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Abstract

Caenorhabditis elegans and one of its close relatives, Caenorhabditis briggsae, are
animal models that are commonly used for comparative studies to understand
the evolution of developmental mechanisms and gene function. Although the
two species appear nearly identical morphologically, comparative genomic analyses
have revealed interesting differences between the genomes. Whether such differ-
ences contribute to changes in developmental mechanisms and signalling pathways
is an active area of research. One of the most well studied phenotypes associated
with C. elegans signalling pathways are those that affect the specification of vulval
tissue. Within the system of vuval development, mutants that exhibit the Mul-
tivulva (Muv) phenotype are important as they show inappropriate divisions of
vulva cells, which model tumour formation. Comparing gene function in different
species genetic backgrounds can lead to an understanding of how genetic differ-
ences contribute to different responses in cancer development. Genetic screens,
conducted in our laboratory, yielded several genes whose loss of function results
in a Muv phenotype and identified a novel regulator of C. briggsae vulval devel-
opment, Cbr-ivp-3. Using the nematode C. briggssae as experimental system, we
have characterized the tumour suppressor gene, Cbr-ivp-3, which impacts cell sig-
nalling and cell division. I have carried out molecular genetic analyses of vp-3
in both C. briggsae and C. elegans and have begun to characterize the functional
role of Cbr-ivp-3. The findings in this thesis suggest that Cbr-ivp-3 is functioning
to negatively regulate EGF/Cbr-lin-3.
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Chapter 1

Introduction

1.1 Cell Fate Specification and Cell Proliferation

The regulation of cell proliferation and cell fate specification plays a pivotal role
in the development and maintenance of tissues. The early stages of metazoan de-
velopment are characterized by the rapid proliferation of embryonic cells, followed
by cell fate specification and differentiate to produce various specialized cell types,
resulting in the formation of tissues and organs (Lambie 2002). Cell proliferation
refers to an increase in the number of cells resulting from cell growth and cell divi-
sion (Lambie 2002). The rate at which cells proliferate depends on cell growth and
cell divisions, as well as the rate of cell loss, through apoptosis or differentiation
(Lambie 2002). The process of cell fate specification requires that a particular
subset of cells assumes a unique expression pattern such that their descendants
adopt a definitive fate and carry out a specialized function (Maduro 2010). A

balance between proliferation and specification is essential to ensure homeostasis.

In early embryos, cells increase in number through cell proliferation, which
becomes restricted as an organism develops. Although some differentiated cells
continue to proliferate, replacing cells when required, others lose their ability to
do so after they have differentiated (Kim and Orkin 2011). Embryonic cells often
display traits, distinct from adult cells, that provide them with a selective growth
advantage. Such traits include rapid proliferation, extensive migration, and se-

creting factors that increase the local blood supply; all are also characteristic of
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tumour cells (Kim and Orkin 2011). Embryonic cells can accumulate mutations in
their DNA that can transform them into cancer cells. The mutated cells generally
acquire abnormal proliferative capacity and cannot undergo the normal processes
of differentiation (Kim and Orkin 2011). Such mutations in hematopoietic pro-
genitor cells can promote proliferation by preventing cell death and producing a
growth-promoting signal, which can lead to various types of leukemia (Lodish et
al. 2000). Similarly, colon cancer is a result of mutations in proliferating cells that
are constantly generated to replenish epithelial cells lining the colon (Lodish et al.
2000). Genetic or epigenetic alterations in mammary epithelial cells (MECs) can
modify cell fate decisions during the earliest steps of tumour formation (Gross
et al. 2016). In another example, the steroid hormones estrogen and progesterone
play a role in the development of breast cancer, through the actions of their re-
ceptors. The majority of breast cancers (~70%) express estrogen receptors (ER)
and progesterone receptors (PR) at the time of diagnosis. The hormones bind to
these receptors, found on cancer cells, and promote cell proliferation (Lange and
Yee 2008).

Throughout development, and in adult organisms, the ability of a cell to prolif-
erate and its state of differentiation are closely connected. Adult tissues generally
express factors, such as secreted molecules, transmembrane receptors, intracellular
signalling molecules, and transcription factors, that act to maintain both the pro-
liferation and the differentiation status of cells (Andreeff, Goodrich, and Pardee,
2003). The disruption of transcription factors that regulate these processes is
commonly associated with cancer. An example can be seen in the genes involved
in acute promyelocytic leukemia, PML and RAR (retinoic acid receptor) (Rous-
selot et al. 1994). RAR is a transcription factor often involved in differentiation.
Its fusion to PML, due to chromosomal translocations, causes it to behave as a
repressor of target genes related to differentiation, resulting in the disease (Rous-
selot et al. 1994). Furthermore, the transcription factor CCAAT /enhancer-binding
protein-alpha (C/EBPa) is required in stem cell differentiation (Khanna-Gupta et
al. 2009). Dysfunction of C/EBPa causes differentiation to be hindered and as
a result, the cells remain in a proliferative state, providing them with a growth
advantage compared to the normal cells (Khanna-Gupta et al. 2009). A mutation
in C/EBPa is found in ~7-15% of acute myeloid leukemia (AML) cases and family
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members with a predisposition to develop AML were found to have a germ line

mutation in one allele of the transcription factor (Khanna-Gupta et al. 2009).

1.2 Cellular and Molecular Mechanisms of Cell
Growth

Cancer is a disease of uncontrolled cell proliferation. The adverse effects of cancer
are a result of the increase in the number of tumour cells. Reducing the number
of tumour cells, thus preventing further accumulation of these cells is the goal
of many cancer therapies. The mechanisms that underlie tumour and normal cell
proliferation are very similar, therefore understanding the unique characteristics of
tumour cell proliferation is made difficult. The following section provides a review
of the current understanding of the complex molecular mechanisms involved in the

regulation of cell proliferation.

1.2.1 Cell Cycle Control to Limit Cell Growth

A number of anti-proliferative signals are received by most mammalian cells, en-
suring either temporary or permanent arrest of the cell cycle (Nishikawa et al.
2008). A resistance to the anti-proliferative growth signals must be developed by
tumour cells in order to remain in a constant state of proliferation. Many tumour
cells develop mutations in genes that regulate the cell cycle. In normal cells, the
transition from one cell cycle event to the next is dependent on a series of check-
points (Zetterberg et al. 1995). Entry into the next phase of the cell cycle is allowed
only after completion of a particular cell cycle event. Any dysregulation of these
vital checkpoints can contribute to cancer. For example, dysregulation of proteins
controlling the spindle-assembly checkpoint, result in chromosomal imbalance and

aneuploidy, a feature observed in almost all cancers (Zetterberg et al. 1995).

Passage of the cell cycle checkpoints requires the activation of serine/threonine
kinases known as cyclin-dependent kinases (CDKs) (Bird 2003). The activation of
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CDKs is the central event in cell cycle transitions and occurs when cyclin proteins
bind to CDKs (Bird 2003). There are several mechanisms that control the activity
of CDKs. The synthesis of cyclins is one level of control. Different cyclin proteins
are synthesized depending on a particular stage of the cell (Bird 2003). For exam-
ple, cyclin D production is initiated during G1 and is involved in the G1/S phase
transition and cyclin E is synthesized in the late G1 and early S phase (Blomen
and Boonstra 2007). In human cancers, alterations in cyclin D are detected more
frequently than mutations in genes that regulate other cell cycle events (Sherr and
Roberts 1999). The interaction between CDKs and different cyclins allows the cor-
responding CDKs to phosphorylate a number of downstream targets (Bird 2003).
The degradation of cyclins also occurs at specific times during the cell cycle and is
mediated by ubiquitin-dependent proteolysis (Bird 2003). Another mechanism in
which CDKs can be regulated is through the phosphorylation and dephosphoryla-
tion of the ATP-binding site of CDKs by other regulatory protein kinases (Queralt
and Uhlmann 2008). This kinase activity is unusual in that it has dual specificity,
where phosphorylation of its ATP-binding site will deactivate the CDK and re-
activation can occur by a phosphatase from the Cdc25 family (Hoffmann 2000).
Another method of regulation involves the expression of cyclin-dependent kinase
inhibitors (CKIs), which can block cyclin-CDK activity (Sherr and Roberts, 1999).
Furthermore, cell cycle regulatory proteins can be targeted for degradation by the
proteasome (Leuken et al. 2008; Kitagawa et al. 2009).

1.2.2 Tumour Suppressors and Proto-Oncogenes

In the event that DNA damage occurs, normal cells respond by activating cell
cycle checkpoints, initiating the transcription of genes involved in DNA repair, and
inducing apoptosis (Gartner et al. 2000). The p53 gene plays a key role in responses
to damaged DNA as more than 50% of human tumors contain mutations in this
gene (Sherr and McCormick 2002). The p53 protein functions as a transcription
factor, affecting the transcription of a number of genes. In particular, p53 activates
the p21 CKI gene in response to DNA damage (He et al. 2005). It has been
found that the p21 gene is not transcribed in cells that experience a loss of p53

(He et al. 2005). This results in increased activity of numerous CDKs, normally

4
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inhibited by p21 and thus leads to an increase in cell proliferation. In addition,
p53 inhibits tumour formation by inducing apoptosis (Schumacher et al. 2001).
Mutations that result in the complete loss-of-function of p53, lead to increased cell
proliferation, decreased apoptosis, and tumour development. Such mutations are
found in virtually every type of cancer, including breast cancer, colon cancer, and
lung cancer (Sherr 2004). These findings signify the importance of the p53 gene

and its prevention of the formation of tumours.

Genes such as pb3 are known as tumour suppressors and are defined as genes
which encode proteins that normally inhibit the formation of tumours. Mutations
in tumour suppressor genes contribute to the development of cancer by inhibiting
their inhibitory function (Sherr 2004). Another example of a tumour suppres-
sor is the retinoblastoma (RB) gene (Knudsen and Knudsen 2006). Hundreds of
mutations in this gene have been identified in individuals with retinoblastoma,
a rare type of eye cancer that typically occurs in young children. The RB pro-
tein plays a key role in regulating the cell cycle (Knudsen and Knudsen 2006).
The transcription factor E2F is responsible for the expression of the cyclin E gene
(Nevins 2001). Cyclin E forms a complex with Cdk2, allowing for the transition
from mitogen-dependent to mitogen-independent cell cycle progression (Yamasaki
2004). In normal cells, RB binds and inactivating the E2F transcription factor and
therefore, loss of RB results in E2F activation (Nevins 2001). Because activation
of the Cdk2-cyclin E complex allows for cell proliferation to occur in the absence of
a mitogen, inactivation of RB can cause cells to remain in a constant proliferating
state (Nevins 2001).

While tumour suppressor genes result in protein products that normally pre-
vent cell division and promote apoptosis, proto-oncogenes produce protein prod-
ucts that normally enhance cell division and inhibit cell death. Oncogenes are the
mutated, cancer-causing forms of proto-oncogenes, that increase the activity or ex-
pression of the normal gene, promoting uncontrolled cell proliferation (Rajalingam
et al. 2007). One example of a proto-oncogene is cyclin D, which can be activated
through several different mechanisms (Hunter and Pines 1994). Firstly, cyclin D
normally functions to inactivate the RB protein by phosphorylating it (Narasimha

et al. 2014). The gene is often amplified in cancers leading to reduced activity
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of RB. It has been found that the cyclin D gene is often overexpressed in breast
cancer (Narasimha et al. 2014). Cyclin D has also been found to play a role in
tumours of the parathyroid gland, leading to uncontrolled release of calcium from
bones (Vasef et al. 1999). A chromosome inversion can cause the transcriptional
control region of the parathyroid hormone gene to be placed beside the cyclin D
gene (Vasef et al. 1999). As a result, the cyclin D gene is expressed continuously,
thus promoting proliferation. Myc is another example of an oncogene and is often
found to be overexpressed in cancers. In Burkitt’s lymphoma, Myc becomes over-
expressed due to a chromosomal translocation where the promoter sequence, that
normally drives the expression of large amounts of antibodies in B cells, is incor-
rectly placed next to the Myc protein coding sequence, producing large amounts
of Myc mRNA (Boxer and Dang 2001). This results in mutant B cells which
produce large amounts of the Myc protein and proliferate excessively, leading to
the formation of tumours. Lastly, Ras is the most commonly activated oncogene
in human tumours (Rajalingam et al. 2007). A large fraction of tumours carry
mutations in one of the three Ras genes encoded by the human genome (H-ras,
K-ras, N-ras) (Prior et al. 2012). It has been found that 70-90% of pancreatic
cancer cases contain a mutation in the K-ras gene (Prior et al. 2012). A point mu-
tation in Ras produces defective proteins that are unable to hydrolyze GTP thus
the mutant Ras proteins remain in their active, GTP-bound state (Rajalingam
et al. 2007). Constitutively active Ras continually activates the downstream MAP
kinase pathway, which subsequently leads to cell proliferation (Rajalingam et al.
2007). The Ras pathway is one of several conserved oncogenic signalling pathways
that play a potential role in the development of cancer cells. Ras and other sig-
nalling pathways, such as Wnt and Notch, are required for the promotion of cell
division and alterations in components of these pathways are commonly observed

in tumours.

1.2.3 Signalling Pathways

Many genetic alterations, that allow cancer cells to proliferate excessively and es-
cape the normal regulation of cell survival, are found in signalling pathways. These

pathways that control cell growth, cell death, cell fate, and differentiation decisions,
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are also common causes of tumorigenesis. Mutations that convert proto-oncogenes
to oncogenes can cause important signalling pathways to be over-activated, and
mutations in tumour suppressor genes can result in the elimination of key negative
regulators of signalling (Kobet et al. 2014). An examination of the Ras, Wnt, and
Notch signalling pathways will be discussed to demonstrate how disruptions in

such pathways can result in the formation of tumours.

The highly conserved signalling pathways involving Ras-ERK (extracellular
signal-regulated kinases)/MAPK (Mitogen Activated Protein kinase) play a role in
cell proliferation, differentiation, cell fate specification, and cell survival (Marshall
1995; Whelan et al. 2012). The pathway is activated when epidermal growth factor
(EGF) ligands bind to the epidermal growth factor receptor (EGFR), activating
the tyrosine kinase activity in the cytoplasmic domain of the receptor. The binding
adaptor protein of EGFR, Grb2, binds to SOS, the guanine nucleotide exchange
factor, forming the Grb2/SOS complex which can then bind to the phosphory-
lated EGFR (Schulze et al. 2005) (Figure 1.1). Once the complex is docked, SOS
activates the small GTPase, RAS. RAS then stimulates a MAPK cascade consist-
ing of the kinases RAF, MEK and ERK, where each kinase phosphorylates and
activates the next, respectively (Sundaram 2006). The activated ERK can then
positively or negatively regulate downstream targets via phosphorylation (Figure
1.1). Examples of downstream targets include transcription regulators such as
GATA-1 (Towatari et al. 2004), translational regulators (Zhao et al. 1996), cell
cycle regulators such as Cyclin D1 (Okabe et al. 2006), and apoptosis regulators
(Tamura et al. 2004). Since the activation of Ras signalling regulates gene ex-
pression, cell cycle progression, proliferation, and survival, any alterations in this
pathway can lead to abnormalities in these processes. This signalling pathway is
found to be deregulated in nearly one-third of all human cancers (Dhillon et al.
2007). In addition to the Ras pathway, aberrant Wnt signalling is observed in

many cancers.

The Wnt signalling pathway is necessary in many aspects of animal develop-
ment, such as the self-renewal of stem cells, cell fate specification, cell differen-
tiation, polarity, and cell migration (Katoh 2008). Wnt signalling is necessary

for the proliferation of stem cells in the proliferative zones in the gut epithelium.
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Most cases of colon cancer are associated with the hyperactivation of this path-
way (Zhan et al. 2016). The canonical Wnt/f-catenin pathway, non-canonical
Wnt /planar cell polarity (PCP) pathway, and non-canonical Wnt/calcium path-
way are the three Wnt signalling pathways (James et al. 2008), all of which are
activated when the Wnt ligand binds to a Frizzled family receptor (Figure 1.2).
When this ligand is not present, S-catenin interacts with APC (adenomatous poly-
posis coli) and Axin scaffold proteins in the cytoplasm (Kobet et al. 2014). The
[-catenin is then phosphorylated by CKla kinase and GSK3/ (Glycogen Synthase
Kinase 3 beta), leading to its ubiquitination and subsequent degradation by the
proteasome (Kobet et al. 2014) (Figure 1.2). In the canonical pathway, CKla,
GSK3p, APC, and Axin act as negative regulators (Kobet et al. 2014). For ex-
ample, since APC is necessary to regulate [-catenin levels, loss or inactivation
of APC is associated with development of colorectal cancer (Moon et al. 2014).
In the presence of the Wnt ligand, the stabilized [-catenin is translocated into
nucleus, where it interacts with T-cell factor (TCF) family transcription factors
(Figure 1.2). This allows for the activation of the expression of target genes such as
MYC, Cyclin D1 and other target genes that are involved in cell proliferation and
cell differentiation (He et al. 1998; Chamorro et al. 2005). Dysregulation of such
target genes have lead to the development of multiple types of cancer, including
colon, breast ovarian, and thyroid (Zhan et al. 2016). Furthermore, the canoni-
cal Wnt/[-catenin pathway is vital for the regulation of stem cells (Nusse et al.
2008). For example, Wnt/[-catenin signalling controls mammary gland stem cell
maintenance at different stages of development (Wend et al. 2010; Holland et al.
2013). These mammary gland stem cells can give rise to ductal, myoepithelial
and alveolar components (Holland et al. 2013). Abnormalities in Wnt//-catenin
signalling lead to cancer in the mammary gland. Along with the Wnt pathway,
Notch signalling is another important pathway in which aberrant signalling can

result in tumour formation.

The Notch signalling pathway is highly conserved in most multicellular organ-
isms. It plays a role in controlling proliferation, cell fate specification, cell differen-
tiation, and apoptosis (Artavanis-Tsakonas et al. 1999). The Notch receptor and
most of its ligands are transmembrane proteins. The Notch ligands, are expressed
in the cells that are adjacent to the cells expressing Notch (Kobet et al. 2014).
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The transcription factor CSL (CBF1, Suppressor of Hairless, LAG-1) is associ-
ated with co-repressors and prevents the expression of Notch target genes when
Notch is not present (Andersson et al. 2011) (Figure 1.3). Interaction of Notch
with a ligand, such as LAG-2, a transmembrane protein and a member of the DSL
(Delta/Serrate/LAG-2) family, causes cleavage of the outside of the Notch recep-
tor by an ADAM-family metalloprotease (Bray 2016). Cleavage of the remaining
portion of the receptor, inside the cell membrane, then occurs by ~y-secretase, re-
leasing the intracellular domain of Notch (NICD) (Andersson et al. 2011) (Figure
1.3). NICD then enters the nucleus where it forms a complex with transcription
factors CSL and mastermind-like protein (MAML-1), resulting in the transcription
of target genes (Bray, 2016) (Figure 1.3). Abnormal activation of Notch signalling
has been detected in a number of human cancers including pancreatic cancer (Ris-
torcelli and Lombardo 2010), colon cancer (Miyamoto and Rosenberg 2011), lung
cancer (Galluzzo and Bocchetta 2011), and breast cancer (Reedijk 2012). Muta-
tions in which human Notchl becomes activated, are reported in approximately
half of acute lymphoblastic leukemia (ALL) cases (Ferrando 2009). Studies have
shown that Notch signalling is upregulated in pancreatic cancer stem cells (Abel
et al. 2014). The reduction of Notch signalling either genetically or by treatment
with 7y-secretase inhibitor in human pancreatic cancer cell lines in tissue culture,
showed a decrease in cancer stem cell populations and tumour formation (Abel
et al. 2014).

1.2.4 The Role of Model Organisms in Understanding Can-

cer

Studies of model organisms have allowed for the identification of a number of
highly conserved signalling pathways involved in the control of cell growth, cell
death, cell fate decisions, and cell differentiation. Such pathways have been shown
to play critical roles in the progression of tumours. Research in model systems has
contributed to our knowledge of pathways involved in cancer and their application

to human medicine.
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Before the development of genetic mouse models, cancer was studied using
cell culture systems of cell lines derived from human tumours (Goodspeed et al.
2016). The use of these systems are still used today and remain important in
cancer research, however, limitations such as the inability to examine physiological
interactions between other cells and their environment, resulted in the search for in
vivo systems (Goodspeed et al. 2016). The mouse (Mus musculus) can be used as
a model to overcome such limitations and has greatly facilitated our understanding
human genetic disorders. The ability to make targeted gene knockouts makes the
mouse model highly advantageous. For example, disruption of tumour suppressor
genes and activation of oncogenes in mice often result in embryonic lethality or
severe phenotypes (Gowen et al. 1996). Early embryonic lethality can be found in
a knockout model of the tumour suppressor, Brca-1, which is commonly found to
be mutated in human breast cancers (Gowen et al. 1996). The use of knockout
models plays an important role in understanding how loss-of-function mutations in
particular genes can result in the development of cancer. Furthermore, genetically
engineered mouse models (GEMMs), have been utilized to study the function
of human genes in diseases such as cancer. For example, acute promyelocytic
leukaemia (APL) is a cancer of the bone marrow, occurring mostly in younger
individuals (Pandolfi et al. 1991). Researchers used GEMMs to mimic the six
types of APL, which are caused by different gene fusions (Pandolfi et al. 1991).
Through clinical trials in both mice and humans, a cure was developed. Mouse
models are an excellent vertebrate model for studying cancer genes and provide

insights into the molecular mechanisms involved in tumorigenesis.

Invertebrates models are also extremely useful tools for understanding tumour
biology and have lead to the discovery of a number of signalling pathways that
play conserved roles in human development. For instance, many of the compo-
nents essential in the cell cycle network are conserved from yeast (Saccharomyces
cerevisiae) to mammals. In fact, CDKs, first discovered in yeast, can be derived
from human cells and can be used to substitute CDKs in yeast (Wilson-Sanders
2011). The most commonly used invertebrate models are the fruit fly, Drosophila

melanogaster, and the nematode, Caenorhabditis elegans.

10
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Both Drosophila and C. elegans have contributed to numerous biological discov-
eries, such as the creation of the first chromosome maps, the one gene-one protein
hypothesis, the temporal and spatial expression of genes to specify cell fates, and
the identification of a number of genetic pathways implicated in human disease
(Neidich 2005). Furthermore, genetic analyses of pattern formation in both mod-
els, have lead to the discovery of a number of signalling pathways and pathway
components that are involved in cell fate development, including Notch, receptor
tyrosine kinase (RTK), G protein-coupled receptor, Hedgehog (Hh), Wingless (Wg)
and Janus kinase/signal transducer and activator of transcription (JAK/STAT)
(Neidich 2005). Due to the high degree of evolutionary conservation between ver-
tebrate and invertebrate genetic systems, mutations associated with a number of
human diseases, have been identified in components of almost all of these pathways
(Neidich 2005). Because most of these signalling pathways are associated with cell
cycle regulation, aberrant signalling pathways can result in the failure to control
cell proliferation, and subsequently lead to cancer. The genetic analysis of these
invertebrate models has allowed for the discovery of a number of developmental
pathways that are commonly conserved among most organisms. In this study, C.
elegans and a close relative of the nematode, Caenorhabditis briggsae, were used
to uncover the mechanism by which conserved signalling pathways regulate vulval

development.

1.3 C. elegans as a Model Organism to Study
the Genetic Bases of Development and Gene

Function

Model organisms provide valuable tools to understand the genetic basis of animal
development. Several Caenorhabditis species have been developed as models for
comparative studies. These nematodes have been found to display an invariant
cell lineage and developmental processes that are similar to each other, therefore

allowing for comparative studies to take place (Sommer 2005). In the last decade,
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developmental processes such as embryonic, gonad, vulva and male tail develop-
ment, have been compared in up to five nematode families (Sommer 2005). These
studies have provided insight into unique evolutionary changes in development.
Studying developmental processes in multiple species are important in providing
a comprehensive overview about variations, can help identify conserved genes and
processes, and even have the potential to discover new genes that might not be
present in one species. The identification of variations within developmental pro-
cesses between species can help determine random fluctuations in the system i.e

biological noise and environmental variations resulting from robustness (Félix and

Wagner 2008).

C. elegans is a leading nematode animal model that allows for simplified stud-
ies of diverse and complex fundamental processes. Studies involving this model
organism have provided a means for investigating the genetic basis of development
and gene function and provide insights into the cellular and molecular basis of

organ formation.

Since its establishment as a simple model for genetic and developmental studies,
by Sydney Brenner, C. elegans has become the cornerstone of invertebrate model
research. The use of the organism has lead to important discoveries in diverse
fields such as development, signal transduction, cell death, aging, and RNA inter-
ference (RNAi). There are a number of useful features that make this nematode

an attractive system for studies.

C. elegans feed on bacteria, such as E. coli, and are small (about 1- 1.5 mm)
so they can be easily cultivated and housed in large numbers in the laboratory.
The animals can be maintained in a frozen state for many years and can easily
be re-grown by thawing (Brenner 1974). C. elegans have an invariant somatic cell
lineage which has been completely characterized, thus the analysis of phenotypes
that disrupt normal proliferation and patterning can be easily followed (Sulston
and Horvitz 1977). Furthermore, the animals are transparent, thus the influence
of genetic changes in cell fate, location, morphology and differentiation in an intact
organism, can be observed using a dissecting microscope or a simple differential
interference contrast (DIC) microscope (Sulston and White 1980). The nematode
has a short life cycle (3 days) and can produce upwards of 300 progeny per mother,

12


http://www.mcmaster.ca/
http://www.biology.mcmaster.ca/
http://www.biology.mcmaster.ca/

Master of Science— Ramandeep PABLA; McMaster University— Department of
Biology

making experiments relatively rapid and the production of numerous generations
possible. Male and hermaphrodites are the two sexes present in a population. The
hermaphrodites can self-fertilize or mate with males to produce offspring. Thus,
crosses or self-fertilization can be manipulated as desired. Followinf fertilization,
the egg is laid and hatch. The animal then proceeds through four larval stages
(L1-L4) before becoming an egg-laying adult. C. elegans are able to survive in
conditions of starvation or overcrowding by entering a dauer stage. The worms
can survive in the dauer stage for months and return to a normal life cycle when

the conditions become ideal again (Brenner 1974).

A large number of tools and resources are available in C. elegans that facilitate
genetic studies that lead to new discoveries (WormMethods). C. elegans was the
first multicellular organism to have its genome completely sequenced (Kimble and
Hirsh 1979). New genetic and molecular tools that are constantly being developed
and forward or reverse genetics approaches, can be used to clone or character-
ize genes. Another intriguing feature that makes C. elegans a successful model
organism is that they share many fundamental structures and developmentally
conserved pathways with other organisms, including vertebrates such as mice and
humans. These commonalities allow for the study of complex processes in a sim-
pler system and enable researchers to apply their findings from one organism to

others.

1.4 C.briggsae as a Model for Comparative Stud-

ies

C. elegans is a member of the genus Caenorhabditis, which includes a large number
of diverse species. Although members of this genus seem morphologically simi-
lar, the species show great ecological and genetic diversity (Kiontke and Sudhaus
2006). Several Caenorhabditis species are currently being utilized in laboratories

for comparative studies, one of which is C. briggsae.
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C. briggsae has been used extensively in comparative studies and is an attractive
model system for studying the evolution of animal development and behaviour
(Cutter 2008). It is frequently used in comparative studies to understand species-
specific function of genes orthologous to C. elegans and can reveal evolutionary
similarities and differences in the signalling and regulation of genes as well as
developmental processes. The C. briggsae genome has been sequenced (Stein et
al. 2003) and subsequent RNAseq analysis (Uyar et al. 2012) has made C. briggsae
valuable in reverse genetics and genome-wide comparative studies. Such studies

can provide insight into how conserved pathways are regulated in higher organisms.

Comparative analysis studies of C. elegans and C. briggsae to date have pro-
vided some insights into the evolution and role of particular sequences, genes,
and pathways. Diverged from a common ancestor approximately 50 —120 million
years ago (Coghlan and Wolfe 2002), the two species appear almost identical mor-
phologically and occupy the same ecological niche (Stein et al. 2003). They are
both soil-dwelling animals, containing self-fertilizing hermaphrodites and faculta-
tive males. They have genomes that are similar in organization and size, each
containing six chromosomes, approximately 100 Megabases (Mb) in size (Stein
et al. 2003). Studies, in which genes isolated in one species rescue mutant phe-
notypes in the other, demonstrate functional conservation between these species
(Krause et al. 1994). It should be noted, however, that not all genes will rescue in
a similar manner and thus not all genes are functionally conserved. Examination
of differences between C. elegans and C. briggsae, such as vulva formation, sex
determination, thermal sensitivity, RNAi uptake, excretory pore formation, and
male tail development have revealed alterations in gene function (Gupta et al.
2007). For example, the uptake of ingested dsRNAs into intestinal cells requires
the transmembrane protein SID-2 in C. elegans. Interestingly, C. briggsae encodes
a divergent form of sid-2, and is unable to take up dsRNAs. The inability of
C. briggsae to take up ingested dsRNAs can be rescued by expression of C. ele-
gans sid-2 in C. briggsae (Nuez and Félix 2012). These interspecific variations are

indicative of evolutionary divergence resulting from alterations in the genome.

Comparative analyses have indicated that the genomes of C. elegans and C.

briggase have diverged considerably (Stein et al. 2003). Despite having genomes

14


http://www.mcmaster.ca/
http://www.biology.mcmaster.ca/
http://www.biology.mcmaster.ca/

Master of Science— Ramandeep PABLA; McMaster University— Department of
Biology

similar in organization and size, alignment of the nucleotide sequences of C. elegans
genome with the wildtype C. briggsae genomic sequence shows a 52.3% alignment
and 50.1% of the C. briggsae genome aligns with the C. elegans genome (Stein
et al. 2003). It has also been found that 12 200 genes of the 19 500 protein-
coding genes in the C. briggsae genome, (~60%) have clear C. elegans orthologs,
a third of genes have one or more clearly detectable C. elegans homologs, and
approximately 800 genes in C. briggsae have no matches with C. elegans (Stein
et al. 2003). Analysis of 142 orthologous intergenic regions of C. elegans and
C. briggsae indicates regions of up to 20% similarity, flanked with non-alignable
sequence (Webb et al. 2002). It was also found that about 51% of operons are
conserved in C. elegans while the remaining operons are divergent or specific to
C. briggsae only (Stein et al. 2003; Uyar et al. 2012). Additionally, the slight
difference in the genome size between C. elegans and C. briggsae (100.3Mbp and
104 Mbp, respectively) is mostly a result of sequence repeats, accounting for 22.4%
of the C. briggsae genome and 16.5% of the C. elegans genome (Gupta et al. 2007).
The role of alternative splicing is important in species specificity as it provides a
means of regulating and diversifying gene function (Blencowe 2006). It has been
found that there is limited conservation of genes with alternative splice forms
however, further validated through comparison of transcriptomes of the nematodes
at different developmental stages and environmental conditions is required (Uyar
et al. 2012).

A comparison of the C. elegnas and C. briggsae genomes has revealed significant
sequence differences. Whether such differences contribute to changes in develop-
mental mechanisms and signalling pathways is an active area of research. More
work is needed to fully understand the impact on gene networks. By studying de-
velopmental pathways in C. briggsae, similarities and differences to C. elegans can

be uncovered, providing clues about gene evolution and its role in development.
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1.5 Vulva development as a Model to Under-
stand Mechanisms of Cell Fate Specification

and Cell Proliferation

The formation of the C. elegans vulva is a powerful yet simple model for un-
derstanding how mechanisms of cell fate specification and cell proliferation are
involved in the process of organogenesis. The simplicity of the vulva and the ex-
perimental tools available in C. elegans, make vulval morphogenesis a useful model

to further our understanding of the mechanisms that build tissues and organs.

1.5.1 The Vulva as a Genetic Model Organ

The vulva is an excellent model to study developmental pathways and genes in-
volved in cell signalling and cell division. This is due to that fact that the cell
lineages that form the vulva and the effects of countless mutations on vulval de-
velopment can be easily observed throughout the life of the animal. Furthermore,
the vulva is not an essential organ, thus a number of mutations that cause vulval

phenotypes are viable.

Within the system of vulval development, mutants that exhibit the Multivulva
(Muv) phenotype are important as they show inappropriate division of vulva cells.
The Gupta lab has a large collection of C. briggsae vulval mutants that have less
than the normal number of cells (Vulvaless or Vul) or more cells Muv. In Muv
mutants, multiple tumor-like protrusions, known as pseudovulvae, are present on
the ventral surface of the animal (Fay and Yochem 2007). These pseudovulvae
arise due to abnormal and uncontrolled cell division (Ferguson and Horvitz 1985).
In Vul mutants, the vulva is not formed and eggs are not laid. As a result, the
eggs hatch inside the mother, eventually escaping from the corpse, resulting in a
bag of worms (Bag) phenotype. This Bag phenotype is also observed in mutations
that cause an egg laying defective (Egl) phenotype (Trent et al. 1983). Vul genes
promote vulval development (Ferguson and Horvitz 1985), where as Muv genes

inhibit inappropriate division of vulva precursors (Fay and Yochem 2007). Other
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mutations such the protruding vulva (Pvl) cause morphological defects in the
vulva. Together, these mutant strains serve as valuable tools for comparative
and evolutionary studies. Understanding and comparing the mechanism of gene
function between C. briggsae to C. elegans can reveal how distinct processes form

the nearly identical vulval structures in these two species.

1.5.2 The Cellular Events of Vulval Development

There are three main stages involved in vulval development. The first stage in-
volves the formation and maintenance of the vulval competence group. In the C.
elegans hermaphrodite, the animal is born with two rows of six P cells, some of
which are the progenitors of all vulval cells, that are located in the mid-ventral
region (Sulston and Horvitz 1977). During the L1 stage, migration of the P cells
to the ventral midline of the animal occurs, followed by division where six daugh-
ters of the P cells become the vulval precursor cells (VPCs, P3.p-P8.p) (Sulston
and Horvitz 1977). In the L2 stage, the gonadal anchor cell (AC) forms through
interaction with Z1.ppp and Z4.aaa, the two gonadal cells, which become the AC
and a ventral uterine (VU) cell (Hirsh et al. 1976). The formation of the AC allows
for the competence of the VPC to be maintained (Wang and Sternberg 1999).

In the second stage of vulval development, the VPCs differentiate and prolif-
erate. Inductive signals by the AC cause the VPCs to acquire the primary (1°),
secondary (2°), or tertiary (3°) fates during the third larval (L3) stage (Sternberg
and Horvitz 1989). The P6.p is induced by the AC to acquire a 1° fate, and both
P5.p and P7.p adopt a 2° fate (Figure 1.4) (Sternberg and Horvitz 1986). A 3°
fate is acquired by the VPCs that do not receive the inductive signal (P3.p, P4.p
and P8.p) (Sulston and Horvitz 1977). Following induction by the AC, the VPCs
divide longitudinally, and the daughters of the 3° VPCs fuse with a hypodermal
syncytium (hyp7) (Figure 1.4). The 1° VPC P6.p undergoes cell division in a
TTTT lineage (T is transverse axis of cell division) in the second round of divi-
sions (Figure 1.4). Similarly, the 2° VPCs, P5.p and P7.p, undergo cell division,
but in a NTLL lineage (N - no division, T — transverse and L — longitudinal axis)

in opposite orientations (Figure 1.4). In the third round of cell divisions, eight
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progeny (P6.pxxx) are generated with two adult cell types (vulE and vulF) in a
mirrored pattern (Sternberg and Horvitz 1986) (Figure 1.4). The 2° VPCs produce
seven progeny cells (P5.pxxx and P7.pxxx) and after the third round of cell divi-
sion five cell types (vulA, vulB1, vulB2, vulC and vulD) are produced (Sternberg
and Horvitz 1986) (Figure 1.4). It is these 22 cells that make up the functional,

adult vulva.

Vulval morphogenesis is the last stage in vulval development and begins during
the L3 stage, when the AC breaks the basement membrane that separate it from
the descendants of the 1° P6.p cell (Sherwood et al. 2005). The descendants of the
VPCs migrate towards the centre of the developing vulva and during the L4 stage,
the vulval toroids form. Some of these cells fuse within the toroids. Subsequently,
the vulva invaginates and the lumen of the vulva forms, the muscles attach to the
vulva and are innervated. The AC then fuses with the eight pi cells of the uterus,
forming the multinucleated syncytium, utse (uterine-seam cell). Lastly, the vulva
undergoes eversion, turning inside out to form the adult vulva (Sherwood et al.
2005).

1.5.3 Signalling Pathways involved in Vulva Development

The formation of the vulva requires essential developmental processes which allow
for cell fate specification, cell differentiation, cell migration, and cell fusion. Sig-
nalling pathways play a key role in coordinating such processes through crosstalk
between other pathways and by regulating the expression and activity of sev-
eral target genes. Conserved signalling pathways such as EGF-receptor/LET-23,
Ras/LET-60 and ERK/MAPK, LIN-12 /Notch, and Wnt have been identified
from studies based on the vulva mutant phenotypes discussed previously Fay and
Yochem (2007).

Activation of the Let-23/Let-60/MAPK signalling pathway requires the secre-
tion of the epidermal growth factor LIN-3/EGF by the AC (Hill and Sternberg
1992). During vulva development in C. elegans, Let-23/Let-60/MAPK signalling
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is required to prevent ectopic cell fusion (Pellegrino et al. 2011; Alper and Pod-
bilewicz 2008), for the division of the VPCs (Clayton et al., 2008), and for the 1°
fate specification of P6.p (Wang and Sternberg 2000).

During vulval development in C. elegans, LIN-12/NOTCH signalling plays a
role cell-cell communication and the formation of the vulva-uterine connection
(Seydoux and Greenwald 1989). This signalling pathway also functions in the AC-
VU decision process to generate the AC during the L2 stage. Additionally, LIN-12
signalling is involved in the acquisition of the 2° cell fate by P5.p and P7.p VPCs
after the 1° fate of P6.p has been specified (Greenwald et al. 1983).

Mutations in Wnt pathway components result in defective cell proliferation
and division during vulval development in both C. elegans and C. briggsae. Wnt
signalling functions to maintain VPC competence, promotes 2° fate, and controls
cell polarity through the regulation of the lin-39 Hox gene (Eisenmann et al. 1998;
Myers and Greenwald 2007). Additionally, Wnt signalling plays a role in changing
the polarity of P7.p, resulting in the mirrored, symmetric patterns of P5.p and
P7.p descendants (Deshpande et al. 2005)(Figure 1.4).

Vulva formation has been studied extensively in C. elegans and comprises of
22 cells generated by a series of signalling events involving the pathways discussed
above (Sternberg 2005). Vulval development involves the induction of three VPCs
(P5.p, P6.p and P7.p), located on the ventral surface of the worm. The AC,
which lies dorsal to the VPCs, secretes LIN-3/EGF which initiates VPC induc-
tion (Hill and Sternberg 1992) (Figure 1.5). The VPC closest to the AC, P6.p,
receives the most LIN-3 inductive signal via the RTK, LET-23/EGFR (Katz et al.
1996). Downstream of LET-23 is LET-60, the C. elegans ortholog of Ras (Aroian,
Lesa, and Sternberg, 1994). LET-60 activates a MAPK cascade consisting of the
kinases LIN-45/Raf (Han et al. 1993), MEK-2/MEK (Church et al. 1995) and
MPK-1/ERK/MAPK (Lackner et al. 1994). In many cases, MPK-1 moves into
the nucleus to phosphorylate transcription factors, thus leading to changes in gene
expression (Lackner et al. 1994) (Figure 1.5). The series of signalling events fol-
lowing LIN-3 binding to LET-23 in P6.p results in the P6.p adopting the 1° cell
fate and the subsequent production of eight vulval progeny (Ambros 1999). The
two VPCs adjacent to P6.p, P5.p and P7.p, adopt the 2° fate and each produce
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seven vulval progeny (Ambros 1999). Both P5.p and P7.p are located further away
from the AC in comparison to P.6p and as a result, receive lower levels of LIN-3
in addition to receiving a repressive lateral signal from P6.p mediated by LIN-12
signalling (Simske and Kim 1995; Sternberg and Horvitz 1989) (Figure 1.5). As
a primary VPC, P6.p is responsible for the production of LIN-12/Notch ligands,
proteins of the DSL family, and the downregulation of the LIN-12 receptor. The
ligands are either transmembrane proteins, such as LAG-2, or secreted ligands,
such as DSL-1 (Chen et al. 2004). The ligands activate LIN-12 on the neighbour-
ing P5.p and P7.p cells, promoting the 2° fate (Yoo et al. 2004). The VPCs P3.p,
P4.p and P8.p, are located even further from the AC and as a result, remain unin-
duced, adopting a 3° cell fate (Hill and Sternberg 1992). The signalling pathways
involved in vulval development may also be regulated by genes at the chromatin

level.

1.5.4 Chromatin Mediated Regulation

The Synthetic Multivulva (SynMuv) genes control LIN-3/EGF signalling through
chromatin mediated regulation. The SynMuv genes have been classified into three
classes (A, B and C), based on their genetic interactions (Ferguson and Horvitz
1989). Interestingly, a mutation in a single SynMuv genes is not enough to cause
the Muv phenotype, instead mutations in two SynMuv genes from two different
classes are required (Ferguson and Horvitz 1989). Although this holds true for
most SynMuv genes, the lin-15 gene is the exception. In this gene, two transcripts
(lin-15A and lin-15B) can be produced from a single promoter (Ferguson et al.
1987) and mutations affecting both transcripts result in the Muv phenotype (Clark
et al. 1994). SynMuv genes function to inhibit vulval development by suppressing
LIN-3 (Cui et al. 2006). In SynMuv double mutants, lin-3 is ectopically expressed
throughout the worm in comparison to wild type animals, where [in-5 is restricted
to the pharynx, anchor cell, gonad and tail. This ectopic expression results in the
atypical activation of the signal cascade (Cui et al. 2006; Saffer et al. 2011). It
is also known that SynMuv genes function throughout the animal, including the

hyp7 syncytium to keep LIN-3 repressed (Saffer et al. 2011).
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The molecular functions of the Class A SynMuv genes are not well understood
(Fay and Yochem 2007). The molecular characterization of members of the large
class B group of genes identified many genes involved in transcriptional regulation.
Such genes include efi-1, the C. elegans ortholog of E2F Ceol and Horvitz 2001 and
lin-35, which encodes the C. elegans RB protein ortholog Lu and Horvitz 1998.
As previously discussed, RB complexes with E2Fs to inhibit the transcription of
target genes (Nevins 2001). Other genes from this class include the nucleosome re-
modeling and histone deacetylase (NuRD) complex components (Fay and Yochem
2007). Furthermore, SET domain proteins, known to be involved in transcrip-
tional repression, cell proliferation, transgene silencing, larval development and
development of the pharynx (Cui et al. 2006) are also Class B members. Some
of the Class C genes are also involved in transcriptional regulation at the chro-
matin level. Some of these genes encode components Tip60 chromatin remodeling
complex (Ceol and Horvitz 2004). The Class C genes function redundantly with
Class B genes and may be required to negatively regulate vulval development
(Ceol and Horvitz 2004). The identification and characterization of a number of
SynMuv genes that are involved in chromatin remodelling, suggests that SynMuv
genes may play a critical role in the regulation of /in-3 expression to control vulval

differentiation in C. elegans.

1.6 Aim of the Thesis

The aim of this thesis is to dissect the molecular mechanism of Cbr-ivp-3 function
in vulval cell differentiation. To this end, I have carried out molecular genetic
analyses of jup-3 in both C. briggsae and C. elegans to set the stage for comparative

evo-devo analysis and have begun to characterize the functional role of vp-3.

1.7 Previous Results

A set of 14 C. briggsae Muv mutants, obtained from previously conducted EMS (

ethyl methanesulfonate) experiments, were characterized and mapped to specific
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regions of chromosomes using phenotypic markers and molecular polymorphisms
(Sharanya et al. 2012). Three of the Muv genes were found to represent orthologs in
the EGF-Ras pathway and the Wnt pathway of known C. elegans Muv genes. Four
of the genes showed no known orthologs of Muv genes in C. elegans at that time. Of
these four genes, 2 complementation groups ( Cbr-ivp(sy5216) and Cbr-ivp(gul02))
were found to have more than one allele (Sharanya et al. 2012). Unpublished
data showed that Cbr-ipv(sy5216) and Cbr-ivp(sy5392 mutations are present on
the Cbr-ivp-3 gene present on chromosome 4 and both alleles were identified as
nonsense mutations. The results of a complementation test conducted in Dr.
Chamberlin’s lab, lead to the speculation that a third mutant, Cbr-ivp(gqu236),
may also an allele of Cbr-ivp-3. At this time, analysis of Cbr-ivp(gu236) had not

been conducted.

Furthermore, Sharanya et al. (2015) examined Cbr-ipv(sy5216)and Cbr-ivp(sy5392)
L4 animals using Nomarski optics to characterize defects in VPC induction. It
was found that P5.p, P6.p, and P7.p were always induced, P8.p was almost al-
ways induced, P4.p was induced occasionally and P3.p was induced rarely in these
mutants. In addition, Sharanya et al. (2015) examined L3 and L4 Muv mutant
animals using Nomarski optics along with 1° and 2° lineage markers to determine
defects in VPCs. In Cbr-ipv(sy5216) mutants, P3.p, P4.p and P8.p cells took on
a 2° fate in 5%, 48.8% and 42.5% of the mutants respectively (Sharanya et al.
2015). Since VPC induction of the 2° cell fate is regulated by Notch signalling,
the evidence suggested that Cbr-ivp-3 may play a role in regulating Notch sig-
nalling. Work carried out in the Chamberlin Lab suggests that C. briggsae Muv
mutants are less sensitive to pathway interference than C. elegans. Notch was
tested as an alternative signalling pathway to identify the source of differences in
EGF suppression seen between C. elegans and C. briggsae. The results suggested
that the Notch pathway may be responsible for these differences. In addition,
laser ablation studies, in which the gonad and therefore the precursor to the AC
was removed, suggested that Cbr-ivp-3 gene can bypass the normal dependence of
vulval development on the AC (Sharanya et al. 2015).

Using RT-qPCR, Sharanya et al. (2015) looked at the expression level of Cbr-
lin-3 in Cbr-ivp(sy5216). Their results suggested that the expression on Cbr-lin-3
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in the Muv mutant did not significantly change in comparison to the wildtype
(Sharanya et al. 2015). Since expression of the Cbr-lin-3 was not unregulated in
Cbr-ivp(sy5216), Sharanya et al. (2015) concluded that Cbr-ivp-3 is not a SynMuv
gene. Lastly, Cbr-ipv(sy5216) was exposed to varying concentration of a MEK
inhibitor during larval stage development. It was found that the Muv phenotype
did not significantly become reduced when exposed to 10uM of the inhibitor and
suggested that this mutation may act downstream of MEK in the EGF pathway
(Sharanya et al. 2015). The previous work conducted by Sharanya et al. (2015),
provided a basic understanding of some aspects of vulval formation in the Cbr-
twp-3 Muv mutants and served as a basis to further understand the mechanisms

to which Cbr-ivp-3 regulates vulval development.

1.8 Major Findings of the Thesis

A thorough molecular genetic analyses of Cbr-ivp-3 has been carried out. I have
identified the gene expression profile of Cbr-ivp-3 throughout larval development.
Sequencing the cDNA of the entire Cbr-ivp-3 gene to confirm the accuracy of the
gene predictions provided by WormBase, has indicated the intron-exon boundaries
were not correctly predicted upstream of the third exon. The speculation that a
third mutant, Cbr-ivp(gu236), is also an allele of Cbr-ivp-3 has been confirmed
through sequencing. I have found that a nonsense mutation is introduced at the
fourth exon of the Cbr-ivp-3, located just upstream of where the RNase H-like
domain begins. This finding further solidified the idea that Cbr-ivp-3 plays a role
in the negative regulation of vulval formation. Furthermore, the inappropriate
divisions of VPCs in the Cbr-ivp-3 mutants has been confirmed in Cbr-ivp(sy5216)
and has been characterized in the other two mutants, Cbr-ivp(sy5392) and Cbr-
lin(gu236). All mutants displayed ectopic division of VPCs as well as increased
percentage of induced VPCs. Severe variations in the gonad morphology and

guidance in all three mutants were also observed.

Similarly, I have identified the C. elegans ortholog of Cbr-ivp-3. This gene
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had not been characterized earlier and thus a molecular genetic analyses of ivp-
3 in C. elegans was carried out. I have identified the gene expression profile of
ivp-3 throughout C. elegans larval development. Findings from the analysis of
proteomics data indicate that 19 genes share a similar protein domain with vp-
g and are associated with processes such as nucleic acid binding activity, 3’-5’
exonuclease activity, exonuclease activity and nuclease activity. The results of a
phenotypic analysis of the ivp-3(gk3691) strain, suggest that animals homozygous
for the deletion site, confer a protruding vulva phenotype and are sterile. Analysis
of embryonic and larval lethality in iwp-3(gk3691) suggest that the loss of function
of twp-3 in C. elegans likely prevents the production of fertilized eggs. Additionally,
the findings suggest that in C. elegans, ivp-3 is an important gene necessary for

growth to a fertile adult.

By conducting molecular genetic analyses of iwp-3 in both C. briggsae and C.
elegans,] have provided an avenue in which comparative studies to understand

evolution of gene function and developmental mechanisms can take place.

Lastly, I have attempted to understand the genetic pathway of Cbr-ivp-3 and
its function in vulval development through the identification of target genes. An
RNAseq analysis, carried out in Cbr-ivp(sy5216), allowed for the acquisition of
gene expression profiles of thousands of genes from which candidate target genes
can be identified and validated using RT-qPCR. It was also found that Cbr-lin-3
is overexpressed in Cbr-ivp(sy5216), contrary to the findings by Sharanya et al.
(2015). The RT-qPCR findings also indicated that Cbr-lag-2 transcript levels
are not significantly changed in the Muv mutant, providing evidence against the
hypothesis that Cbr-ivp-3 may play a role in regulating Notch signaling. RNAi
was utilized to knockdown Cbr-lin-3 expression in Cbr-ipv(sy5216) and it was
found that reduced Cbr-lin-3 expression suppressed the Muv phenotype. Despite
previous speculation that this may not be the case (Sharanya et al. 2015), the
findings in this thesis suggest that Cbr-ivp-3 is functioning in a manner similar to

some SynMuv genes.
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Nucleus

FIGURE 1.1: Receptor tyrosine kinases (RTKs) such as the epider-
mal growth factor receptor (EGFR) are activated and phosphory-
lated upon binding of the epidermal growth factor (EGF) ligands.
This event causes the binding adaptor protein, GRB2 and the gua-
nine nucleotide exchange factor, SOS to form a complex and bind
to the phosphorylated EGFR. SOS then activates RAS, which ac-
tivates the protein kinase activity of RAF kinase. RAF then phos-
phorylates and activates MEK, which phosphorylates and activates
ERK. The activated ERK can translocate into the nucleus where it
affects transcription factors (TFs) to positively or negatively regu-
late downstream target genes via phosphorylation. Adapted from
Kobet et al. (2014)
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FIGURE 1.2: In all three Wnt signalling pathways, (A) in the ab-
sence of the Wnt ligand, -catenin interacts with APC (Adenoma-
tous Polyposis coli) and Axin scaffold proteins in the cytoplasm and
becomes phosphorylated by CKla kinase and GSK35 (Glycogen
Synthase Kinase 3 beta), leading to its ubiquitination and degra-
dation by the proteasome. (B) the canonical pathway is activated
when the Wnt ligand binds a Frizzled family receptor. The S-
catenin is stabilized in the cytoplasm and is translocated into the
nucleus where its interacts with with TCF family transcription fac-
tors, activating target gene expression. Adapted from Kobet et al.
(2014)
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FIGURE 1.3: (A) In the absence of NOTCH, negative regulators
inhibit the expression of Notch target genes; (B) When a ligand,
such as LAG-2, is present, it interacts with the Notch receptor,
causing the cleavage of the extracellular portion of the Notch re-
ceptor by ADAM-family and cleavage of the intercellular portion
by 7y-secretase. The released intracellular domain of Notch (NICD)
then enters the nucleus where it forms a complex with the tran-
scription factors CSL (CBF1, Suppressor of Hairless, LAG-1) and
its co-activator, mastermind-like protein (MAML), resulting in the
transcription of target genes. Adapted from Kobet et al. (2014)
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FIGURE 1.4: The fate of the VPCs is determined (1° fate - blue,
2° fate — orange, and 3° fate — gray), and then the VPCs divide.
The daughters of tertiary fate VPCs fuse with hyp7. The daughters
of the 1° VPC P6.p undergo cell division in a TTTT lineage (T is
transverse axis of cell division), while the daughters of P5.p and P7.
p form the pattern LLTN TTTT NTLL (T - transverse division,
N - no division, and L - longitudinal division). The cells acquire
adult vulval cell fates (vulA - red, vulB1 and vulB2 - orange, vulC
- yellow, vulD - green, vulE — blue-green, vulF - blue). The VPCs
migrate towards the center of the vulva, form a toroid and the cells
fuse forming the adult vulva, consisting of 22 cells. Adapted from
Weinstein and Podbilewicz (2016)
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FIGURE 1.5: The anchor cell secretes the LIN-3/EGF inductive
signal which binds to and activates LET-23 /EGFR receptors on
nearby VPCs. Due to its proximity to the Anchor Cell (AC), the
activation of LET-23 in P6.p, activates the 1° cell fate through the
Ras—-MAPK signalling pathway. LIN-3 forms a short-range gradient
and is received by LET-23 receptors in P5.p and P7.p, where it
promotes the 2°. Notch ligands are produced in P6.p following 1o
cell fate specification and bind to the Lin-12/Notch receptors on
P5.p and P7.p which also activates the 2° cell fate and inhibits the
1° cell fate. Adapted from Weinstein and Podbilewicz (2016)
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Chapter 2

Materials and Methods

2.1 Strains and General Methods

Methods for culturing and maintaining nematodes have been followed as described
previously (Brenner, 1974). Unless stated otherwise, all experiments have been
carried out at 20°C.

The nematode strains used in this study are listed below.
Mutant Strains

C. elegans: N2 (wild type), VC20274(gk197262), VC40151(gk}86330), VC40672(gk756793),
and VC3731(gk3691)

C. briggsae: AF16 (wild type), lin-15AB(n309), Cbr-ivp(sy5216), Cbr-ivp(sy5392)
and Cbr-ivp(qu236)

Transgenic Strains C. elegans: bhEz31[pRH51(hs::lin-3) + myo-2::GFP] C.
briggsae: mfls42[sid-2::GFP; myo-2::dSRed],bhEx31[pRH51 (hs::lin-3) + myo-2::GFP]
Cbr-ivp(sy5216);mfls42[sid-2::GFP; myo-2::dSRed]
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2.2 Microscopy

The characterization of the Muv phenotype of the Cbr-ivp-3 alleles and the ex-
amination of C. elegans ivp-3 mutants were carried out using the Nikon Eclipse
80i microscope. Animals in L3 and L4 stages were mounted on agar pads and

anaesthetized using 1M sodium azide.

The fates of VPCs P3.p to P8.p, were examined and were assigned an induced
fate if the VPC was induced to give rise to more than 4 vulval progeny. Any gonad
abnormalities including directionality defects, bulging anterior and/or posterior

ends, abnormal length of gonad arms, and improper turning of arms were noted.

For GFP reporter expressing strains, the Zeiss Axioimager D1 microscope with
the GFP filter HQ485LP (Chroma Technology). Images were taken using a Nikon
DXM1200F digital camera and the Nikon ACT-1 software, and were processed
using NTH Image J software.

2.3 Bleach Synchronization

To obtain synchronized worm populations, plates containing gravid hermaphrodites
were bleached, using a hypochlorite solution consisting of 1N sodium hydroxide
(NaOH) and sodium hypochloride (commercial bleach) in a 3:2 ratio. M9 buffer
was used to wash animals off the plates and centrifuged in 15mL falcon tubes. The
M9 buffer was discarded and new buffer was added to the tube, following centrifu-
gation. The process was repeated until the M9 was clear. The bleach solution
was added and the tube was vigorously shaken until all carcasses disintegrated
and only eggs were visible. The eggs were pelleted and the bleach solution was
discarded. This was followed by three to four washes with M9 buffer (Portman,
2005). The eggs were placed in a 1.5ml eppendorf tube and placed on a rotisserie
overnight at room temperature, where the eggs were allowed to hatch and remain

in the L1 stage until plated.
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2.4 RNA Extraction

Staged worms were obtained by growing L1 larvae on NGM plates for 24 hours at
20°C following bleach synchronization. The developmental stage of animals was
confirmed by observing gonad size and presence of the anchor cell in a sample
of animals using Normarski optics. Worms were grown on 100mm agar plates
and collected by washing with M9 buffer. Additional washes with M9 buffer were
carried out to remove residual OP50 bacteria and other debris. Approximately
100ul of pelleted worms were collected in eppendorf tubes. Using the TRIZOL
method, total RNA was extracted from the staged worms. Four times the volume
of TRIzol (Invitrogen, cat. no. 15596-026) was added to the volume of the pelleted
worms. The pellet was then resuspended by vortexing, followed by freeze cracking,
which disrupts the worm’s cuticle to allow for rapid RNA solubilization. Freeze
cracking was achieved by flash freezing the sample in liquid nitrogen, thawing at
37°C, vortexing and repeating two to three additional times. Three additional
volumes of TRIzol to the amount of starting worms was added and vortexed for
30 seconds. The mixture was allowed to sit at room temperature for 5 minutes
to disrupt RNA-protein complexes, followed by the addition of 2 volumes of the
original worm pellet of chloroform. The sample was then left to stand at room
temperature for 3 minutes and centrifuged at 12 000g for 15 minutes at 4°C. The
upper aqueous layer containing the RNA was transferred to a new tube, and an
equal volume of isopropanol was added. This solution was allowed to stand at
room temperature for 10 minutes and was then centrifuged at 4°C at 12 000g
for 10 minutes. The supernatant was pipetted off, the visible pellet of RNA was
washed in 500l of 75% ethanol, and centrifuged at 12 000g for 5 minutes at 4°C.
The supernatant was removed and the pellet was air-dried so that the ethanol
evaporated (two to three minutes). The pellet was dissolved in nuclease free water
that had been preheated to 55°C.

RNA samples were treated with RNaseOUT Recombinant Ribonuclease In-
hibitor (Invitrogen cat. no. 10777-019) and DNase (Thermo Scientific DNase I,
RNase-free, #EN0521). The RNA concentration of RNA was determined using
the NAnodrop and RNA integrity was determined by running a 0.8% agarose gel.
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The presence of two bands (28s and 18s) is indicative of intact RNA.

2.5 Heat-Shock Protocol

The C. briggsae strain, bhEx31[pRH51(hs::lin-3) + myo-2::GFP], displays Muv
phenotype due to elevated levels of Cbr-lin-3 following induction by heat-shock.
In order to isolate the RNA from the heat-shocked strain at L14 24 hours, the
strain was removed from 20°C at L1 4 22 hours, and heat-shocked in a 37°C water
bath for 1 hour. After the 1 hour, the strain was allowed to recover at 20°C for
another hour. At L1 + 24 hours, the Normarski microscope was used to confirm
the L3 stage by observing the size of the gonad and presence of the anchor cell.
Using the TRIZOL method, total RNA was extracted from the staged worms.
Some worms were kept aside so that the vulval morphology could be analyzed
at the adult stage using Nomarski imaging to ensure that the heat shock was

successful.

2.6 RT-qPCR

Quantitative real-time PCR (RT-qPCR) was used to quantify and compare changes
in gene expression levels and for validation of RNAseq results. RNA was isolated
from AF16 and Cbr-ivp(sy5216) animals at the L1+ 24hour stage (See Material
and Methods 2.4). Primers for the candiate gene targets were designed and opti-
mized (Table 2.1).

Expression levels of Cbr-lag-2 and Cbr-lin-3 in Cbr-ivp(sy5216) was also in-
vestigated. Primers for Cbr-lag-2 were designed and optimized (Table 2.1). In
addition, AF16 and BhEx31(hs::lin-3) were used as controls.

Using the SensiFAST™ ¢DNA Synthesis Kit (Bioline cat. no. BIO-65053),
cDNA was made from the isolated RNA, making sure the final concentration of
RNA was 800ng/ul for each strain. Using the SensiFAST™ SYBR® Hi-ROX Kit
(Bioline cat. no. BI0O-92005), qPCR was performed. The reference gene, pmp-3,
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was used for normalization in gene expression data analysis to correct for differ-
ences in the amount of cDNA template between wild type and mutant reactions.
At least three biological and three technical replicates were run along with the No
Template Control (NTC) and No Reverse Transcriptase Control (NRT).

Data was analyzed using BioRad CFX manager software 3.1. The reaction

mix and cycling conditions and were followed as recommended by SensiFAST™

SYBR® Hi-ROX Kit.

2.7 RT-qPCR Primer Design and Optimization

All primers that were used for Quantitative real-time PCR, experiments were de-
signed so that the primers spanned an exon-exon junction to avoid any genomic
DNA contamination (Table 2.1). The primers were designed using the NCBI
Primer Blast tool (found at https://www.ncbi.nlm.nih.gov/tools/primer-blast).
Primer pairs were optimized for annealing temperature and product specificity,
which was based on melt curve analysis. Furthermore, the identity of the ampli-
con was examined by running the PCR products on an agarose gel to ensure that

the appropriate amplicon size was produced.

2.8 Constructing RNAi Plasmid

The Cbr-lin-3 RNAI plasmid, used for knocking down Cbr-lin-3 expression in the
Cbr-ivp(sy5216), was generated using PCR based cloning. This method allowed
for a fragment from the Cbr-lin-3 gene to be placed into the L4440 empty vector
(Addgene plasmid # 1654). The primers GL1242 and GL1243 (Table 2.1) were
used to amplify the 885bp fragment. The primers were designed to be roughly
21bp each, the respective restriction site sequence was added to the end of each
primer, 3 to 5 bases were added upstream or downstream of restriction site, since
many restriction enzymes do not cut DNA efficiently at the end of a linear piece.

The fragment was PCR amplified using AF16 genomic DNA and extracted using a
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standard Phenol Chloroform extraction method. The L4440 plasmid was extracted
from a culture, from the RNAI library, that was grown overnight in 3ml of LB
media and 3ul of Carbenicillin (100 xg/ml). A double digest, using PstI and Xhol
restriction enzymes, was carried out overnight at 37°C for both the PCR fragment
and 14440 vector. The digested DNA was run on A 0.8% agarose gel and gel
purification was conducted to isolate the DNA. A DNA ligation was conducted
to fuse the insert to the recipient plasmid. A total of 100ng of DNA was used in
the ligation reaction with a recipient plasmid to insert ratio of 1:3. A negative
control was set up in parallel which contained the digested 1.4440 vector but not
the insert. The ligation reaction was carried out overnight, at room temperature.
241 of the ligation reaction were transformed into MAX Efficiency@® DH5a™
Competent Cells (cat no. 18258012), according to the manufacturer’s instructions.
Individual bacterial colonies were picked and overnight cultures were grown for
DNA purification. Following purification, a diagnostic restriction digest using Spel
and then run on an agarose gel. The plasmid was verified by sequencing before

being transformed into HT115 electro-competent cells by means of electroporation.

2.9 Genetic Crosses

Since C. briggsae is resistant to RNAi introduced by bacterial feeding methods,
transgenic strains, carrying a wild type copy of the C. elegans sid-2 gene, were used
for RNAi experiments involving the knockdown of Cbr-lin-3 in the Cbr-ivp(sy5216)
mutant. C. elegans sid-2, non-functional in C. briggsae, is an intestinal luminal
transmembrane protein and is required for RNA uptake. The introduction of cel-
sid-2 enhances RNAi uptake in C. briggsae (Winston et al. 2007).

The transgenic strain mfls42[sid-2::GFP; myo-2::dSRed], which carries the wild-
type copy of the C. elegans sid-2 gene was used in a cross to generate strains
sensitive to environmental RNAi in the Cbr-ivp(sy5216) mutant background. The
genetic cross consisted of crossing males of the mfls2[sid-2::GFP; myo-2::dSRed]
strain with Cbr-ivp(sy5216) young adult hermaphrodites in a 5:1 ratio on agar

plates. Animals were allowed to mate for 3 to 4 days to produce F1 animals.
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F1 animals, expressing dSRed in the pharynx were cloned onto separate plates at
the young adult stage and allowed to self fertilize. It was previously found that
Cbr-ivp(sy5216) mutants exhibit a maternal rescue phenotype when the alleles seg-
regate in a self-cross from a heterozygous mother, thus the F2 animals from this
cross were not expected to display any Muv phenotype. The probability of ob-
taining an F2 animal homozygous for both mfls42[sid-2::GFP; myo-2::dSRed] and
Cbr-ivp(sy5216), resulting from a self-mating heterozygous F1, is 1/16. To increase
the chances of obtaining the desired genotype, 32 young adult F2 hermaphrodites,
displaying no Muv phenotype but expressing dsRed were cloned singly onto plates
and allowed to produce F3 progeny. The F3 progeny were screened for animals
expressing dsRed and the Muv phenotype. A plate in which all of the F3 progeny
were Muv and expressing dsRed was an indication that the F2 animal was ho-
mozygous for both mfls/2[sid-2::GFP; myo-2::dSRed] and Cbr-ivp(sy5216). The

penetrance of the Muv phenotype was monitored over the next several generations.

2.10 RNA Interference

RNAI agar plates containing 0.0005% cholesterol, 0.1% NH4Cl, 0.2% [S-lactose,
0.3% KHyPOy, 0.5% Casamino Acids, 0.6% Na,HPO,, 2% Agar, 1mM MgSOy,,
ImM CaCly, and 100ug/ml Carbenicillin were used to carry out all RNAi exper-
iments. These plates were seeded with 100ul of the HT115 bacterial culture that
produces dsRNA of the gene of interest. The culture had been grown overnight
in 3ml of LB media and 3ul of Carbenicillin (100ug/ml). Bleach Synchronized L1
worms were plated on plates containing RNAi bacteria. The 1.4440 empty vector
was used as a negative control and pop-1 as the positive control. The L1-stage
worms were allowed to grow until the desired stage and collected for analysis. RNAi
experiments were performed in triplicate batches and only batches that produced

consistent results were analyzed.

For RNAi knockdown of Cbr-lin-3 in Cbr-ivp(sy5216), the transgenic strain
mfls42[sid-2::GFP; myo-2::dSRed], which carries the wild-type copy of the C. ele-

gans sid-2 gene was used in a cross to generate strains sensitive to environmental
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RNAi. The HT115 bacterial culture containing the cbr-lin-3 RNAi plasmid was
