophoresis buffer (2M Tris Base, 1M glacial 

acetic acid, and 0.05M EDTA pH 8.0) for electrical current conduction and 1x SYBR gold 

(Invitrogen) for visualization of DNA. The gels were submerged in 1x TAE buffer and ~100V 

was applied until the loading dye has migrated ~¾  of the gel. The bands are detected under UV 

light using SYBR gold specific filter and Bio Rad Universal Hood II gel doc. 

 

2.3 Cloning and transformation of plasmid vectors 

2.3.1 Rescuing EGL-15(5B)::GFP  

Formation of the wild type egl-15 plasmid, pGD632 (gift from Gaudet lab), required two 

step cloning. First, the back half of EGL-15(5B) was amplified using oGD1072 and 
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oGD1073 (Table 2.1) from pTB70 [Bulow et al., 2004], cut with BamHI/KpnI, and inserted 

into GFP encoding vector, pPD95.77 (gift from Andrew Fire) at BamHI/KpnI sites. Second, 

the egl-15 promoter and first half of EGL-15(5B) was cut with HindIII/BamHI (4.78Kbp) 

from pTB70 and ligated into the HindIII/BamHI site of the first clone containing the back 

half of EGL-15 (6.9Kbp). The pGD632 vector was sequenced to confirm fidelity of the clone. 

 

2.3.2 EGL-15 domain mutant constructs: pGD670, pGD671, pGD672, and pGD673  

To form pGD670, that has a missense mutation in the SEM-5/GRB-2 binding site, both 

pGD632 (WT EGL-15) and pGD660 (K07C11.4::EGL-15(5B)Y1009F::GFP) were digested 

with HpaI/XhoI. The resulting 10679bp of EGL-15 backbone (pGD632) and 744bp of 

intracellular region of EGL-15 containing the Y1009F point mutation from pGD660 were 

ligated together. The specific Y1009F missense mutation in the SEM-5/GRB-2 binding site 

of EGL-15 of pGD660 was formed from K07C11.4::EGL-15(5B)::GFP (pGD657) by PCR 

fusion using primers with the amino acid change (oGD1132 and oGD1133).  

pGD671 has a transmembrane and intracellular domain deletion from AA 508 to 1040. It 

was formed by digesting pGD632 and the oGD1198/oGD1202 PCR product from pGD632 

with MscI and XhoI.  The resulting 8468bp (pGD632 MscI and XhoI) and 302bp 

(oGD1198/oGD1202 MscI and XhoI) products respectively were ligated together.  

pGD672 has intracellular domain deletion from AA 562 to 1040. Construction of 

pGD672 required two step PCR and fusion of PCR products. The transmembrane region of 

EGL-15(5B) was amplified from pGD632 using oGD1200/1201 (200bp), and the GFP region 

of the plasmid vector amplified using oGD1199/1202 (1653bp) from pGD632 were allowed 

to fuse/extend in a third PCR reaction using oGD1201/1202. The resulting 1843bp product 
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was cut with MscI and XhoI to get 1102bp product and was inserted into pGD632 MscI/XhoI 

cut backbone (8.4Kbp).   

pGD673 has a kinase domain deletion from AA 632 to 928. pGD632 and pGD661 

(K07C11.4:: EGL-15(5B)kinaseΔ::GFP), were digested with BamHI and XhoI. The resulting 

8836bp pGD632 EGL-15(5B) backbone and 761bp kinase domain deleted intracellular 

region were ligated together.  pGD670, 671, 672 and 673 were all sequence to confirm the 

fidelity of the clones subsequent to the cloning reactions. 

 

2.3.3 Tissue specific EGL-15::GFP 

The promoter region of pGD662 (hlh-6p::EGL-15(5B)::GFP), a gift from the Gaudet lab, 

was removed to insert the hypodermal elt-1 promoter [Gilleard and McGhee, 2001]  and head 

muscle  hlh-1 promoter [Viveiros et al., 2011] in place of the endogenous egl-15 promoter 

(pGD662 was used instead of pGD632 due to available restriction digest sites in the pGD662 

plasmid). To construct pJDK2, the promoter region of elt-1, including 4457bp upstream of 

elt-1 ATG start codon, was PCR amplified from genomic DNA sequence. Previous research 

showed that three independent lines expressing chromosomally integrated elt-1 promoter 

reporter that included ~4380bp of upstream sequence from the elt-1 ATG had identical 

embryonic hypodermal expression pattern [Smith et al., 2005]. To construct pJDK1, 3034bp 

of the hlh-1 promoter, including all sequence between the stop codon of previous gene to the 

ATG start site of hlh-1 gene, was PCR amplified. For both PCR conditions Long PCR 

enzyme (Thermo Scientific) was used to amplify sequence according to manufacture 

instructions. In brief, a 25μL reaction consisted of 1x PCR buffer, 1.5mM MgCl2, 0.2mM 

dNTPs, 200nM forward and reverse primers, 1U enzyme, <100ng of genomic DNA, and 
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nuclease-free water. The primers of elt-1 (oJDK19-20) and hlh-1 (oJDK21-22) promoters 

included PstI restriction enzyme sites within 5’ overhangs (Table 2.1). The PCR parameters 

were as follows: 10 min of initial denaturation at 94°C, 30 cycles of 20 sec denaturation at 

95°C, 30 sec annealing at 58°C, 5 min extension at 68°C and 10 min of final extension at 

68°C. The PCR products were ethanol precipitated to remove salts from the reaction and 

concentrate the products.  

PCR product and pGD662 were digested with PstI fast digest enzyme overnight at 37°C. 

The next morning, alkaline phosphatase enzyme (Thermo Scientific #K1771) was added into 

the digest mixture of pGD662 to avoid self-ligation of backbone. After 10 minutes at 37°C, 

the phosphatase was inactivated by incubating the mixture at 75°C for 5 minutes. The 

digested products were run on 0.8% agarose gels at 80V for 1.5-2 hours, extracted from the 

gel using the protocol given by the manufacture (Thermo Scientific #K0691), and set up for 

ligation reaction following manufacture methods (Thermo Scientific #K1771). Manufacture 

protocols were modified with the following adaptations: during gel extraction, 2x the 

recommended amount of binding buffer of the gel extraction kit were used to dissolve the 

DNA containing gel. Slower speeds were used to centrifuge the dissolved product in order to 

increase DNA-column binding time. DNA was eluted with elution buffer heated to 60°C and 

a total of 20μL ligation reaction was formed with 3:1 insert to vector (50ng) molar ratio. The 

ligation reaction was incubated at 15°C overnight and the mixtures were transformed into 

chemically competent DH5α E.coli strains the next morning. For the larger plasmid, pJDK2, 

elt-1p::EGL-15::GFP, JM109 high efficiency competent cells (Promega L2001) with 90 

minute SOC (Super Optimal Broth 2% Tryptone, 0.5% yeast extract, 10mM NaCl, 2.5mM 

KCl, 10mM MgCl2, 10mM MgSO4, 20mM Glucose and dH2O) recovery, gave better yields. 
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Transformed E. coli were grown on agar plates with 100μg/mL ampicillin overnight at 37°C. 

Colonies were screened for plasmids with correct insertion of hlh-1 and elt-1 promoter into 

the pGD662 backbone through PCR using primers flanking the proximal (oJDK39/40 for 

hlh-1 and oJDK39/41 for elt-1) and distal ligation sites (oJDK42/oGD1274 for hlh-1 and 

oJDK43/oGD1274 for elt-1). The colonies that showed correct PCR products were grown 

overnight in 10mL of 2XYT with 100μg/mL ampicillin and were subjected to miniprep 

according to manufacture protocol (Thermo Scientific #K0502) the following morning. The 

purified plasmids were sent in for sequencing to TCAG sequencing facility, SickKids, 

Toronto, ON.  

 

2.3.4 Coding region of ina-1  

ina-1 coding region was cloned into pPD95.75 GFP vector using fusion PCR (Figure 2.1). 

Long PCR enzyme (Thermo Scientific) was used to amplify all of ina-1 coding region from 

genomic DNA, starting at the ATG start site to just before the stop codon using oJDK92 and 

oJDK25. oJDK92 was the forward primer carrying the start codon of ina-1 and BamHI 

restriction sequence site added in the 5’ overhang. oJDK25 was the reverse primer missing 

the ina-1 stop codon but including the GFP start site. The vector fragment from pPD95.75 

containing GFP that was to be fused to the ina-1 coding region was amplified using oJDK24 

and oJDK26. oJDK24 was the forward primer and oJDK25 was the reverse complement of 

oJDK24. oJDK26 was the reverse primer, which when used with pJDK25, amplified GFP 

vector starting past XhoI digest cut site. The two amplified fragments were added in equal 

molar ratio for a total of ~100ng of DNA template in the PCR mixture with oJDK92/26. 

After the PCR (35 cycles of 20 sec denaturation at 95°C, 30 sec annealing at 56°C, and 5 min 
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extension at 68°C) the fusion PCR product was extracted using gel extraction kit, digested 

using fast digest BamHI and XhoI enzyme (Thermo Scientific). Similar to the methods used 

above, digested products were ligated after phosphatase treatment on vector, and transformed 

in JM109 high efficiency competent cells (Promega L2001) with a 90 minute SOC recovery 

before plating onto 2XYT agar plates with 100μg/mL ampicillin. The colonies were screened 

by PCR using oJDK39/95 for proximal and oJDK96/97 for distal ligation sites.  

 

2.4 Construction of transgenic lines 

Transgenic lines of C. elegans are formed by microinjection of plasmid DNA into the 

proximal gonad arms of a young hermaphrodite as described elsewhere [Evans, 2006]. The 

constructs, at a final concentration of 20ng/μL, were co-injected with 40ng/μL of pRF4 (rol-

6(su1006)) and 20ng/μL of pJH1774 myo-3::wCherry to mark transgenesis, and 20μg/μL of 

pBluescript II for a total DNA concentration of 100ng/μL. For each plasmid, at least two 

independent transgenic lines are generated (T1 and T2) to control for artifacts due to over-

expression from extra-chromosomal transgenic arrays. During formation of extra-chromosomal 

transgenic arrays, the injected plasmid mix concatemerize into large extrachromosomal arrays in 

the germ line. Stably inherited extra-chromosomal arrays contain many copies of the injected 

DNA [Mello and Fire, 1995; Evans, 2006]. Over-expression of the encoded genes in the array 

may be toxic to the animal and cause experimental artifacts. The arrays are epichromosomal and 

heritable, although not stably as genes integrated into chromosomes. Thus, inheritance is random 

and transgenic animals are mosaic. Furthermore, there is a possibility for structural 

rearrangements such as promoter switches within the extrachromosomal array, causing changes 

in the transgene expression pattern. 
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Only lines that display stable inheritance of the transgene, as detected by presence in the 

F2 progeny, were considered for further analysis. Stable transgenic lines were crossed to ivIs28 

or ivIs17 gland reporter integrated males in order to visualize gland cells under epifluorescence. 

Mating was used instead of also injecting the reporters to prevent the potential cross-regulation 

of the extrachromosomal arrays. This is particularly important in the tissue-specific rescue 

studies. 

 

2.5 RNA interference 

egl-15 and ina-1 dsRNA was formed by in vitro transcription reaction using cDNA 

plasmid templates from the Ahringer RNAi library [Fraser et al., 2000; Kamath et al., 2003]. The 

exon regions of ina-1 (410bp) and egl-15 (535bp) were PCR amplified from the plasmid using 

primers with RNA pol T7 promoter sequence at the 5’ ends (oJDK35/36 for egl-15 and 

oJDK37/38 for ina-1) (Figure 2.2). The PCR parameters were as follows: 5 min of initial 

denaturation at 95°C, 30 cycles of 30 sec denaturation at 95°C, 30 sec annealing at 56°C, 40 sec 

extension at 72°C and 5 min of final extension at 72°C. Amplified PCR products were run on 0.8% 

agarose gel and extracted using gel extraction kit (Thermo Scientific #K0691). The extracted 

DNA was ethanol precipitated and concentrated to carry out dsRNA synthesis using the 

TranscriptAid T7 High Yield Transcription Kit (Thermo Scientific #K0441). The transcription 

protocol was followed as per manufacture’s instruction with the following modifications. In brief, 

1μg of DNA template was combined in a 20μL transcription reaction and incubated at 37°C for 2 

hours. Before purifying the RNA transcript by phenol/chloroform extraction the DNA template 

was degraded by incubation with DNaseI for 15 min at 37°C (Thermo Scientific #K0441). 

Purified RNA was stored at -80°C until ready for injection.  
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Same steps as above were taken to form longer dsRNA products (1156bp for egl-15 and 

1199bp for ina-1). oGD30 and oGD31 that are outside the endogenous L4440 T7 promoters 

flanking the inserts. These primers were used for both egl-15 and ina-1. After the RNA 

purification, to encourage formation of dsRNA from the transcription reaction, a reannealing step 

was performed. The tube that contained the dsRNA was parafilmed and placed in near boiling 

water (over 95°C) for 90 sec, then cooled to room temperature slowly. Furthermore, another set 

of egl-15 and ina-1 dsRNA were formed using oJDK0149-150 and oJDK0151-152 respectively. 

These sets of primers were to make 1107bp product for egl-15 and 977bp product for ina-1 using 

both T7 and T3 polymerase. oJDK0149 and oJDK0151 had 5’ addition of T7 RNA polymerase 

promoter sequence. oJDK0150 and oJDK0152 had 5’ addition of T3 RNA polymerase promoter 

sequence. Two separate transcription reaction were carried out using T7 and T3 RNA 

polymerase, forming two ssRNA for each gene. The two strands of ssRNA were annealed 

together in equal molar concentrations as outlined above.  

RNAi was performed by microinjecting the prepared dsRNA into the gonads of young 

adult hermaphrodites. All injected animals were carriers of the fluorescent gland cell markers 

(ivIs17 or ivIs28) for visualization of gland cells. Concentrations of 1000ng/µL and 2000ng/µL 

dsRNA were injected. After ~6 hours of recovery post-injection at 20 °C, injected parents were 

moved to a fresh agar plate to enrich for progeny/embryos that inherited sufficient quantities of 

the dsRNA to elicit a strong loss of function defect. The parents were then incubated at 20°C to 

lay eggs for 24hrs. The parents were removed after the 24hrs and all resulting progeny are given 

time to hatch till the next day. The progeny were observed for gland cell migration defect under 

an epifluorescent microscope (Zeiss Axio Imager Z1 with Rhodamine filter). egl-15 dsRNA was 

injected into JDK34: ina-1(gm86)/qC1[dpy19(e1259), glp1(q339), qIs26(lag-2p::GFP, pRF4 
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(rol-6(su1006)))], pRF4 rol-6(su1006)] III; ivIs17 [pGD31 (phat-1::YFP), pJM371 (elt-

2p::H2B::tdTomato), pRF4 (rol-6(su1006))] V and ina-1 dsRNA was injected into JDK19: egl-

15(ok2314) X, ivIs28/- [hlh-6::wCherry, pRF4 rol-6(su1006)] III, ivEx197 [pGD632 (egl-

15::EGL-15(5B)::GFP), pJH1774 (myo-3p::wCherry, pRF4 (rol-6(su1006)), pBSII)] . Progeny 

without the qC1 qIs26 balancer are ina-1(gm86) homozygous and progeny without the rescuing 

pGD632, egl-15p::EGL-15(5B)::GFP, construct are egl-15(ok2314) homozygous respectively. 

Using these genetic backgrounds, the RNAi effect of egl-15and ina-1, which should result in 

larval arrest, can be accurately quantified in the homozygous mutant backgrounds of ina-1(gm86) 

and egl-15(ok2314), respectively, which also result in larval arrest. A RNAi positive control was 

done by injecting egl-15 and ina-1 dsRNA into GD529 carrying ivIs28 [hlh-6(long)p::wCherry, 

pRF4 (rol-6(su1006))] only and observing L1 lethal and gland cell over-migration phenotype. In 

addition, RNAi negative control was performed in parallel by injecting dsRNA generated from 

the L4440 backbone into the ivIs28 background using primer oJDK56-57 or oGD30-31 for 

dsRNA synthesis from L4440.  

 

2.6 Quantitation of g1p migration defect in egl-15 null animals and data analysis 

Around 60 young adult hermaphrodites with the desired genotype expressing necessary 

fluorescent and transgenic markers were picked to a fresh E. coli spread NGM plate to lay 

progeny over-night. Depending on the incubation temperature, the length of incubation differed. 

If the mothers were incubated at 20°C to lay eggs, egl-15 null larval animals were observed for 

gland cell migration defect the next day (~24 hours later). If the animals were incubated at 15°C, 

the progeny needed more time to hatch and were collected about 48 hours after transfer. After 24 

hours the parent animals were removed from the plate and the remaining eggs were incubated 
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another night so that majority of the progeny would hatch and arrested larvae could be identified. 

In egl-15(ok2314) szT1 balanced strains, only homozygous mutant animals were considered for 

gland cell migration defects, based on the phenotype of larval arrest and the observation of the 

distinct head morphology.  If the EGL-15 transgenic array was able to rescue egl-15(ok2314), 

homozygous egl-15(ok2314) hermaphrodites, which often display a variable penetrance of the 

Egl (egg laying defective) phenotype, were generated. For each transgenic line observed, ~80 

animals with the extrachromosomal array and ~80 of their sister animals without the 

extrachromosomal array in matching numbers were quantitated for gland cell defects. Animals 

were observed using Zeiss Axio Imager Z1 microscope with 40x and 100x oil immersion 

objective. All gland cells and their extensions were noted of any migration or physical defect. 

The gland cell locations were quantitated numerically by giving number values to the furthest 

pharyngeal muscle position that gland cells bodies associated with (pm3=3, pm4=4, pm5=5, …, 

intR=8, int=9). Cells that straddled cellular boundaries were given a 0.5 value, for instance, if a 

cell body was located in pm3 and pm4 it was given a value of 3.5. Using the quantitative data, 

graphs showing the distribution of g1p position in relation to muscle cells were made. To control 

for environmental variables from experiment to experiment, sister animals with and without a 

particular plasmid were directly compared in one graph. Weighted average of g1p cell body 

location and p-value of unequal variance two-tailed t-test were calculated through Microsoft 

Excel. Pictures and Z-stacks of animals were taken with Axiovision program for phenotypic 

documentation. The exposure time to fluorescence was 3000-5000ms when taking photos.  
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ina-1 coding region 

 

tcattattcctcgaacgtacatgagcaacaactaacagaacgagagaaagctcacccgccgaaacATGCGTGAATGTATA 

ATTAGCTGGACACTACTCCTATGTCTCAGCTGTGTCAAATCGTTTAATCTCGATGTGAATGCTCCGATCTACAGGTATGG 

TCCCAGTGGGACCAACTTTGGATATTCCGTTGCTGAACATTTCAAAGGGGATAAGCCTGTgtaagtagatttttttttta 

atttcatcacaaaaaacagtaaagcttgagcaaaagttactcagcttatgttaaggcttaaatttaggtttagccttatg 

attaggcctagtctcaggcttcctgctaaagttttgcccaagcgtgatagttttagtttttgatgaaaacagcgattaac 

gcgttctttcaaatttcagAATGCTGATCGGAGCTCCACGTGGCGAGTCTGGGCAAACGGGTACCGAACGAGCGGGTGCA 

ATGTACGCGTGTGATATTAACACATTTTATAATGGTGGATCAAATCACTGgtgagtacacatttgaaagaatgagagata 

tgagggaacgactgatgattgatgagaatgaattcagGTGTGAACAGGTGCGATTTGAGTATGAAAACGTTGAGGATTAT 

GCGAAACGACCCAACGAAACACGTGGCAGAACGGTGCATCCATTGGGAAAGAATGATCAGTTGTTGGCCTCAACGATTGT 

TTCGAAAGGAACAAAGAATGGTAGTGCTTTGgtgagtaaaaaactttaattttctgtgtttaaaaccttgggattttggc 

ctctggtgctccttgcgtactcacagtactctttatgctttctgaatcaagtatttatagGTGTGTGCTCCATTAATACG 

TTACCATCAAACTGCTGCATATCCACAAGGAGCTTGCTATGAACTTGAATCGAACCTTCGTCTTCAATCAACATACGCAA 

CTTGTGCTCAAAAGAATCTTCCAACAACAGATCGTCACAACGAGTATGGAGGATGTATGGAAGGATTTTCAGCAGCAATT 

ACTCAGgtaattttcattcaacaaatagaatgaaatcactgaagtttagttttgtgttaattttaaaaagatattttgat 

gaatatttttgagtcgaaagcattttttaaatattgctaaaattttagGATACCATCGTGACCGGACTCATTGGAGCTGT 

AAAATGGACTGGTGGTGTTTTTGCAAAGAAATCGTCAGCAAACATTTTCGATTCAGTCGTTGAAAAATACACAATGAATC 

AACCAAATGGAGATATGATTCGTACACGATTAGTTGCACATGATTATCTTGGATATTCTGTAGATATTGGAAGATTCGGT 

TTTTGGTATGAAGATGGAAAACCGATAACCGTAGTCTCAGGAGCTACAAGATACGGAGAACATGGAGCTGTAATATTCCT 

CCCGTTTATTCAAGATTCAAGTTCAAAACTTACTCTGAATGAAGACAAATTTATTATTAATGGAACTGCAATGGGATCTG 

CATTTGGGTATTCGATTGAAGTTGTTGACTTGAATGGAGATGGATTTGATGATCTAATTGTTGGAGCACCATTTGAACAT 

CGATCTGGAATTGATGGAAACTTTGGAGGAATCGTCTATGTTTACTTTTCTCAAGGAGTTCAGAGAAAACAACATGAATC 

TCATCTAGTCTTCCACCCACCAAAGATTCTAAAGAATCCAGATTTCTACTCACAATTTGGACTTTCAATTACTAAATTGG 

GAAATGTAGACGGAGATAAAAGTAAACTCAACGACTTTGCAGTTGGTGCTCCATTTGCATTTGATGGAGCTGGAGCAGTT 

TATATTTATCTTGGAACTAAAAACATTGAAAAGTTCCGAAAGAAACCGGCTCAAGTGATAAAAGGAAATGATCTTCCAAA 

TCTTCCGCCAGGTGGAATGAGATCATTTGGATTCTCACTTTCTGGAGGTTCTGATATGGATGAGAATGGATATCCCGATC 

TTCTCATTGGATCTCCTTCGAAGAATTTTGTTGCATTGCTTCGTTCTAGACCAGTAATAAGTATTGAGACCAAGCACAAA 

ATGGAGAAGAGAATGGTTGATATCGACAAAGGTGTCAATTGTCCACGTGGAGCAAAGACTTGTTTCCCGCTTGATATGGT 

GATCTATGTGGATGAGGAAACAAAGAGAGGCGCCGAACTTGTCGATTTCTCATCTGATGTATTTATGTGTAATCTGGAAG 

CTATTCCATTTAGAGCTGACACAACGGCAAGAGGATTCATTGAAGGAAGTCATTCACACAATTATAGTTGGCCATGTGGA 

AGTAATAGTCACGTACAGAAACGAACTTACCGGCAGCTAATCTATTTGCCAGTTCAAGAATCAAAAGATTGGATTACACC 

TTTGAAGTTTAGATTTACTGTCAGCATTCGgtaggtcaagttgtctcgaaatcccttgaaaaagttgtttcctaaattgt 

attgttagactcaaaactcaaaaaccatgatatcataatcagaactcaaattctcacatttcagAAACGAAAAGAAGCCT 

GTGCAACCACCACAAGGAAGCCAATTGGTCGACTTGAAGCACTACCCAGTCCTCAACAAATATGGTGCATCATATGAGTT 

TGATGTTCCATTCAATACGCTTTGCGGAGAAGATCACACTTGTCAGACTGATTTGTCATTGAAAGCCGCCTTCAAGGATA 

TTCCACTgtaagactttaagatattttagcgctcagaacttgtgagacagcactgtatttacaccgaaagttttttagaa 

tatagtaatcaaacttcttttttaaaattccaaatcaaaagtcaaccccacgtatgttttttgctttcagAACATCAAAT 

GGATACGTTTCAAATGTCGGCGAAAAGGATTATCTGGACTTGACATTCACTGTGGAAAACAAGAAAGAAAAGGCTTATCA 

AGCGAATTTTTATCTAGAATATAATGAAGAAGAGCTTGAACTTCCACAAGTTCAAGGTTCCAAGAGAATGATTGCTGAAA 

CAATTGGAAAGAATATTGTGCATTTGCCACTTGGAAATCCAATGAATGGAGCATCAAAACATCAATTTACGATCCAATTC 

AAATTGACTCGTGGAAGAACTGAAGGAATTGGAAAGGCACTCAAATTCATGGCACATGTCAATTCCACGTCACAAGAAAC 

CGAGGAAGAGTTGAAAGATAATAAATGGGAAGCTGAAGTTCAGATTATCAAGAAGGCAGAGCTGGAGATCTATGGAATCA 

GTGACCCTGATAGAGTATTCTTTGGAGGAAAAGCAAGAGCAGAGTCTGAATTGGAATTGGAAGAAGATATTGGAACAATG 

GTTAGACATAACTATACAATTATTAATCATGGTCCATGGACTGTTCGAAATGTGGAAGCACACATTTCTTGGCCTTATCA 

ACTCCGTTCTAGGTTTGGAAGAGGAAAGAATGCTCTCTATCTATTGGATGTACCGACTATTACAACAGAATTCACAGATG 

GAACAAGTGAAGTTAGAAAGTGTTTCATCAAACAACAGTACGAATATGTGAATCCTGCAGAAATTAAATTGAACACTAAA 

TATAGTACTCAAGAGACTGCTCCACATCGGGTAGAGCATAGAATGAAAAGAGAAATTGATGAGGATGAGGAAGAACAATC 

AGATGATCTAGGAGCCGTGGAAGAGAATATTCCTTGGTTCTCAACAGCTAATTTCTGGAATCTTTTTGCAATTAAAGGAG 

GTGATGGACGACCTAGAGAAGTTAAACATTTGgtaagtccctagattacagtttatttgattgatttttgataaatgaat 

atttcagAGCTGCCAAGACAACACTGCCAATTGTTTCACCGTCATTTGCCACTTCGATTTCATCGATGCCAATTCTGCAG 

TAGTCATTGATTTACGTGCAAGACTCTGGAATGCAACGTTCATTGAGGATTATTCAGATGTTGAAAGTGTGAAGATCCGA 

TCGTTCGGAAAACTTCAATTAGACGAATCACAAGGAATTGATGACGATCCGAATAACAATGCAGCTTTCGTTGAAACATC 

TGCTGATCCTGATAGGCCTACAATTGgtgggttttttgaaatgagaccaactttaatatctaatcattttaaagtgatat 

actagtacgaatgtattcataaaaaatcattgttgaggatattctagctttaaaagacatgctcaaacccccaactttac 

cttaattttttcagGAGACTCTCGACCTATCCCGTGGTGGATATACGTCATTGCAGCTGTTATTGGTGTTCTCATTTTGT 

CACTAATTATAATTTGTCTTTCAAAATGTGGTTTCTTCAAACGAAATCGTTTGGATCAGCCATCATTATACACTGCTCAA 

CTCAAACATGAACGAGAAGAATGGGCTGATACGGGACTTTAG 

 

part of pPD95.75 GFP 

CAGGAGGACCCTTGAGGGTACCGGTAGAAAAAATGAGTAAAGGAGAAGAACTTTTCACTGGAGTTGTCCCAATTCTTGTTGAATTAGATGGTGATGTTAATGGGCACAAATTTTCTGTC

AGTGGAGAGGGTGAAGGTGATGCAACATACGGAAAACTTACCCTTAAATTTATTTGCACTACTGGAAAACTACCTGTTCCATGGGTAAGTTTAAACATATATATACTAACTAACCCTGA

TTATTTAAATTTTCAGCCAACACTTGTCACTACTTTCTGTTATGGTGTTCAATGCTTCTCGAGATACCCAGATCATATGAAACGGCATGACTTTTTCAAGAGTGCCATGCCCGAAGGTT

ATGTACAGGAAAGAACTATATTTTTCAAAGATGACGGGAACTACAAGACACGTAAGTTTAAACAGTTCGGTACTAACTAACCATACATATTTA 

 

Figure 2.1  Fusion PCR cloning strategy to insert genomic ina-1 coding region in frame to the pPD95.75 GFP backbone. 

Lowercase text indicates introns and 5’ untranslated region (UTR). The 5’ UTR sequences are in light gray font. Uppercase, 

alternating yellow and orange highlighted text indicates coding sequence where each subsequent coding exon is highlighted in 

different color to differentiate one exon from the next. Sky-blue highlight is the forward primer ina-1 was amplified from 

(oJDK92). oJDK92 carries BamHI digest site in its 5’ overhang. Green highlight is the mega fusion primers oJDK24 (forward) 

and oJDK25 (reverse) which  fuses in frame the end of ina-1 coding region, without the TAG stop codon, to the start codon of 

GFP. The reverse version (oJDK25) is used to amplify the ina-1 coding region with oJDK92 and the forward version (oJDK24) 

is used to amplify a small section of pPD95.75 including XhoI digest site (highlighted in grey) with the reverse primer oJDK26 

(highlighted in orange). After these sections are individually amplified, they are added in equal molar ratios to a third PCR 

reaction using the original oJDK92 and oJDK26 primers. This fusion PCR product and pPD95.75 were digested with BamHI and 

XhoI and ligated to each other. ATG start codons and TAG stop codons are in red text. 

oJDK92 

Two fragments together = JDK24(FWD)/oJDK25(RVS) 

oJDK26 
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Figure 2.2 Genomic segments of egl-15 and ina-1 from the  Ahringer lab RNAi feeding library [Fraser et al., 2000; Kamath et al., 

2003]. Exons are highlighted in yellow and orange. Blue sequences are PCR primer sites used by the Ahringer lab to amplify and 

clone egl-15 or ina-1 genomic fragments into the L4440 feeding vector. Red sequences are primer sites to form dsRNA of 

~500bp.  



50 
 

Table 2.1. Oligonucleotides used for cloning and RNAi  

Designation Sequence 

oGD20 CGCGAGACGAAAGGGCC 

oGD1072 CTGTTCTTTCGGAATACGAGGTTGATT 

oGD1073 CATGGGTACCCCAAATTCGGGTTTGCTCATGCTATTGTTG 

oGD1132 CAGCATATTGTCATTGCAGAAGAGATGATTCGGATCATT 

oGD1133 AATGATCCGAATCATCTC TTCTGCAATGACAATATGCTG 

oGD1134 AATAGGATCCAGATTGGATGTTAACAATGACAAATGAGAC 

oGD1198 GTGAATGAGTTTATGGCCAGCATGAGCAAACCCGAATTT 

oGD1199 TTTTGCATAATTGAATTCATTTAATGGTC 

oGD1200 AAATTCGGGTTTGCTCATGCTATCATCCATGAATCCTTTTTTGT 

oGD1201 ATGGCGAATGCCACTTTAAC 

oGD1202 TTTCTTGCATCGTGCTCATC 

oJDK19 GGGGCTGCAGGCGTTTTTTGGGATTCTGAAT 

oJDK20 GGGGCTGCAGTTCTGGAAAATTATTGGAAAATTT 

oJDK21 GGGGCTGCAGGCTGTATCGAATCAATACTTTG 

oJDK22 GGGGCTGCAGTATCCTCTTACTATAAAAATTAGA 

oJDK35 GGGGGGTAATACGACTCACTATAGGGAGAATGGCGAATGCCACTTTAAC 

oJDK36 GGGGGGTAATACGACTCACTATAGGGAGAGGATCCGAATCAACCTCGTA 

oJDK37 GGGGGGTAATACGACTCACTATAGGGAGATCTCTTCCACGGCTCCTAGA 

oJDK38 GGGGGGTAATACGACTCACTATAGGGAGAGCACATGTCAATTCCACGTC 

oJDK24 AATGGGCTGATACGGGACTTATGAGTAAAGGAGAAGAACTTTT 

oJDK25 AAAAGTTCTTCTCCTTTACTCATAAGTCCCGTATCAGCCCATT 

oJDK26 TAGTACCGAACTGTTTAAACTTA 

oGD30 CATGTTCTTTCCTGCGTTATC 

oGD31 CTGCAAGGCGATTAAGTTG 

oJDK149 GGGGGGTAATACGACTCACTATAGGGAGAAGTTGTCTCTGACTTATTGCC 

oJDK150 GGGGGGAATTAACCCTCACTAAAGGGAGAGCCTGTACAGCATCCAATCA 

oJDK151 GGGGGGTAATACGACTCACTATAGGGAGAGACTCGTGGAAGAACTGAAG 

oJDK152 GGGGGGAATTAACCCTCACTAAAGGGAGATGTAGGCCTATCAGGATCAG 

oJDK92 GGGGGGATCCATGCGTGAATGTATAATTAGCT 

oJDK40 GTCCACTGCCAAACTGTGAA 

oJDK41 GGCAAAGATGGGAAAAGTCA 

oJDK42 CCAGGGTTCAATCAATTTTTGT 

oJDK43 CTTTGCTCGCATTTTCCAAT 

oJDK56 GGGGGGTAATACGACTCACTATAGGGAGAGCAACCTGGCTTATCGAAATT 

oJDK57 GGGGGGTAATACGACTCACTATAGGGAGAATCGATGATATCAGATCTGCC 

oJDK1 GGGAAATCATGACACTTGGTG 

oJDK2 ATTTTCAATGTGTCGCTGGA 

oJDK3 CGGAATACGAGGTTGATTCG 

oJDK4 CTAATTCAACAAGAATTGGGACA 

oGD1286 CCGGCGGATACGAATTCAG 

oGD1287 TTTTTGACAGCAACTGCGATTT 

oGD1288 TTCAGCCAGACAAGAATTCAATTTA 
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oGD1289 TGACAGCAACTGCGATTTCC 

oGD1290 GCGTACACAACGCATATGGA 

oGD1291 CTGGTAGAGCATGCGTTTCA 
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3 Results 

 

3.1 EGL-15/FGFR constructs are expressed in embryonic head muscles, hypodermis and 

vulva precursor 

Previous work in the Gaudet laboratory showed that in GD338: ivIs17 [pGD31 (phat-

1::YFP), pJM371 (elt-2p::H2B::tdTomato), pRF4 (rol-6(su1006))] V; egl-15(ok2314)/+ X], the 

egl-15(ok2314) homozygous progeny, that arrest as L1 larvae, display over-migration of the 

gland cells where these cells become located near or completely invaded into the intestinal tissue 

located posterior to the pharynx (Figure 1.6) [Kormish et al. in prep]. Therefore, during 

embryonic development of C. elegans, EGL-15/FGFR must be participating in termination of 

gland cell migration in addition to other essential functions. The lethal phenotype of the 

homozygous egl-15(ok2314) is commonly balanced by szT1 lon-2-marked translocation 

involving I and X chromosomes [Edgley et al., 2006]. ok2314, formed by the C. elegans Gene 

Knockout Consortium, encodes a large 1208bp lethal deletion in the X chromosome and 42bp 

insertion in its place [Barstead and Moerman, 2006]. The balanced egl-15(ok2314) strain, 

VC1782: +/szT1[lon-2(e678)] I; egl-15(ok2314)/szT1 X, has a wild type phenotype and 

segregates wild type hermaphrodites, and mutated egl-15(ok2314) homozygotes which die as 

larvae. Rare viable lon-2 males can also be detected within the population, as well as arrested 

embryos that are szT1 homozygotes and early larval lethal animals that are aneuploids [Edgley et 

al., 2006]. Arrested egl-15(ok2314) larvae have a distinct head morphology similar to that of, but 

less severe than, ina-1 animals’ notched head phenotype. This head phenotype distinguishes 

them from wild type and aneuploid larvae (Figure 3.1). Aneuploid animals at the larval stage 
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often display severe hypodermal defects that are also easily distinguished from the mutant 

animals. 

In order to understand how EGL-15 controls gland cell migration, transgenic rescue 

experiments of egl-15(ok2314) mutants were performed by introducing to the mutant 

background plasmids that contain mutations or deletions of specific regions of EGL-15 (Figure 

3.2, Figure 3.3). For this experiment, the EGL-15(5B) splice variant containing a hybrid of 

genomic and 5B isoform specific cDNA expressed under the full length egl-15 promoter (pTB70) 

was used as a template for the addition of GFP protein and subsequent protein domain 

modification [Bulow et al., 2004]. A modified pTB70 construct was previously shown to have 

endogenous expression as wild type EGL-15 and was sufficient to rescue egl-15 null mutants. 

The rationale behind the rescue experiment is that if a particular EGL-15 plasmid construct is 

able to rescue the gland migration defect of egl-15(ok2314) animals, the domain that was 

removed from the protein is not necessary for gland cell migration. However, if gland migration 

defect persists in transgenic egl-15(ok2314) mutants, the mutated domain of the plasmid 

introduced is likely required for gland migration. 

To create C. elegans strains that are transgenic for the modified EGL-15(5B) protein 

constructs, the respective plasmids were introduced by microinjection DNA into the cytoplasm 

of the syncytial gonad of young VC2314 adults.  To assist in marking transgenic animals, 

plasmids that display a dominant phenotype, such as pRF4 (rol-6(su1006)) and pJH1774 (myo-

3p::wCherry), were co-injected. The expression of GFP attached to EGL-15(5B) is hard to 

observe at the magnification dissecting microscopes provide, especially during embryonic stages, 

making the use of dominant transformation markers necessary. During transgenesis, the DNA 

injected into the germline undergoes rearrangements to form extrachromosomal concatemers that 



54 
 

contain numerous copies of the injected plasmids [Kadandale et al., 2009]. The progeny of the 

injected parents can inherit or not inherit the array based upon random segregation within the 

germline. Thus, sibling progeny may have different phenotypes depending on whether or not and 

how much of the transgene was inherited. Too much expression of the transgene may be toxic to 

the animal while not enough expression will cause milder phenotypes and high mosaicism. The 

expression pattern can also change if structural rearrangements, such as promoter swaps, within 

the transgenic array occur. For all of the rescue experiments, two stable extrachromosomal 

transgenic lines were analyzed for each construct to reduce variation in rescue experiment due to 

transgene artifacts (Figure A1, Table A1). Animals with strong and widespread expression of 

transgene were picked to be maintained. After a couple of generations the variable transmission 

rate tended to stabilize, although not to the same efficiency as the nuclear chromosomes. The 

transgenic lines were observed for correct segregation of progeny to confirm egl-15(ok2314) 

mutation. PCR was also used to confirm the identity of extrachromosomal plasmid (oJDK1-4, 

Table 2.1) and ok2314 deletion within exon 7-11 of egl-15 (oGD1286/1287). Most of the 

transgenic animal strains formed in this experiment had ~50% transmission rate or higher 

meaning around half of the progeny showed expression of the transgenic muscle marker with 

similar intensity (myo-3p::wCherry) and the other half did not (n=50) (Table A2). The 

extrachromosomal array can be integrated into the C. elegans genome for 100% stable 

transmission rate by exposing animals and their genomes to gamma irradiation that creates many 

double stranded breaks within the chromosomes [Evans, 2006]. During double stranded break 

repair, on rare occasions the chromosomes incorporate extrachromosomal arrays into the genome, 

thus creating an insertion. However, generation of insertion of the extrachromosomal array is 

very time-consuming and difficult to achieve for every plasmid. Also, the breakage points are 
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random and numerous background mutations need to be outcrossed before further analysis can 

be performed. For the purpose of my thesis research, only extrachromosomal arrays were used in 

rescue analysis. 

The GFP tagged version of the wild type EGL-15(5B) protein is pGD632: egl-15p::EGL-

15(5B)::GFP. pGD670: egl-15p::EGL-15(5B)Y1009F::GFP has a mutated SEM-5/GRB-2 

binding site in its C-terminal domain. pGD671: egl-15p::EGL-15(5B)AA508-1040Δ::GFP has 

neither the transmembrane nor the intracellular domain of EGL-15(5B) and will act as a potential 

secreted form of FGFR. The intracellular domain is missing in pGD672: egl-15p::EGL-

15(5B)AA562-1040Δ::GFP and kinase domain is deleted in pGD673: egl-15p::EGL-

15(5B)AA632-928Δ::GFP. In all plasmid constructs of EGL-15(5B) (pGD632, pGD670-673), 

there are four GFP proteins following EGL-15(5B) variant with short linkers in between them. 

GFP was attached for visualization of the receptor and four repeats of the gene were added 

because GFP acts as a tetramer. If only a single GFP sequence was added next to EGL-15(5B) 

variant, there is a possibility of forcing dimerization of EGL-15(5B) and causing auto-activation 

as GFP subunits gather to form a functioning oligomer. GFP expression was expected in the 

hypodermis and vulval muscles as seen in previous antibody staining and reporter constructs 

[Huang and Stern, 2004; Bulow et al., 2004]. Young hermaphrodites that expressed rol-6(su1006) 

and myo-3::wCherry transgenic markers were allowed to lay eggs overnight and the embryos 

were observed under higher-power microscopes (100x objective) to observe for GFP expression 

in the correct tissues (Figure 3.4). For all plasmid constructs, except pGD671 for which data 

could not be obtained due to lethality of the transgenic line, GFP expression was observed in the 

head muscles, hypodermis, and vulva precursor of 1.5 fold embryo, during the time point when 

the gland cells are expected to migrate (Figure 3.4) [Kormish et al., in prep; Huang and Stern, 



56 
 

2004; Bulow et al., 2004]. The duration of epifluorescence illumination on the embryos was 

within the range of 3000-5000 ms. With longer exposure time, the intensity of GFP observed 

increased. Thus, in order to directly compare the intensity of GFP or the amount of the EGL-

15(5B) variant expressed in different transgenic embryos, similar exposure times were used. The 

‘no plasmid’ embryo in figure 3.4 shows the baseline intensity of auto-fluorescence. Since much 

stronger intensities of GFP are observed in the transgenic embryos, this indicates successful 

formation and expression of the EGL-15(5B)::GFP transgenes. Comparable GFP intensities in all 

the transgenic embryos suggest that there are similar levels of receptors expressed during 

embryonic development.  

The expression of GFP was the most prominent in the head muscles (Figure 3.4). The 

intensity of the expression in the vulva precursor was variable. Adult animals homozygous for 

egl-15(ok2314), viable due to the rescuing EGL-15(5B) extracellular transgenic construct, 

showed variable Egl (Egg Laying defect) phenotype. This is likely because the construct was not 

expressed in all the vulval precursor cells, indicating mosaicism of the transgene. The 

hypodermal expression of EGL-15 was the faintest, but since the hypodermis surrounds the 

whole animal and covers a large area, the lower intensity of EGL-15::GFP may be due to the 

receptor being spread out in this tissue.  It may also be expressed at low levels in embryo but 

higher in adults.  

Strong cytoplasmic expression of EGL-15 suggests that although the transgene is robustly 

expressed, not all of the receptors are in their active state at the membrane. This is desirable 

because too much activity by EGL-15(5B) could create gain-of-function artifacts. On the other 

hand, not enough localization to the membrane will give inaccurate results because EGL-15(5B) 

is known to be functional at the membrane. Although hard to observe, membrane localization of 
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EGL-15::GFP variants are observed at higher magnification of transgenic embryos. This is 

especially important for pGD672 and pGD673 because, as will be discussed in the next section, 

these constructs are unable to rescue g1p over-migration defect in egl-15(ok2314) animals unlike 

pGD632 and pGD670. Observation of pGD672 and pGD673 at the membrane supports that these 

plasmids do not rescue over-migration defect unlike pGD632 and pGD670, not because they are 

unable to locate themselves in the plasma membrane where EGL-15 receptors are active, but 

because of the deletions in intracellular and kinase domain respectively (Figure A2). 

 

3.2 pGD632 & pGD670 rescue egl-15 mutants and pGD672 & pGD673 do not 

g1p cell bodies were given numerical values according to the pharyngeal muscle group the 

gland cell associated with (Figure 1.5 H, I). A cell bodies that were located in between muscle 

groups, or cell body that was fragmented to more than one muscle groups was given an average 

value that represented the muscle groups in which the cell body was found (i.e., if a cell was 

located in pm3 and pm4 it was given a value of 3.5). Although in larvae and adults, certain 

muscle groups like pm3 or pm5 are longer than others such as pm6 or pm7, these differences are 

minimal during embryonic development of the pharynx. The g1p cell migrates after the 

pharyngeal primordium formation but prior to pharyngeal elongation. This occurs when the 

muscle cells transform to elongate along the anterior-posterior axis. At this time, pm4, 5, 6 and 7 

are approximately the same length along the anterior posterior axis (Figure 1.5 E-G) [Kormish et 

al., in prep]. The intestine, however, does cover a longer length of space and the extent of gland 

protrusion into the intestine was not measured. Since the degree of migration within the gut was 

not fully measured, the current method of quantitation may not represent the full scope of the 

over-migration defect accurately. Also, with this method of giving numerical values to muscle 
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cells with which gland cells associate, each quantitation could differ from person to person 

observing the defect, especially when the g1p cell is close to the bordering muscle cells. Muscle 

cells important for determining the over-migration phenotype: pm7, intR, and the intestine, are 

all very close together in the quantitated larval animals. Some of the average g1p values 

previously calculated for egl-15(ok2314) animals were slightly different from what was observed 

here (see Figure 1.6 vs Figure 3.5). All the data in this results section was quantified by a single 

individual to reduce variation from human error. Also, in each transgenic line, the distribution of 

g1p cell body in egl-15(ok2314) animals that did not inherit the transgene was quantitated in 

parallel to their direct transgenic siblings in order to further reduce potential environmental 

effects. For each transgenic strain, about 80 egl-15(ok2314) homozygous animals that carried the 

transgenic allele and 80 siblings that did not inherit the transgene were observed for their g1p 

cell body position. To determine statistical significance between animals that have the transgene 

from the ones that do not, animals of the same brood were directly compared by calculating the 

weighted mean of gland cell placement and determining statistical significance using two-tail 

unequal variance t-test (Figure 3.5, 3.6). Two independent samples t-test was used to calculate 

statistical significance between the two sibling populations because g1p gland cell migration 

showed a normally distributed interval dependent variation. When comparing the migratory data 

sets of the two populations, the variance between the transgenic and non-transgenic siblings was 

assumed to be unequal, and both tails of the distribution were taken into account in order to 

increase stringency of the statistical t-test. 

pGD632: egl-15p::EGL-15(5B)::GFP, was able to rescue embryonic lethality, sex 

myoblast migration, and the observed gland cell over-migration defect (Figure 3.5, 3.6, 3.7) 

[Kormish et al., in prep]. egl-15(ok2314) population had an average g1p over-migration value of 
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8.5 while the transgenic siblings showed 100% rescue of the defect back to pm7. The rescue seen 

in egl-15(ok2314) mutants indicate that the extracellular transgenic array is not toxic to the 

animal and EGL-15(5B)::GFP encoded in pGD632 is recapitulating endogenous function. This 

means that EGL-15(5B) encoded by the plasmid is folding properly and the GFP tag is not 

hindering with EGL-15 function as a dimer at the membrane. Also, since pGD632 is the template 

for modifications to EGL-15(5B), different variants of pGD632 (pGD670-673), are expected to 

induce phenotypes that are reflective of the alteration in EGL-15(5B). 

Like pGD632 transgenic animals, progeny expressing pGD670, with the Y1009F SEM-5 

binding site mutation, had complete rescue of over-migrated g1p cell body back to pm7 and the 

animals grew to adulthood (Figure 3.5, 3.6, 3.7). The sister animals that did not carry the 

extrachromosomal array arrested as L1s and the glp over-migrated most often to the intestinal 

ring/intestine region. A p-value of 1.4x10-49 indicated a strong statistically significant difference 

in the g1p positions of the sibling populations. The fact that Y1009 does not take part gland cell 

migration may have been expected because CTD is known to be specifically required for SM 

chemoattraction which is signaled by EGL-15(5A) rather than EGL-15(5B) [Goodman et al., 

2003]. The only defect caused by nonsense mutation in egl-15 allele n1457 (Q948ochre), 

predicted to remove all CTD, is Egl due to displaced SMs. However, the exploration of the 

SEM-5 binding site was pursued for two reasons, one, previous research may have missed the 

migration defect because the gland cell defect is hard to observe without properly searching for it, 

and more importantly, two, SEM-5 is known to cause gland cell under-migration phenotype in 

progeny that are mutant for the ligand [Jay Kormish, personal communication]. However, 

according to the rescue results reported here SEM-5 does not likely directly bind tyrosine 1009 

to signal g1p migration in C. elegans embryos. 
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Animals that carried the pGD671 plasmid, which is missing both of its transmembrane and 

intracellular domains, was tested for the possibility of secreted FGFR isoform regulating gland 

cell migration. In C. elegans, soluble EGL-15(5A) is a part of maintaining neuronal extensions 

[Bulow et al., 2004]. Although the role of pGD671 in g1p migration could not be determined due 

to lethality of the pGD671 transgenic animal, it is likely that soluble FGFR does not take part in 

gland cell regulation. This is because the kinase domain of EGL-15(5B) was proven to be 

significant for g1p migration, and thus both the transmembrane and intracellular domain would 

be required for proper gland cell regulation. Animals expressing pGD672, intracellular domain 

deleted FGFR and pGD673, kinase domain deleted FGFR, showed a lack of rescue in egl-15 null 

mutants. p-values higher than 0.05 (pGD673: 0.06 at 20°C, 0.88 at 15°C; pGD672: 0.81 at 15°C) 

indicated that egl-15(ok2314) populations expressing the transgene and their sister egl-

15(ok2314) animals without the transgene are not significantly different from each other (Figure 

3.5, 3.6). 

 

3.3 Transgenic egl-15 mutants and gland cell migration is temperature sensitive 

Originally, strains for FGFR domain specific rescue experiment were incubated at 20°C, 

an optimal temperature to promote regular life cycle of C. elegans. However, animals missing 

the transmembrane and/or intracellular domain of FGFR (pGD671 and pGD672) were slow 

growing and sterile at 20°C compared to the other transgenic strains within this study. This may 

have been expected because pGD671 and pGD672 carried large deletions within an essential 

protein necessary for survival. These mutant proteins could also function as antimorphs and 

inhibit normal FGFR function by sequestering the FGF ligands. In an attempt to rescue lethality, 

these strains were moved to a lower temperature of 15°C. Generally, transgenesis was observed 

to be more stable at the lower temperature because higher numbers of transgenic progeny were 
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produced if the mothers injected with the extrachromosomal plasmid mix were given time to 

recover at 15°C before moving them to 20°C. Animals transgenic for pGD671 (the 

transmembrane and intracellular region deletion) and pGD672 (the intracellular deletion), 

although still slow growing, were viable at 15°C (Figure 3.6). However, once the transgenic 

animals were mated into the ivIs28 [pGD623 (hlh-6(long)::wCherry), pRF4 (rol-6(su1006))] III 

gland marker background, the lethality returned for pGD671 carrying animals, while pGD672 

transgenic animals mated into the ivIs28 background were viable at the lower temperature. ivIs28 

gland cell marker is a transgene integrated into chromosome III and was used to provide a stable 

transmission and relatively low expression of a gland cell marker compared to non-integrated 

transgenes. All quantitated animals were made homozygous for ivIs28 in order to keep the 

genetic background of each transgenic line the same and induce similar expression levels of the 

fluorescent proteins. ivIs28 was individually crossed in after transgenesis because transgenic 

animals were hard to obtain in egl-15(ok2314) animals already carrying the gland marker 

indicating toxicity or non-stability of the transgenic animals. If pGD623 (hlh-6(long)::wCherry) 

was added during transgenic animal formation in addition to egl-15p::EGL-15(5B)::GFP variant, 

there is a greater possibility of transgene artifacts such as structural rearrangements within genes 

making up the transgenic array that could lead to aberrant changes in expression. Although not as 

important for the EGL-15 domain mutation experiments, this potential for promoter cross-

regulation had greater implications in the interpretation of the tissue-specific rescue experiments. 

 pGD671 transgenic animals could not handle the expression of the ivIs28 gland marker on 

top of expressing pGD671 transgene that is severely modified from the essential wild type EGL-

15(5B) protein. The full consequences of expressing pGD671, the predicted secreted construct of 

EGL-15(5B) is unknown because if it is not degraded, the construct has the potential abilities to 
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impact signalling in the ECM by binding and acting as a sink for FGF ligands. pGD672 animals 

on the other hand were able to withstand the forced expression of the gland marker and the 

intracellular deleted EGL-15(5B) construct at 15°C. At the cooler temperature, the development 

is slower and this may give additional time for the wild type copy of EGL-15 to be formed and 

also for redundant pathways necessary for survival to be expressed in pGD672 transgenic 

animals.  

At 15°C, g1p over-migration defect in egl-15 animals were not as prominent as what was 

observed at 20°C (Figure 3.5, 3.6). On average egl-15 animals without the extrachromosomal 

arrays had g1p cell body locate in between pm7 and intestinal ring (intR) at 15°C, but at the 

higher temperature, a more severe over-migration defect was seen with the same animals. At 

20°C, the g1p cell body located on average between the intestinal ring (intR) and intestine (int). 

Because the range of over-migration defects was more pronounced at 20°C, a maternal effect, 

likely through the supply of wild type EGL-15 and rescue of EGL-15 activity, was observed in 

animals that had a copy of the wild type egl-15 allele (VC1782:  +/szT1[lon-2(e678)] I, egl-

15(ok2314)/szT1 X; JDK0024: ivIs28 [pGD623 (hlh-6(long)::wCherry), pRF4 (rol-6(su1006))] 

III; egl-15(ok2314)/szT1 X; korEx4 [pGD673 (egl-15::EGL-15(5B)::GFP Δ 632-928), myo-

3::wCherry, pRF4 (rol-6(su1006)), pBluescript II]). At 20°C, there was a small but 

distinguishable difference of g1p over-migration average position in egl-15(ok2314) animals that 

had heterozygous egl-15(ok2314) parents from homozygous egl-15(ok2314) parents (Figure 3.5). 

g1p over-migration position averaged around 8.1 in the original balanced egl-15(ok2314) 

mutants (VC2421) and pGD673 transgenic animals that did not show rescue and thus remained 

heterozygous showed similar value at 8.2. egl-15(ok2314) progeny from mothers with the 

rescuing EGL-15 construct (pGD632 and pGD670), therefore homozygous for the egl-
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15(ok2314) deletion, had g1p average positions that were slightly higher, at 8.5 and 8.6 

respectively. This indicated that there is maternal supply of egl-15 from the wild type allele in 

heterozygous animals. Thus, transgenic lines that is homozygous for egl-15(ok2314) and without 

the balancer due to the rescuing construct show slightly worse of a phenotype. Although 

maternal rescue is present and active in signalling gland cell migration, it is not enough to fully 

rescue the g1p migration defect, indicating that C. elegans embryo itself needs to make and 

express EGL-15 independently to control gland cell migration during pharynx formation.  

Due to the diminished range of over-migration defect at 15°C, heterozygous parents are 

not distinguishable from the rescued homozygous egl-15(ok2314) parents at 15°C (Figure 3.6). 

The average of g1p position in egl-15(ok2314) animals incubated at 15°C is around 7.5 whether 

the progeny are from heterozygous or homozygous egl-15(ok2314) animals. The discrepancy in 

the migration defect observed at the lower temperature indicated that gland cell migration is 

temperature sensitive. As stated above, the lower temperature could give more time for 

activation of redundant signalling pathways to stop gland cell migration or the cooler 

temperature may play a factor in creating a physical environment where cell movement is more 

restricted. 

Because gland migration showed temperature sensitivity, all of the transgenic animals 

expressing pGD632, pGD670, pGD672 and pGD673 were re-quantified under the lower 

temperature in order to directly compare migration values of all transgenic lines (Figure 3.6). In 

general, results at 15°C match what was observed at 20°C. Wild type EGL-15(5B) and Y1009F 

SEM-5 EGL-15(5B) constructs rescued the over-migration defect of egl-15 animals, and 

constructs that had a deletion in the intracellular (pGD672) or the kinase domain (pGD673) of 

EGL-15(5B) did not show statistically significant rescue of the egl-15(ok2314) over-migration 
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defect when compared to their transgenic negative egl-15(ok2314) null siblings. The p-values of 

two-tailed unequal variance t-test comparing transgenic and non-transgenic egl-15(ok2314) 

mutants for pGD632, pGD670, pGD672, and pGD673 expressing populations are 7.4x10-8, 5.3 

x10-10, 0.81, and 0.88 respectively (Figure 3.6). 

 

3.4 EGL-15 with hlh-1 and elt-1 promoter does not rescue g1p over-migration 

To investigate the location of EGL-15(5B) function in signalling gland cell migration, 

tissue specific expression of EGL-15(5B) was performed and observed for rescue of g1p over-

migration mutation in egl-15(ok2314) animals (Figure 3.8). EGL-15 signals and guides the gland 

cells that reside in the pharynx of C. elegans but previous findings showed that EGL-15 does not 

function within the pharynx to do this (Figure 1.10). Neither the EGL-15 in the glands, 

pharyngeal muscles, nor in the entire pharynx was able to rescue egl-15(ok2314) g1p over-

migration mutation. This suggested that EGL-15 is acting non-autonomously. Near the time 

point of gland cell migration, EGL-15(5B) is observed in the head muscles, hypodermis, and the 

vulva precursor (Figure 3.4) [Kormish et al., in prep]. Promoter region of genes expressed early 

in embryonic head muscles (hlh-1) [Viveiros et al., 2011] and hypodermis (elt-1) [Gilleard and 

McGhee, 2001] were cloned in place of the egl-15 promoter in the EGL-15(5B)::GFP construct. 

Expression of the transgenic constructs was observed in the one and half fold stages of 

embryonic C. elegans. This is an important control because it suggests the proteins are expressed 

at a time point when the gland cells are migrating (Figure 3.8, 1.5). After successful cloning, hlh-

1p::EGL-15(5B)::GFP (pJDK1) was observed in the head muscles and other developing body 

wall muscles as expected. elt-1p::EGL-15(5B)::GFP (pJDK2) was anticipated to be expressed in 

the hypodermis of the embryo but, instead, expression was observed in neuronal-like cells next 
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to the developing pharyngeal primordium (Figure 3.8). Initially this expression was unexpected 

since elt-1 is known to regulate early hypodermal development [Gilleard and McGhee, 2001], 

but additional observations have detected elt-1 reporter expression in later embryo development, 

at the three fold stage, in a group of cells adjacent to the pharynx in a position consistent with 

what was observed here [Smith et al., 2005]. The paper mentioned that the reporter gene was 

expressed in all major hypodermal cells prior to embryonic morphogenesis but during the 

formation of the comma stage, embryo reporter gene expression declined in the dorsal and 

ventral hypodermis and only remained high in the lateral seam cells. Thus, this indicated that elt-

1 promoter may not have been the most appropriate choice for the hypodermal expression of 

EGL-15 near the time of gland cell migration. elt-1p was originally chosen as the hypodermal 

promoter because we desired early expression of EGL-15 in the hypodermis but elt-1 may have 

been too early. 

The egl-15 null animals carrying the extrachromosomal array with the hlh-1 (pJDK1) and 

elt-1 (pJDK2) promoters driving expression of EGL-15 did not show rescue of their lethal nor 

over-migration of g1p phenotype (Figure 3.8). egl-15(ok2314) animals expressing pJDK1 had 

g1p mean location at 7.9 with the transgene and at 8.1 without. pJDK2 strain had g1p average 

8.1 in the population with the transgenic array and 8.2 in siblings without. p-values were 0.06 

and 0.41 in egl-15(ok2314) populations carrying pJDK1 and pJDK2, respectively, to their sister 

egl-15(ok2314) animals without the plasmid, confirming that the two populations were not 

significantly different from each other (Figure 3.8). 
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3.5 Genetic interaction of egl-15/FGFR and ina-1/α-integrin 

dsRNA of egl-15 and ina-1 was prepared in order to clarify the genetic interaction between 

the two genes with RNAi. RNAi causes knockdown of gene function by degrading mRNA that 

corresponds to the introduced dsRNA that is complementary to the mRNA target [Ahringer, 

2006]. Because the same g1p over-migration phenotype was seen in animals mutant for either 

egl-15 or ina-1 (Figure 1.6), it is possible that these two proteins are working together during the 

embryonic development of C. elegans pharynx to signal proper gland cell migration. There has 

been precedent in the literature that FGFR and integrin can affect each other’s signal by 

converging on a common intracellular signalling molecule and also by directly binding to each 

other [Ingber, 1991; Plopper et al., 1995; Hynes, 2002; Morris and Carey, 2006]. RNAi 

experiments can help clarify whether these two receptor molecules guide pharyngeal gland cell 

migration through the same genetic pathway or in separate pathways. If the receptors were 

signalling through the same genetic pathway, the g1p over-migration defect will remain the same 

in animals that are mutant for both egl-15 and ina-1 compared to animals that are mutant for just 

single genes. On the other hand, if egl-15 and ina-1 are acting through different genetic pathways, 

the over-migration defect caused by the individual mutated genes will be added to show a more 

enhanced over-migration defect in the double mutant. Obtaining a double mutant of egl-15 and 

ina-1 through genetic crosses was not possible because both proteins are essential for 

development and null mutation in either receptor resulted in lethal phenotypes. Therefore, RNAi 

of egl-15 or ina-1 into the null background of the other gene was used as an alternative approach. 

Depletion of genes through RNAi results in phenotypes similar to genetic mutants [Agrawal et 

al., 2003; Ahringer, 2006]. Thus, RNAi of genes into null backgrounds can also mimic the 

additive phenotypic effects of animals with two complete knock-out genes. To properly 
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determine the statistical interaction between the two genes quantitatively, previous data of g1p 

migration in genetic null mutants will be used as controls to compare RNAi effect (Figure 1.6) 

[Kormish et al., in prep]. 16% of egl-15(ok2314) mutants have wild type g1p cell body position 

at pm7 while 64% of the animals have the most prominent over-migration defect with g1p cell 

body located in the intestine (n=80). On the other hand, 9% of ina-1(gm86) animals have wild 

type g1p cell body position and 85% of them have g1p in the intestine. With these percentages, if 

EGL-15 and INA-1 functions in separate pathways to signal g1p migration, it may be hard to 

observe the additive phenotypic effect in g1p over-migration in the double mutant progeny. This 

potential enhancement of the defect will be hard to observe because ina-1 null mutants alone 

show a high percentage of the most prominent over-migration defect (85% in int), meaning there 

is only a small range in which the enhancement can be observed. Unless the double mutants 

show 100% or close to perfect over-migration phenotype, it will be hard to confirm that the two 

proteins signal g1p migration in separate pathways. However, FGFR and integrin may also act in 

the same genetic pathways, in which case the RNAi experiments will result in no change in the 

observed over-migration defect. To further the complication, preliminary experiments have 

indicated that EGL-15 has two functions, one in the early stages of migration encouraging g1p 

movement and another in the later stages of migration terminating g1p movement [Kormish et 

al., in prep]. This may explain why egl-15(ok2314) null mutants show a less pronounced over-

migration defect compared to ina-1(gm86) mutants. The early roles of EGL-15 that contributes 

to active migration of the gland cells is missing in egl-15(ok2314) animals and thus, the full 

potential over-migration defect that can be caused by the absence of later functions of EGL-15, is 

suppressed. Taking this into account, if INA-1 function is in the same genetic pathway as EGL-

15 to signal gland cell migration, egl-15 RNAi in ina-1(gm86) animals may show a slight rescue 
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of the over-migration defect in the ina-1 null mutants and display defect similar to egl-15 mutant 

animals (Figure 1.6).  

dsRNA of egl-15 and ina-1 was to be microinjected into the gonads of ina-1(gm86) and 

egl-15(ok2314) null mutants respectively. gm86 is a nonsense mutation that leads to a premature 

stop codon before its transmembrane domain [Baum and Garriga, 1997]. egl-15(ok2314), as 

stated before, is a large deletion formed from the C. elegans knock-out consortium [Barstead and 

Moerman, 2006]. dsRNA was introduced into C. elegans via injection instead of feeding or 

soaking the worms because this method is likely to create the more potent embryonic RNAi 

effect that was desired. A systemic RNAi effect refers to the introduction of dsRNA into one 

tissue, such as the pharynx through feeding and soaking, leading to RNA silencing in distant 

cells like the gonad. To cause robust knock-down of egl-15 and ina-1 in the embryos, systemic 

RNAi effect by feeding nor soaking likely will not create a strong enough knock down. Also, 

there are likely maternal contributions of these genes because both egl-15 and ina-1 have early 

essential roles in embryonic development and without these genes, animals are larval lethal. 

With systemic RNAi, it is unknown how much of the introduced dsRNA will be transferred into 

the embryos. On the other hand, with microinjections, concentrated doses of dsRNA can be 

introduced into the germline and the dsRNA can be directly processed within the embryo to form 

the active RNAi complex: a 21 nucleotide small interfering RNA (siRNA) bound to the RNA 

Induced Silencing Complex (RISC).  

In order to observe the RNAi effect properly, animals with specific genotypes had to be 

formed. This was done because it would be hard to distinguish animals that were mutant for both 

ina-1 and egl-15 from a population of animals affected with RNAi since both mutants are larval 

lethal with characteristic head defects. egl-15 dsRNA was injected into JDK34: ina-
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1(gm86)/qC1[dpy19(e1259), glp1(q339), qIs26(lag-2p::GFP, pRF4 (rol-6(su1006)))], pRF4 rol-

6(su1006)] III; ivIs17 [pGD31 (phat-1::YFP), pJM371 (elt-2p::H2B::tdTomato), pRF4 (rol-

6(su1006))] V. JDK34 strain segregates carriers of ina-1(gm86) with wild type phenotype and 

GFP in the distal tip cells (DTCs). The GFP is observed in L1 stages and is used to distinguish 

heterozygous animals from ina-1(gm86) homozygotes without the balancer which die as larvae 

and do not show GFP in the DTCs. qC1-GFP homozygous mutants are also lethal. ina-1 dsRNA 

was injected into JDK19: egl-15(ok2314) X, ivIs28/- [hlh-6::wCherry, pRF4 rol-6(su1006)] III, 

korEx1 [pGD632 (egl-15::EGL-15(5B)::GFP), pJH1774 (myo-3p::wCherry, pRF4 (rol-

6(su1006)), pBSII)]. JDK19 strain segregates homozygous egl-15(ok2314) animals with the 

rescuing construct of wild type EGL-15::GFP which live till adulthood and larval lethal siblings 

without the transgenic array. All progeny laid 6 hours post-injection were assumed to be affected 

with RNAi and animals without the GFP-balancer, therefore homozygous for the ina-1(gm86) 

allele, were to be analyzed for migration defects in animals injected with egl-15 dsRNA. For 

injections of ina-1 dsRNA in egl-15(ok2314) animals, progeny without the transgenic muscle 

marker, meaning animals without the rescuing EGL-15::GFP were to be quantitated.  

To form dsRNA of egl-15 and ina-1, the coding region of each gene was amplified from 

Ahringer lab cDNA library [Fraser et al., 2000; Kamath et al., 2003]. Fragments of 500bp to 2kb 

and dsRNA concentrations of 200-1000ng/μL are known to be optimal for RNAi in C. elegans 

[Ahringer, 2006]. Thus, originally, 410bp and 535bp dsRNA of egl-15 and ina-1 were formed 

from each coding region (Figure 2.2, 3.9A). Since ina-1(gm86) GFP-balanced strain expressed 

ivIs17 gland marker and ivIs28 gland marker was used in the rescuing EGL-15 strain, GD282 

and GD529, which carry ivIs17 and ivIs28 respectively, were good background replicates to test 

for a positive RNAi effect with egl-15 and ina-1 dsRNA. However, microinjections of the 
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dsRNAs at 1000ng/µL did not result in a knock-down of egl-15 and ina-1 function in GD282, 

ivIs17 [pGD31 (phat-1::YFP), pJM371 (elt-2p::H2B::tdTomato), pRF4 (rol-6(su1006))] V, nor 

GD529, ivIs28 [pGD623 (hlh-6(long)::wCherry), pRF4 (rol-6(su1006))] III, respectively. Two 

potential reasons for this are: one, low concentration of the introduced dsRNA and two, the 

introduced dsRNA is not long enough.  

We addressed the first potential problem by increasing the concentration of injected 

dsRNA from 1000ng/µL to 2000ng/µL. Although the recommended concentration of dsRNA is 

up to 1000ng/µL [Ahringer, 2006], both egl-15 and ina-1 are strongly expressed in the embryos 

with likely maternal contributions of the genes, indicating a strong dose of dsRNA is needed to 

cause proper knock-down of the genes. Also, concentration of 2000ng/µL egl-15 dsRNA was 

known to have worked previously, causing larval arrest and g1p over-migration (Jay Kormish, 

personal communication). However, 2000ng/µL of 410bp egl-15 and 535bp ina-1 dsRNA still 

did not show any RNAi induced phenotype.  

Next, to see if the length of the dsRNA was the issue, we amplified the entire inserted gene 

fragment within the Ahringer cDNA vector (L4440) and took it to transcription. Primers outside 

of the flanking copies of the bacteriophage T7 promoter in the Ahringer cDNA plasmid, between 

which the gene of interest resides, were used to form 1156bp and 1199bp dsRNA of egl-15 and 

ina-1 respectively (Figure 3.9B). The longer sets of dsRNA still did not produce a strong loss of 

function in RNAi results. Figure 3.9B shows empty L4440 vector, ina-1, and egl-15 dsRNA. 

Each gene was shown in three lanes, successively more diluted with water. L4440 dsRNA, made 

for negative control RNAi, showed all three bands in relatively similar position at ~200bp 

location rather than at its expected position of at 419bp. This is likely the correct L4440 dsRNA 

band because the RNA ladder ran on the gel is ssRNA ladder. ssRNA runs slower though an 
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agarose gel than dsRNA because it has half the charge. When ssRNA ladder was run alongside 

dsDNA ladder, ssRNA ran slower than the dsDNA [Maxwell Burg, Personal Communication].  

Both egl-15 and ina-1 transcribed RNA showed an unusual migration (Figure 3.9B).  In 

the most concentrated lanes, two bands were seen: one in the lower 200bp region and the upper 

band closer to the expected band size at ~500-1000bp. In the middle lane, however, the supposed 

contaminations were visualized closer to the upper bands. The RNAs were diluted in ultrapure 

water and was loaded unto the gel with the RNA gel loading buffer. The RNA gel loading buffer 

contains formamide which can stabilize RNA by deionization and disrupt hydrogen bonding 

between the nitrogen bases and prevent secondary structures in ssRNAs [Chomczynski et al., 

1992]. Because the same amount loading buffer was used to load all dilutions of the RNA onto 

gel, RNA was exposed to more formamide with each dilution. Thus, it is likely that in 

concentrated lanes, the lower contaminating band visualized is actually ssRNA (Figure 3.9B). As 

the ratio of formamide to RNA mixture increased with each dilution, secondary structure 

formation was further suppressed and only a single band was observed on the most dilute lane. It 

is assumed that the higher band contains the desired double stranded form of egl-15 and ina-1 

RNA because if they were ssRNA without secondary structures, they would run closer to the 

expected band sizes since the ladder is also ssRNA. However, the upper bands, except for the 

most diluted version of egl-15, all ran further than the expected, likely because they are double 

stranded.  

Although re-annealing was done to ensure dsRNA product was properly formed, the two 

bands seen in the gel indicated that a significant portion of unannealed ssRNA existed in the 

mixture (Figure 3.9B). This could be due to one T7 promoter working more efficiently than the 

other. Whether it is sense or anti-sense strand, one strand is catalytically favored in transcription 
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and made in excess compared to its partner strand. On its own, the excess ssRNA is free to form 

secondary structures and behave differently on the agarose gel compared to the dsRNA. Neither 

egl-15 nor ina-1 dsRNA formed this way was able to cause RNAi effect.  

Finally, new primers were made (oJDK0149-oJDK0152) and this time one reaction was to 

be taken through with the T3 RNA polymerase and the other with the T7 RNA polymerase. The 

sense and antisense strands of ssRNAs were made separately so that equal molar amounts could 

be added together to encourage formation of dsRNAs. The re-annealed products were run on a 

gel alongside the ssRNAs (Figure 3.9C). Unfortunately, the gel did not show good re-annealing 

of the two strands and the products were not yet injected. Thus, it is unclear whether this 

approach will yield better quality dsRNA to elicit a strong RNAi effect. Furthermore, it is 

possible that RNAi was happening but we were simply unable to observe a phenotype. To test 

for this, in the future, reverse transcription PCR (RT-PCR) can be performed after RNAi.  

 

3.6 ina-1/α-integrin coding region cloning 

A rescuing construct of ina-1 was desired because the construct can be manipulated in 

various ways to gain insight into the protein’s function such as its domain requirement and tissue 

specificity. Other groups have used translational GFP fusion construct of genomic ina-1, 

including 5kb upstream sequence, to rescue lethal ina-1(gm86) mutants. Correct expression of 

this construction was confirmed through comparison to patterns of INA-1 antibody staining 

[Baum and Garriga, 1997; Meighan and Schwarzbauer, 2007]. The construct used by the Garriga 

research group was unavailable so re-creation of this construct was necessary. Due to the large 

size of the ina-1 locus (9436bp), the coding region (4374bp) and promoter region (5062bp) were 

to be amplified separately from genomic DNA to make the cloning process easier. There is 
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higher likelihood of shorter fragments to be formed from PCR free of errors and shorter 

fragments will also ligate more easily into the desired backbones compared to larger fragments. 

Finally, smaller vectors are easier to transform than bigger ones.  

The entire ina-1 coding region was PCR amplified from the start codon to just before the 

stop codon (4374bp) in one reaction. The stop codon of ina-1 coding region was removed in 

order to insert the ina-1 coding region in frame to GFP plasmid vector, pPD95.75 (vector 

generated by the laboratory of Andrew Fire) (Figure 2.1), to visualize the protein in transgenic 

animals. The other fusion fragment, which includes the start site of GFP from pPD95.75 was also 

successfully amplified. The two sequences with complementary primer overhangs were added in 

equal molar ratio for fusion PCR (Figure 3.10A). The long resulting product was gel extracted 

and digested with BamHI/XhoI alongside pPD95.75 GFP plasmid. The digested products were 

ligated 1:3 vector to insert molar ratios and transformed, but none of the resulting colonies were 

found to carry the correct insert. This may have been due to star activity during digestion of the 

backbone plasmid since single digestion of pPD95.75 with XhoI showed a faint band near 

2000bp (Figure 3.10B). Although the non-specific band was not found in the double digest 

product in lane 5, there is a possibility that the star activity also occurred for the double digest 

product, creating a smaller backbone than required. Although only the bigger correct band was 

cut out and purified during gel extraction, contamination of the smaller product could have 

occurred and ligation with this vector may have been favored compared to the other. Self-

ligation of backbone may also have been present in a small percentage although alkaline 

phosphatase treatment was done to ensure otherwise.  
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Figure 3.1  DIC images of (A) wild type, (B) egl-15(ok2314), and (C) ina-1(gm86) animals, heads are facing left. Wild type 

animals display a smooth head morphology while egl-15(ok2314) animals have a chisle-shaped head with small bumps or 

protrusions located in the anterior third of the head region (grey arrow in B). ina-1(gm86) animals display a notched head 

phenotype (grey arrowhead in C). Scale bar is 10μm. 
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>EGL-15 (5B) 1040AA 

 

MSYFLASCLGVGLLS 

TVSCSLQGLTSHYRENIPRFKHVANERYEVFLGDEIKFDCQTAASKISAF 

VEWYRNDKLLKNDQIDKDKIRKDNNRMMLHLKNIDVSDQGLWSCRVHNAY 
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Figure 3.2  Amino acid sequence of EGL-15(5B) from WormBase and domains of the receptor are labelled accordingly. 

Wormbase. http://www.wormbase.org 
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Figure 3.3  Schematic diagram of EGL-15(5B) plasmid constructs for FGFR domain specific rescue experiment. pGD632 is the 

full wild type construct of EGL-15(5B), pGD670 has a single amino acid change at amino acid Y1009F, the predicted SEM-

5/GRB-2 binding site, pGD671 has transmembrane and intracellular domain deletion from AA 508-1040, pGD672 has 

intracellular domain deletion from AA 562-1040, and pGD673 has kinase domain deletion from AA 632-928. All constructs are 

driven the full-length egl-15 promoter [Bulow et al., 2004] to mimic endogenous expression.  The GFP tag contains four copies 

of GFP with short intervening linkers for visualization of protein expression. 
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Figure 3.4  Embryonic expression of EGL-15(5B)::GFP plasmid constructs near the time point of gland cell migration at 1.5 fold 

stage C. elegans embryos. VC1782, +/szT1[lon-2(e678)] I, egl-15(ok2314)/szT1 X, animals were injected with pGD632 (wild 

type EGL-15(5B)::GFP), pGD670 (Y1009F SEM-5 EGL-15(5B)::GFP), pGD672 (intracellular Δ EGl-15(5B)::GFP) or pGD673 

(kinase Δ EGL-15(5B)::GFP). The head of the animal is to the left and the body of the animal is outlined in grey according to the 

corresponding DIC image.  
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Figure 3.5  Distribution of g1p position in relation to muscle cells for domain specific EGL-15/FGFR rescue experiment at 20°C. 

VC1782: +/szT1[lon-2(e678)] I, egl-15(ok2314)/szT1 X, animals were injected with pGD632 (wild type EGL-15(5B)), pGD670 

(Y1009F SEM-5 EGL-15(5B)), or pGD673 (Kinase Δ EGL-15(5B)), with pRF4 rol-6(su1006) and pJH1774 myo-3p::wCherry to 

mark transgenesis. Stable carriers, or extrachromosomal array expressing progeny isolated at least two generations subsequent to 

the injected mothers, were crossed into ivIs28 [hlh-6::wCherry; rol6(su1006)] gland marker background and egl-15 larval lethal 

progeny showing distinct head defects were observed for their g1p location. Around 80 egl-15(ok2314) null mutants (black bars) 

not carrying the transgenic array and the same number of its transgenic siblings (grey bars) were counted. Their g1p location 

were given numerical value according to the pharyngeal muscle group with which the g1p cell was associated with after hatching 

(i.e., pm=3, pm4=4, …, pm7=7, intR=8, int=9); pm: pharyngeal muscle, intR: intestinal ring, and int: intestine. The solid lines 

indicate weighted averages and p-values are calculated from two tail t-test with unequal variance. egl-15 mutants expressing 

pGD671 (transmembrane and intracellular Δ EGL-15(5B)) and pGD671 (intracellular Δ EGL-15(5B)) are slow-growing and 

lethal at 20°C. Because pGD632 and pGD670 can rescue the lethality of egl-15(ok2314) these strains were maintained as 

homozygotes and the resulting over-migration defect is slightly worse in this background (A) than the progeny from 

heterozygous balanced parents shown in (B).  
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Figure 3.6  Distribution of g1p position in relation to muscle cells for domain specific EGL-15/FGFR rescue experiment at 15°C. 

VC1782, +/szT1[lon-2(e678)] I, egl-15(ok2314)/szT1 X, animals were injected with pGD632 (WT EGL-15(5B)), pGD670 (Y1009F 

SEM-5 EGL-15(5B)), pGD672 (intracell. Δ EGl-15(5B)) or pGD673 (kinase Δ EGL-15(5B)), with pRF4 rol-6(su1006) and pJH1774 

myo-3p::wCherry to mark transgenesis. (A) Because pGD632 and pGD670 are rescuing and the mothers are homozygous for egl-

15(ok2314), these populations can be directly compared. (B) Heterozygous animals with non-rescuing plasmid constructs: the top panel 

shows the balanced egl-15 mutant background without a transgene followed by pGD672 and pGD673 expressing transgenics. At 15°C, 

over-migration phenotype is not as prominent. Thus, unlike the results at 20°C, the maternal supply of egl-15 activity is indistinguishable 

between the populations. Stable carriers of the extrachromosomal array were crossed with ivIs28 [hlh-6::wCherry; rol6(su1006)] gland 

marker and egl-15 larval lethal progeny showing distinct head defects were observed for their g1p location. Around 80 egl-15 (ok2314) 

null mutants (black bars) and the same number of its transgenic siblings (grey bars) were counted. Their g1p location were given 

numerical value according to the pharyngeal muscle group with which it associates (pm=3, pm4=4, …, pm7=7, intR=8, int=9). pm: 

pharyngeal muscle; intR: intestinal ring; int: intestine. The solid lines indicate weighted averages and the p-values were calculated using 

a two tail t-test with unequal variance. egl-15 mutants expressing pGD671 (transmembrane  and intracellular Δ EGL-15(5B)) are slow-

growing and lethal with ivIs28 gland marker at 15°C.  
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Figure 3.7  Fluorescent image of g1p cell body position (arrow) in wild type and egl-15(ok2314) null L1 larval mutants expressing 

different EGL-15(5B) domain mutated extrachromosomal arrays and gland markers that were individually crossed in with ivIs28 males 

[hlh-6::wCherry; rol6(su1006)]. GD529, ivIs28, is the wild type strain expressing the gland cell reporter only. Heterozygous egl-

15(ok2314) strain (VC1782), is injected with 20ng/µL of egl-15p::EGL-15::GFP variant (pGD632, pGD670-673), with 40ng/µL pRF4 

rol-6(su1006) and 20ng/µL pJH1774 myo-3p::wCherry to mark transgenesis. Transgenic animals carrying extrachromosomal arrays 

show a relatively comparable expression level of the myo-3p::wCherry transgenic marker of red body wall muscles while wild type and 

purely egl-15(ok2314) animals do not show muscle expression of wCherry. Larval head is outlined in grey and facing left and pharynx 

indicated with dotted outline. Scale bar is 10μm. 
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Figure 3.8  Tissue specific EGL-15(5B) rescue experiment. Top left: Embryonic expression of EGL-15(5B)::GFP plasmid 

constructs near the time point of gland cell migration at 1 1/2 fold C. elegans embryos. VC1782, +/szT1[lon-2(e678)] I, egl-

15(ok2314)/szT1 X, animals were injected with pJDK1 (hlh-1p::EGL-15(B)::GFP), or pJDK2 (elt-1p::EGL-15(B)::GFP) along 

with carry pRF4 rol-6(su1006) and pJH1774 myo-3p::wCherry to mark transgenesis. The head of the animal is to the left and the 

body of the animal is outlined in grey according to corresponding DIC images. Top right: Distribution of g1p position in relation 

to muscle cells in tissue specific EGL-15/FGFR rescue experiment at 20°C. egl-15 larval lethal progeny showing distinct head 

defects were observed for their g1p location. Around 80 egl-15 (ok2314) null mutants (black bars) and the same number of its 

transgenic siblings (grey bars) were quantified for gland cell migration defects. Their g1p location were given numerical value 

according to the pharyngeal muscle group with which the g1p associates (i.e., pm=3, pm4=4, …, pm7=7, intR=8, int=9). pm: 

pharyngeal muscle; intR: intestinal ring; int: intestine. The solid lines indicate weighted averages and p-values are calculated 

using a two tail t-test with unequal variance. Bottom: Fluorescent image of g1p cell body position (arrow) of wild type and egl-

15(ok2314) null L1 larval mutants. Transgenic animals carrying extrachromosomal arrays with tissue specific EGL-15 show 

expression of red muscle marker while WT and purely egl-15(ok2314) animals do not show any muscle expression of wCherry. 

However, evidence of EGL-15 construct expression is seen in top right. Gland cells of animals are visualized by ivIs28 gland 

markers [hlh-6p::wCherry; rol6(su1006)]. Larval head is outlined in grey and facing left; pharynx indicated with dotted outline. 

Scale bar 10μm. 
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Figure 3.9  Agarose gel of egl-15 and ina-1 dsRNA (A) short dsRNA of egl-15 and ina-1. DNA templates for T7 RNA 

polymerase PCR amplified from Ahringer lab cDNA clones [Fraser et al., 2000; Kamath et al., 2003] for egl-15 and ina-1 using 

oJDK35/36 and oJDK37/38, respectively. dsRNA was formed using  an in vitro transcription kit. Expected band sizes are 

recorded on top of each band. (B) long dsRNA of L4440, ina-1 and egl-15 diluted ½  fold each lane (~6000ng, 3000ng, and 

1500ng). Standard T7 RNA polymerase transcription kit and oGD0030-oGD0031 primers are used for all three reactions. All 

products are taken through re-annealing before running on the gel. As ina-1 and egl-15 is diluted in higher amounts, dsRNA is 

closer to its expected sizes indicated by the slower moving  bands. This is likely due to higher exposure to formamide that is 

within the RNA gel loading buffer. Formamide reduces secondary structure. Two bands seen in lane 5 and lane 8, support the 

presence of ssRNA with secondary structure in majority. (C) long dsRNA of ina-1 and egl-15  formed by synthesizing two 

ssRNA separately with T3 and T7 RNA polymerase, then annealing them together in equal molar amounts (image B and C 

provided by Maxwell Burg).  Compared to T7 ssRNAs, T3 ssRNAs show band sizes closer to the expected lengths.  T7 ssRNAs 

and dsRNAs migrated further than expected. Two bands are seen in egl-15 dsRNA, indicating that the T3 and T7 strands did not 

anneal to each other properly. The RNA ladder is ssRNA. 

1000bp 
  

1000bp 
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Figure 3.10  Agarose gel showing fusion PCR cloning of ina-1 coding region. (A) Lane 1 is DNA ladder. Lane 2 is a PCR 

fragment from pPD95.75 GFP encoding vector that will act as backbone to ina-1 coding region. It includes start codon of GFP 

and ends past XhoI digest site. Lane 3 is PCR product of ina-1 coding region, from ATG start site to right before the stop codon. 

Lane 4 is a fusion PCR product of the two previous products. (B) Lane 2 and 3 is BamHI and XhoI digest of pPD95.75 

respectively. Lane 5 shows double digest of pPD95.75 with BamHI and XhoI. Arrow indicates star activity.    
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4 Discussion  

 

4.1 Kinase domain of EGL-15 is important for terminating g1p migration 

pGD632, carrying the full wild type EGL-15(5B) encoding gene under the control of the 

full egl-15 promoter was sufficient to fully rescue the over-migration phenotype in egl-

15(ok2314) null mutants. Embryonic expression of EGL-15(5B)::GFP during gland cell 

migration was in the head muscle, hypodermis, and the vulva precursors as expected (Figure 3.5, 

3.6, 3.7). This suggests that pGD632 is available to signal termination of g1p migration during 

gland cell migration and rescue lethality of egl-15(ok2314) animals. There are multiple reasons 

why I believe pGD632 successfully mimics endogenous function of wild type EGL-15(5B). 

Although the injected extrachromosomal plasmid constructs are likely expressed in 

concentrations higher than normal, figure 3.4 shows that much of the proteins contained may be 

cytoplasmic. EGL-15/FGFR is membrane spanning receptor kinase protein and it is only active 

at the membrane. Thus, much of the transgenic EGL-15(5B)::GFP that is expressed in the 

cytoplasm is not able to signal and impact gland cell migration. However, over-expression of 

transgenes which can lead to over-activation of EGL-15(5B) may be unavoidable when working 

with extrachromosomal arrays. Previously, constitutively active EGL-15(neu*) [Polanska et al., 

2009] which has a gain-of-function mutation, causes artificial dimerization and activation of 

EGL-15 receptor and was determined not to cause migration defects, indicating that the over-

expression will not impact gland cell migration [Kormish et al., in prep]. One additional way to 

confirm that the high expression of pGD632 does not affect gland cell migration, is to introduce 

the EGL-15(5B)::GFP constructs into wild type animals already expressing regular levels of 

EGL-15(5B) rather than egl-15(ok2314).  
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Animals carrying pGD670 which has a missense mutation in the SEM-5/GRB-2 binding 

site within the intracellular C-terminal domain of EGL-15 was able to rescue gland cell 

migration defect like the pGD632 EGL-15(5B) construct (Figure 3.5, 3.6, 3.7). On the other hand, 

pGD672 and pGD673 transgenic animals expressing the intracellular and kinase domain deleted 

EGL-15(5B) constructs, showed no change in g1p over-migration when compared to transgene 

negative egl-15(ok2314) mutants (Figure 3.5, 3.6, 3.7). These results indicate that kinase domain 

of the intracellular region of EGL-15(5B) is required for proper g1p cell migration during 

embryonic C. elegans pharynx development. EGL-15 receptors activate their kinase domain at 

the plasma membrane after forming dimers and auto-phosphorylating themselves. Zoom in 

pictures of transgenic embryos at high magnification (100x objective) indicated the presence of 

EGL-15(5B)::GFP variant constructs at the plasma membrane (Figure A2). This result can be 

strengthened if the embryos are observed at even higher magnification. In future experiments, 

membrane markers can be expressed under egl-15 promoter to see if the fluorescence aligns with 

the EGL-15(5B)::GFP plasmid constructs. Also, observing gland migration phenotypes of 

animals with n1476 (D815N) and n1455 (R892I) egl-15 mutant alleles, which have substitution 

mutations that alters a residue conserved in all kinases, and in many tyrosine kinases including 

all FGFRs, respectively, will further confirm that the kinase activity is controlling g1p migration 

rather than the deletion present in pGD673 [Hanks and Quinn, 1991; Goodman et al., 2003].  

Previously, signalling molecules from all four major signal pathways of EGL-15, 

Ras/MAPK, phospholipase-Cγ(PLCγ)/Ca2+, phosphatidylinositide 3-kinases(PI3K)/Akt, and 

CBL/SLI1 mediated ubiquitinylation pathway, were tested to find which signalling pathway is 

activated by EGL-15(5B) in order to regulate gland cell migration [Polanska et al., 2008; Jay 

Kormish, personal communication]. However, signalling molecules that are relatively high up in 
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each molecular pathway were determined not to take part in g1p migration because animals with 

the predicted null mutation in these signalling molecules showed wild type gland cell positions. 

Signalling molecules that were tested include AGE-1/PI3K, PLC-3/PLCɣ, SLI-1/CBL, LET-

60/RAS, CED-10/RAC, and PKC-1/PKC (Figure 1.9). These results suggest that egl-15 is not 

simply acting through a single signal pathway and may be signalling through multiple pathways 

that are acting redundantly to mask the phenotype in these genetic backgrounds. It may also be 

acting through a less well-defined pathway. Mutants that have double or even triple knock-

downs of the signalling molecules will help determine which redundant pathways EGL-15(5B) 

signals to control gland cell migration. Forward genetic screens that identified gland cell over-

migration defects, being undertaken by other members of the Kormish laboratory, may provide 

clues to the downstream pathways involved. 

 

4.2 Transgenic animals are temperature sensitive 

15°C and 20°C are both normal temperatures for C. elegans growth. It was preferable to 

work with C. elegans at 20°C because their lifecycle is faster at the higher temperature which 

means less waiting time to carry out experiments. More importantly, previous gland cell 

migration studies were carried out at 20°C and the aim of these experiments was too make the 

study as comparable to previous research results as possible (Figure 1.6, 1.10) [Kormish et al., in 

prep]. All environmental conditions were to be mimicked in order to directly compare the results 

with the previous data. However, although with the exception of the extrachromosomal arrays, 

pGD671 and pGD672 expressing transgenic animals possessed the same genetic background at 

pGD632 and pGD670, yet the former strains displayed lethality at 20°C. In fact, pGD671 and 

pGD672 could only be maintained at 15°C. This indicated the temperature sensitivity of 
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transgenic animals. At 15°C, due to slower development, the embryo may have had more time 

for activation of redundant pathway to rescue the egl-15 deficiency. This redundancy may be the 

reason why it is so difficult to determine the intracellular signalling pathway activated by EGL-

15(5B) to regulate gland cell migration.  

In addition to the viability of egl-15(ok2314) transgenic animals, gland cell migration 

within them is also temperature sensitive. Although p-values still indicate statistically significant 

difference between wild type animals and egl-15(ok2314) animals at 15°C, over-migration defect 

is diminished compared to the higher temperature (Figure 3.5, 3.6). It is interesting to note that 

gland migration is always linked with viability of the animal. pGD632 and pGD670, rescuing 

constructs of EGl-15(5B), recover the lethality of egl-15(ok2314) mutants as well as the over-

migration of g1p past the terminal pharyngeal bulb. Thus, one could start to wonder whether 

termination of gland cell migration is a “side-effect” of other essential programs run by the 

proteins during embryonic development. This is not to suggest, however, that the gland cells do 

not undergo active migration during pharynx development. Previous live video imaging has 

shown that the gland cells actively move past their sister cells born near the same area [Kormish 

et al., in prep]. Rather, it indicates the possibility of passive termination of gland cell migration. 

To illustrate, as tissues are organized and glued into their final positions to form the C. elegans 

pharynx organ, gland cells may be physically unable to migrate further. This passive termination 

is enhanced in cooler temperatures. Cell-cell adhesion and interaction can be mediated by 

integrin. Cloning of ina-1 and observing its location of function through tissue specific rescue 

experiments of ina-1(gm86) mutants will potentially help further clarify how g1p migration is 

terminated. Although the first attempts of ina-1 cloning were unsuccessful, in the future, ina-1 
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can be broken up into even smaller pieces to be added into the GFP encoding backbone vector 

sequentially. XhoI digest site should be avoided in case of star activity. 

 

4.3 EGL-15(5B) must be expressed at specific time and space to rescue gland cell over-

migration  

Tissue specific rescue experiments indicate that EGL-15(5B) does not function in the head 

muscles of a developing C. elegans embryo in order to signal gland cell migration. The results 

are inconclusive for hypodermal promoter (elt-1p) EGL-15(5B) since it was not expressed in the 

hypodermis when the gland cells migrate as was initially expected. Past literature indicates that 

elt-1 is expressed in all hypodermal cells before the comma stage (Figure 1.2) [Smith et al., 2005] 

and 1.5 fold embryonic expression of elt-1p::EGL-15(5B)::GFP was observed in retrovesicular 

ganglion rather than the hypodermis. This result can be used to conclude that an earlier role of 

EGL-15 in hypodermis is not required for preventing gland cell over-migration. In the future, 

genes that are expressed at the hypodermis consistently throughout the time of gland migration 

should be used to test whether or not EGL-15 functions in the hypodermis to control gland cell 

migration. Potential candidates are promoters of dpy-7, elt-3 and lin-26 genes [Bulow et al., 2004; 

Gilleard and McGhee, 2001]. On the other hand, it is possible that EGL-15 is supplied from 

multiple tissues. Mixture of different tissue specific EGL-15(5B) constructs could be expressed 

simultaneously in egl-15(ok2314) animals to observe for g1p over-migration rescue. Previous 

results showed partial but statistically significant rescue of over-migration defect in hlh-

6p::EGL-15::GFP expressing egl-15(ok2314) animals, indicating that the protein can function in 

the gland cells to control migration but require additional signalling from other tissues (Figure 

1.10). Although GFP expression of EGL-15(5B) is absent within the pharynx and the gland cells, 
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the presence of EGL-15(5B) in these tissues could simply be below detection. There is precedent 

for this phenomena, since a recent paper recorded that EGL-15 activity is required in the 

intestine during embryonic development to regulate the localization of vang-1, the only known C. 

elegans ortholog of planar cell polarity gene (Strabismus/Van Gogh), although previous 

expression study by immunofluorescence and egl-15 reporter construct could not detect the 

receptor in the intestine [Hoffmann et al., 2010].  

 

4.4 RNAi troubleshooting 

Different lengths and concentrations of egl-15 and ina-1 dsRNA were formed in order to 

cause a potent RNAi knock-down in C. elegans embryos. However, none of the prepared dsRNA 

was able to cause RNAi effect. The agarose gel indicates the presence of ssRNA, especially in 

the long egl-15 and ina-1 dsRNA stocks (Figure 1.9B, C). In the most concentrated lanes of ina-

1 and egl-15, the intensity of the lower bands, predicted to be denatured ina-1 and egl-15 ssRNA, 

is higher than the upper bands, likely the desired dsRNA (Figure 1.9B, lane 4 & 7). This 

indicates that much of the injected RNA was single-stranded which will not induce RNAi effect. 

Once dsRNA from ssRNAs was formed separately by T3 and T7 polymerase was visualized on 

the gel, we determined that the re-annealing step performed after each RNA transcription 

reaction was the issue (Figure 1.9C). The dsRNA of ina-1 and egl-15 formed from equal molar 

transcripts of ssRNA showed two separate bands, indicating that the two products did not anneal 

to each other well. In re-annealing, RNAs are placed in near boiling water for a short amount of 

time to take apart all potentially bound RNA strands. The cooling of re-annealing step is when 

the sense and antisense ssRNAs find their partners and anneal. To improve upon this process, a 

longer re-annealing time should be used to better facilitate high quality annealing.  
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5 Conclusion and Future Directions 

 

5.1 Summary 

Single protein units such as FGFR and integrin must take on multiple roles to properly 

signal growth and organization. It may take years or even lifetimes before we can fully 

appreciate and understand all of its brilliance. This study set out to understand the molecular 

mechanism of egl-15/FGFR and ina-1/α-integrin during the pharyngeal development of C. 

elegans embryo. Results indicate that the kinase domain of EGL-15 is significant for properly 

signalling the termination of gland cell migration within the pharynx.  

 

5.2 Exploring the involvement of β-integrin, pat-3 

Neither pat-2 nor pat-3 was observed to take part in gland cell regulation (Figure 1.6). It is 

not surprising to find that pat-2 mutation is unable to cause an over-migration phenotype since it 

is another α-integrin like ina-1. However, α-integrin potentially acting without its sole full β-

integrin partner in C. elegans, pat-3, is unlikely. Previous study in Drosophila showed that in the 

absence of β integrin, the α subunits were not expressed at the cell surface indicating that the 

dimer form is required in the golgi apparatus for the proteins to be properly recruited to the 

membrane [Leptin et al., 1989]. Thus, integrin is known to be an obligate heterodimer and three 

possible explanations to pat-3 mutants not showing similar phenotype as ina-1 mutants are: 1) 

maternal contribution of PAT-3 rescues migration defects, 2)  the requirement of  C05D9.3, a 

truncated and uncharacterized β-integrin like protein, is interacting with INA-1 instead of PAT-3, 

and 3) INA-1 is negatively regulating PAT-2/PAT-3 function. Preliminary results through RNAi 

with pat-3 and C05D9.3 dsRNA indicates that there is no maternal contribution of pat-3 and 
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C05D9.3 does not substitute as the β-integrin partner for ina-1 [Maxwell Burg, personal 

communication]. RNAi injections are currently taking place to knock-down pat-3 in ina-1(gm86) 

mutants. If ina-1 is negatively regulating PAT-2/PAT-3 complex, ina-1(gm86) progeny will 

show a rescue of the ina-1 over-migration defect in ina-1(gm86) pat-3(RNAi) mutant 

background. However, if the mutation continues to persist in the double mutant animals, it 

indicates the possibility of ina-1 acting independently of pat-3. This has been previously 

speculated during embryonic muscle cell extension in C. elegans [Viveiros et al., 2011]. 

Expression data of PAT-3 and INA-1 indicate that these proteins are present in the pharynx 

during gland cell migration (Figure A3). It is interesting to note that there is a high expression of 

PAT-3 within all of the embryonic head of the animal while INA-1 expression is concentrated 

throughout the pharynx. The difference may seem minimal but integrin can cause a cascade of 

effects by organizing the internal structures of the cell through cytoskeleton organization, and the 

external environment as well through ECM arrangement. To grasp the full scope of integrin 

function, further studies are needed to be done. Visualization of ECM proteins and actin-myosin 

cytoskeleton in ina-1 and pat-3 mutants will be helpful in starting to better understand integrin 

function.  

 

5.3 Potential role of ECM in regulating gland cell migration 

When RNAi was performed to knockdown a key component of the basement membrane, 

unc-52 or perlecan, results indicated that unc-52 does not participate in the gland cell migration. 

UNC-52 is expressed near the time point of gland cell migration and acts as a key component to 

initiate proper muscle attachment to the hypodermis [Viveiros et al., 2011]. Antibody staining 

shows UNC-52 expression near the terminal pharyngeal bulb and even though this protein is 
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expressed at the right time and place to function as an integrin receptor it appears not to play an 

essential role. More than 300 arrested unc-52 depleted embryos were counted and found to have 

wild type gland cells suggesting that [Maxwell Burg, personal communication].  

RNAi on epi-1, one of two C. elegans laminin α chains, suggest that laminin may regulate 

gland cell placement within the pharynx. In the observed epi-1 RNAi affected larval animals, a 

small percentage (6.8%) of over-migration defects was observed but this may be an 

underestimate because many laminin mutants are embryonic lethal and embryos were 

unaccounted for. Laminin is crucial for the formation of the pharynx and for pharynx-intestine 

attachment [Rasmussen et al., 2012; Rasmussen et al., 2013]. Studies are currently being 

performed in the Kormish lab to confirm the possibility of laminin participation using a genetic 

null mutant for lam-1. lam-1 encodes a laminin β protein in C. elegans and lam-1 mutant strains 

are trying to be crossed with fluorescent gland markers to observe for gland cell migration 

defects. Preliminary observation of lam-1 mutants showed a possible linkage between lam-1 and 

egl-15 for lam-1 animals seemed to possess egl-15 like head. To confirm the possible interaction, 

qPCR and expression pattern of laminin should be observed in egl-15 and ina-1 mutant 

backgrounds. Moreover, other components of the ECM such as syndecan and collagen should 

also be tested for their potential involvement in gland cell migration. 

 

5.4 Proposed Model 

It is surprising to find so many common phenotypic traits in egl-15 and ina-1 mutants. 

Animals that are null for either ina-1 or egl-15 show head muscle defect, gland cell over-

migration defect and also larval lethality. Therefore, it is likely that there is a direct linkage in the 

actions of EGL-15 and INA-1 during embryonic development of C. elegans. I do not favor the 

idea of EGL-15 and INA-1 signalling through independent pathways to induce proper embryonic 
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development because when preliminary results of ina-1p::INA-1::GFP expression in the 

embryonic C. elegans is analyzed in comparison to egl-1p::EGL-15(5B)::GFP expression, there 

is not a high-overlap between the two proteins (Figure 3.4, A3). This indicates that the potential 

spatial realm of influence by the two proteins is quite different in the developing embryo. 

However, since the loss of egl-15 or ina-1 result in similar phenotypes, the two proteins are 

suspected to work together in a single molecular pathway. If FGFR and integrin are functioning 

to regulate g1p migration from different tissues, FGFR and integrin could be relaying 

information through an intermediate such as the extracellular matrix (ECM). Forward genetic 

studies are being performed to find these other players in promoting proper gland cell migration. 

I do not suspect laminin to be the intermediary ECM protein because laminin takes a very 

significant role in the development of the C. elegans pharynx [Rasmussen et al., 2012], and the 

pharynx itself appears to be wild type in egl-15 and ina-1 mutants. Rather, I speculate that 

laminin’s organization around the pharynx [Rasmussen et al., 2012] will impact the ECM 

structure around the pharynx in such a way that could activate EGL-15 in nearby tissues. Since 

the kinase domain of EGL-15 was found to be significant for the proper gland cell migration, the 

intracellular signalling cascade activated by EGL-15 during pharynx formation could be linked 

to inducing INA-1 activity through process such as transcriptional activation. Integrin has been 

previously proven to be regulated at a transcriptional level and FGFR can affect transcription by 

activating certain intracellular signalling pathways such as the MAPK pathway [Meighan and 

Schwarzbauer, 2007; Polanska et al., 2009].  Therefore, it is speculated that during gland cell 

migration, laminin organization around the pharynx will impact the ECM in such a way that 

EGL-15 activation is favorable and transcription of ina-1 is activated by EGL-15. It is unknown 

if the migratory stop signal is regulated with ina-1 mRNA or INA-1 protein. INA-1 activity may 
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be required in the gland cells to dissociate active migratory components such as the actin 

complexes found in lamellipodia. Or, INA-1 protein may be present in the gland cells to grab a 

hold onto nearby surroundings and cause a physical stop.   
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Figure A1  Distribution of g1p position in relation to muscle cells for second transgenic line in domain specific EGL-15/FGFR 

rescue experiment. VC1782, +/szT1[lon-2(e678)] I, egl-15(ok2314)/szT1 X, animals were injected with pGD632 (WT EGL-

15(5B)), pGD670 (Y1009F SEM-5 EGL-15(5B)), or pGD672 (Intra. Del. EGL-15(5B)), with pRF4 rol-6(su1006) and pJH1774 

myo-3p::wCherry to mark transgenesis. Stable carriers (at least two generations after) of the extrachromosomal array were 

crossed with ivIs28 [hlh-6::wCherry; rol6(su1006)] gland marker and egl-15 larval lethal progeny showing distinct head defects 

were observed for their g1p location. Around 80 egl-15 (ok2314) null mutants (black bars) and the same number of its transgenic 

siblings (grey bars) were counted. Their g1p location were given numerical value according to the pharyngeal muscle group it 

associates (pm=3, pm4=4, …, pm7=7, intR=8, int=9). pm: pharyngeal muscle; intR: intestinal ring; int: intestine. See table A1 

for weighted averages and p-values calculated using the two tail t-test with unequal variance.  

 

Table A1. g1p location averages and p-value of two egl-15(ok2314) sibling population from the 

second transgenic line in domain specific EGL-15(5B) rescue experiment. p-values are 

calculated using the two tail t-test with unequal variance. 

Extragenic array Average p-value 

egl-15(ok2314) egl-15(ok2314)+plasmid 

korEx7 (pGD632) 20°C 8.5 7.0 7.5x10-43 

korEx7 (pGD632) 15°C 7.5 7.0 4.9x10-10 

korEx10 (pGD670) 15°C 7.6 7.0 4.5x10-8 

korEx11 (pGD672) 15°C 7.5 7.4 0.8 

 

Table A2. Transgenic frequency of EGL-15/FGFR domain specific plasmid expressing animals 

Transgenic Strain Transgenic Frequency % (n=50) 

korEx1 (pGD632) 82 

korEx7 (pGD632) 68 

korEx2 (pGD670) 60 

korEx3 (pGD672) 40 

korEx11 (pGD672)  64 

korEx4 (pGD673) 64 

korEx5 (pJDK1) 54 

korEx6 (pJDK2)  58 
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Figure A2  Zoom in of embryonic expression of EGL-15(5B)::GFP variant (refer to figure 3.4 and 3.8). Grey arrows indicating 

location of EGL-15(5B) variants at the plasma membrane. 
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Figure A3  Embryonic expression of ina-1p::INA-1::GFP and pat-3p::PAT-3::GFP plasmid constructs near the time point of 

gland cell migration at 1 3/4 fold C. elegans embryos in NG2517 him-5(e1490) V; gmIs5 [ina-1p::INA-1::GFP+pRF4] III, and 

PS3827 rhIs2 [pat-3p::PAT-3::GFP] I, respectively. gmIs5 and rhIs2 insertions contain around 5 kb upstream sequence in 

addition to the gene and these plasmid constructs have shown functional rescue of ina-1(gm86) and pat-3(rh54) mutants 

respectively [Martynovsky et al., 2012; Plenefisch et al., 2000]. The GFP expression shows INA-1 throughout the pharynx while 

PAT-3 is expressed throughout the head of the embryo including the pharynx and head muscles. Larval head is outlined in grey 

and facing left; pharynx indicated with dotted outline. 

 

 

 


