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Abstract

The intestine {or gut) of Caenorhabditis elegans consists of 20 cells and is exclusively
derived [rom the E-cell blastomere, by a precise pattern of cell divistons. During post-
embryonic development no cell divisions occur in the E-linsage. Instead a nuclear division
occurs, such that most cells are binucleaie. In addition, endoreduplication occurs once
during each larval stage, resuiting in a DNA content of 32C in adult intestinal cell nuclei,
Although much research has focussed on E-cell specification, not much is known about
genes involved in the exceution of the E-cell lineage. In this thesis, I have identified and
characterised 4 classes of mutants with various E-cell lincage defects. These are mutants
with an allered E-cell lincage, a mutant that fails to cxecute the L1 nuclear division,
mutants that undergo additional posl-embryonic nuclear divisions, and a mutant with an
abnormal gul morphology. Most of the work in (his thesis focussed on the class with an
altercd E-cell lincage. T'wo independent genes were identificd in this class, /in-60(ij48) and
lin-62(ij52), the behaviour of these mutant alleles is genetically very distinet. Zin-60 is a
maternal gene and 748 is a gain-of-function allele whereas lin-62 is a zygotic gene and 52
is a loss-of-function allele. By cell lineage analysis, [ showed that extra intestinal cells
were gencrated from the E blastonmere in each mutant. Additionally, I have shown that the
ij48 lesion creates deregulation of the cell cycle in the E-cell lineage, resulting in a
hyperplasia of intestinal cells, whilc other aspects of intestinal cell function arc retained.
Using a novel RNA-mediated interference (RNAI) approach, I cloned the wild-type copy
of the gene identified by lin-60(ij48) and found that it encoded a previously identified
homologue of the cell cycle control gene, Cdc25 (ede-25.7). While gain of cde-25.1
created intestinal hyperplasia, loss of the wild-type cde-25.7 by RNAI causcd a [ailure of
proliferation of intestinal and other cell types. I found that the site of the ede-25. 1 mutation
in jj48 mutants identifics a conserved motif. However, the distribution of CDC-25.1

protein in {748 animals does not explain the intcstinal hyperplasia.

xil
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Chapter 1.

General introduction

1.1. The Phylum Nematoda

1998 was a landmark year in the history of biclogical research as the genomic
sequence of the first multicellular organism, Caenorhabditis elegans, was completed. This
milestone was achieved in a joint collaboration between The Sanger Institute and the St.
Louis Genome Sequencing Centre. The C. elegans genome encodes over 19,000 proteins,
many of which are homologues of proteins involved in human diseasc and development,

C. elegans (Figure 1.1), a free-living nematode, belongs to the Rhabditida order and
the Rhabditidae family of the phylum Nematoda. Nematodes live almost anywhere, from
the tropics to the polar regions and inhabit all types of marine and terrestrial environments.
Out of every five animals on the planet, four are nematodes (Platt, 1994). Many adopt a
parasitic lilestyle, forming relationships with both animals and plants. Although nemaiodes
live in variable habitats and conditions, they are composed of the same basic body plan;
lwo concentric tubes scparated by a space, the pscudocoelom. The inner tube is the
intestine. The outer tube consists of a collagenous cuticle, epidermis (known as the
hypodermis in C. elegans), muscle and nerve cells. The gonads ol adult worms are

contained in the pseudocoelomic space.

pharynx
oviduct

oocyles uterus eggs vulva

B

Figure 1.1 Cartoon representation of the anatomy of C. elegans. (A) is hermaphrodite,
(B) is male. Adapted [rom Riddle er al.,, 1997.
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1.2. C elegans biclogy

The simple anatomy, biology and genetics of C. elegans all altribute to the
attractiveness of C. elegans as a model organism. There are two sexes of C. elegans, self-
fertilising hermaphrodites and males (Figure 1.1). Both scxes are approximately lmm in
length and 70um in diameter at adult and can be casily distinguished and manipulated
under a dissecting microscope. Lhe egg shell of C. elegans embryos and the body wall of
C. elegans is transparent, thus developmental processes can be observed at the cellular
level, C. elegans also has a short life cycle, 3 days at optimal lomperatures thereby
generating fast resulls from genetic crosses. Although the natural habitat of this nematode
is soil, C. elegans can be easily cultured in the laboratory on solid or liquid media using

E.eoli as & food soutce (Brenner, 1974).

1.2.1. The life-cyele of C. elegans

As stated above, the life cycle of C. elegans is around 3 days. Embryogenesis, from
fertilisation to hatching takes around 14 hours at 22°C, where 550 cells are generated hy a
precise pattern of divisions (Sulston e /., 1983). This increases to 959 in the mature adult
hermaphrodite and 1031 in the mature aduli male (Sulston and Horvitz, 1977). Once
hatched, C. elegans precedes through four larval stages, termed L1 through L4. Transition
between each larval stage, termed molf, is characicrised by the secretion of a new cuticle
and subsequent shedding of the old one. These cuticles are different, both structurally and
molecularly. As a means of dispersal and long-term survival, an alternative L3 larval stuge
termed dauver or "¢nduring” is entered in responsc to starvation (Riddle, 1988). If food
becomes available, the dauer larva molts (o become an L4, which resumes normal

development.

1.2.2. The cell lineage of C. elegany

Another attractive feature of C. elegans is that the cntire cell lineage, that is the
timing, locations and ancestral relationships of all cell divisions during the development of
C. elegans, 1s known and is largely invariant (Sulston and Horvitz, 1977; Sulston et /.,
1983). Thus, a constani number of cells in the same position are generaled during C.
elegans development. This has allowed the biology of C. elegans to be studied at the
cellular level, resulting in an accuratc description of events during the embryonic and

postembryonic stages.
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Laser ablation sfudies have given somc insight into the degree of cell autonomy
that is involved in determining the pattern of cell divisions and differentiations that occur.
Generally it seems that, in (. elegans, cells behave fairly autonomously during
development, although there are several well-defined instances where regulative cell-cell

interactions have been demonstrated (Sulston and White, 1980; Kimble, 1981).

1.2.3. The genetics of C. elegans

The wild-type metaphase karyotype of C. elegans consists of 12 chromosomes in
hermaphrodites, consisting of 5 pairs of aniosomes and two sex chromosomes. Males have
11 chromosomes cossisting of 5 pairs of autosomes and a single sex chromosome. The
classical genetic procednres for gene mapping in C. elegans were developed by Brenner
(1974), who identified approximately 100 genes by mutation, and subsequently placed
them onto the six linkage groups. Hermaphrodites make up the vast majority of C. elegans
animals in a normal population; males arise by the non-disjunction of the X chromosome
during meiosis (Wood, 1988). Genetic crosses can be set up by mating males with
hermaphrodites. When the sperm from a male enters the spermatheca of a young
hermaphrodite, which already has hundreds of her own sperm, male sperm outcompete
hermaphrodite sperm and preferentially fertilises oocytes (Ward and Carrell, 1979).

Due to the short life cycle and mode of reproduction, mutants can be gencrated
with relative ease in C. elegans. The generation of mutanis has allowed large—scale
functional analysis of genes essential for growth and development in C. elegans. Due to the
hermaphrodite mode of reproduction, mutagenised populations can be screened in the F1
for dominant mutations, and T2 for homozygotic recessive mutants of interest. Mutations
can be generated by chemical or radiation means (soe Chapter 3). The self-fertilising
henmaphrodiie mode of reproduction also allows easy propagation of sterile and lethal
mutations; for zygotic lethal mutations (sicrile, cmbryonic or larval), two thirds of the
viable or fertile progeny of a heterozypgote will also be heterozygous for the lethal
mutation, whereas the remaining one third will be homozygous wild-type.

Many genes have been identified by mutation and placed onto the genetic map.
This map represents the combinalion of data from a large volume of 2-factor and multi-
factor mapping experiments. The genetic map of C. ¢legans is an invaluable tool for the C.
elegans rescarcher, for example, in positioning a mutant allele relative to other genes
during the process of cloning a gene identified by a mutant allele. The availability of the

genome map has also allowed investigation of issues such as the rates of recombination per
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physical distance and gene density across chromosomces. The recombination frequency
varics between each chromosome, and along the length of a single chromosome. Most
recombination occurs in gene-poor regions and it has been proposed that recombination-
promoting sequences exist at high density along chromosome arms (Barncs e ¢l., 1995).

In addition to genes identified via mutant phenolype, clhiromosomal rearangements
have also been isolated and placcd onto the genetic map. These include deletions,
ranslocations, inversions and free duplications. These have been used as tools for mapping
and characterising mutant alicles of interests, and can also be used as genetic balancers of
lethal muiations. The modes of iransmission of chromosomal rearrangements have been
used to study mitosis and meiosis. C. elegans, like many organisms including some plants,
protozoa, insects and other nematodes have diffuse kinetochores. The metaphase
chromosomes lack any visible constriction, which commonly marks the centromere or
kinetochore in monocentric chromosomes (Herman, 1988). Microiubule attachment is
distributed along the chromosome, and the chromosomes move broadside on toward the
spindic pores during segregation.

‘Ihe ease of obtaining mutants and setting up crosses has permitted genes to be
ordered in [unctional pathways. A classic cxample of this is in the vulval induction
pathway, where genctic cpistasis cxperiments led to a genetic pathway of vulval induction.
Molecular analysis of the genes involved in vulval induction revealed its genetic pathway
corresponded to the well-conserved Ras-mediated signal transduction pathway (Sundaram
and Han, 1996).

1.2.4. The anatormy of C. eleguns

The complete anatomy of C. elegans has been treconstructed using electron
micrographs of serial sections and combined with the cell lineage data to produce a more
complete picture (Sulston et af., 1983; White, 1988).

The cuticle i3 the worms’ exoskeleton; it functions as a barrier between the worm
and its environment and maintains the shape of the worm. The cuticle is made up of
collagen and is synthesised and secreted by the external epithelium, the hypodermis. There
are a series of indentations (annuli) that run circumferentially aloog the length of the
cuticle. Two elevated longitudinal ridges termed alac run along the lateral surfaces of the
cuticles of the 1.1 and adult. These alae are synthesised and sccreted by a specialised set of
hypodermal cells termed seam cells. A basement membrane lies on the basolateral side of

the cells between the hypodermis and the underlying body wall muscles.
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The nervous system is the most complex organ of C. elegans, accounting for 37%
and 46% of somatic nuclei in hermaphrodites and males, respectively (Chalfie and White,
1988). All connections and positions of thc nerves in the nervous system have been
recoustrucied from electron micrographs of serial sections (White ef al., 1986). Neurons
have simple morphologies with few, if any, branches. Processes from neurons run in
defined positions within bundles of parailel processes and synaptic connections are made
between adjucent neural processcs within bundles, Process bundles are arrenged
Jongitudinally (including the dorsal and ventral nerve cord) and circumferentially (the
nerve ring) and are often adjacent to ridges of hypodermis. Neurons are generalty highly
locally connected, thus make synaptic connections with many of their neighbouts.

The alimentary canal consists of the pharynx, intestine and rectum. The pharynx
comprises the largest organ at birth, almost 50% of the body length, but grows more slowly
than other organs during larval development, so thatl in the adult, the pharynx is less than
20% of the body length. The pharynx is a self-contained systcm of muscles, epithelial cells
and nerves, The pharynx functions (0 ingest, concenirate and process food prior to
pumping it into the intestine. The pharynx is connected to the intestine via the pharyngeal-
intestinal valve.

A morc detailed description of the anatomy of the inlestine is given in Chapter 3,
but to summarisc, the intestine is a fube containing a quartet of cells at the anterior (int-1})
followed by eight pairs of cells (ini-2 to int-9), The four cells of int-1 represent the point of
attachment of the intestine to (he cells of the pharyngeal-intcstinal valve. During post-
embryonic development, the C. elegans intestine is a major organ, involved not only in
digestion but also in storage and macromolecular synthesis. Yolk proteins, the
vitellogenins, are synthesised by the intestine and function in the nurture of germ cells.

The rectum is connected to the posterior of the intestine via the intestinal-rectai
valve, a very similar structure to the pharyngeal-intestinal valve. The rectum has 3 sets of
associated muscles that control excretion. They are coupled together through gap junctions
and innervated by a single neuron.

As the animal grows during larval development, the most subsiantial changes occur
in the germline. The hermaphrodite and imale gonads are very different structures. The C.
elegans adult hermaphrodite gonad consists of two cquivalent U-shaped gonad arms. Each
arm of the gomad can be divided into the distal ovary, the loop, the oviduct, the
spermatheca, the spermathecal valve, and the uterus. The distal portion of each gonad arm

containg syncytial germline nuclei surrounded by incomplete membranes (Hirsh et af.,




Chapler 1. General introduction

1976). Although technically a syncytium, each germline nucleus and its associated
cytoplasm are referred to as a germ cell. The axial polarily of the gonad is determined by a
specialised somatic cell termed the distal tip cell (Kimble and White, 1981). Mitotic germ
cells are Jocated near the distal tip of the gonad arm in the ovary. As germline nuclei
progress more proximally, away from the distal tip cell, they exit the mitotic cell cycle and
enter meiosis. 'The first germ cells lo complete cellularisation within the proximal gonad
differentiatc as spermatocytes that complete meiosis to form approximately 160 sperm
(Ilirsh et al., 1976; Ward and Carzell, 1979). Further germ cells differentiate as oocytes
instead of sperm (Hirsh et al, 1976) which remain in diakinesis of prophase I in the
oviduct prior to under-going meiotic maturation and ovulation. Fertilisation occurs within
the spermatheca, which contains amoeboid sperm (Ward and Carcell, 1979; McCarter ef
al., 1997). The meiotic maturation divisions of the ococytes are completed in the uterus
(McCarter ef al., 1999) and embryogenesis begins. The uterus opens to the outside via a
vulva protruding from the ventral surface of the hermaphrodite.

The male gonad is a single lobed, U-shaped structure that consists of the testis, the
seminal vesicle and the vas deferens. 1t begins in the central region of the worm that
extends anteriorly before turning dorsally and rumning pesteriorly until it reaches the
cloaca in the specialised reproductive structures of the male tail. At the end distal to the
cloaca, the germ cells are mitotic, which become mciotic and advance through the various
stages of meiosis, as they travel proximally to the seminal vesicle, The sperm are stored in
the seminal vesicle untl copulation, where they are released via the vas deferens and
cloaca. The male tail is organiscd into a copulatory bursa that consists of many specialised
nevrons, muscles and hypodermal structure required for mating.

A detailed description of the C. elegans anatomy is given in White (1988).

1.2.5. The C. elegans physical map and genomic sequence

The C. elegans physical map consists of overlapping cosmids, YACs and fosmids
that have beea placed into overlapping sets by restriction analysis and sequencing. The
alignment of the physical and genetic maps allows fast positional cloning of mutant alleles.

The C. elegans genomic sequence has revolutionised C. elegans biclogy. Together
with genetic, developmental and anatomical data, it also provides a powerlul resource for
research in other systems. The 100-megabase penpomic sequence of the nematode C
elegans teveals over 19,000 genes. (C. elegans sequencing consortium, 1998; Wormbase
2002),
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More than 40% of the predicted protein products find significant matches in other
organisms (C. elegans sequencing consortium, 1998) and many have been implicated in
human disease (Rubin ef af., 2000). Many human and C. elegans predicted genes arc
uncharacteriscd. Thus, C. elegans coutinues (o play a key role in heiping to assign function

o novel genes.

1.2.6. C, elegany as an experimental system

In addition to the short life cycle, low maintenance and the genelically tractable
system C. elegans offers, there are various tools available to C. elegans biology that make
it an attractive experimental system. Methods have been developed o create transgenic
strains via microinjection (Stinchcomb ef al, 1985, Fire, 1986; Mello ef «/., 1991). This
has permitied the introduction of GFP and/or lacZ gene fusions allowing the spatial and
temporal expression patterns of genes of interest to be elucidated. Transgenic strains can
also be used phenotypically to rescue genetic mutations in C. elegans by supplying a wild-
type copy of a mutant gene. The correlation of mutant phenotypes and transforming DNA
renders these mutations accessible for cloning,

The physical and genetic map have also been aligned in various regions ol the
genome, where large-scale experiments have been used to rescue lethal mutations (for
example, McDowall and Rose, 1997). These cosmid rescue experiments integrate the
genetic and physical maps by placing genetically mapped Ietbal mutations on the cosmid
contig map.

Recently, the technique of injecting dsRNA, commonly known as RNA-mediated
interference (RNAI) has been developed in C. elegans (Fire ef al., 1998, Tabara et al.,
1998; Timmons and Fire, 1998). This technique altows specific targeted gene disruption
and {s thus a very useful tool for investigating the function of a gene, beginning with only
genomic sequence. dsRNA has also been shown to suppress expression of specific genes in
plants (Waterhouse ef al., 1998), Trypanosoma brucei (Ngo et al., 1998) and Drosophila
{Kennerdell and Carthew, 1998). In C. elegans, targeted gene disruption by RNAI has been
performed in all genes on chromosome I (Fraser ef af., 2000) and chiromosome III (Gonezy
et al., 2000). At present, only about 10% of the genes in C. elegans have been identificd by
mutation (Johasen and Baillie, 1997). Thus these genomce wide RNAI screens have
assigned function to genes that have not been identified via mutation. Moreover, they have
demonstrated that conserved genes are significantly morc likely to have an RNAI

phenotype than genes with no conservation (I'raser ef al, 2000}, again cnhancing the use
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of C. elegans as a madel organism. For a morc detailed description of RINAI, see Chapter
5.

1.3. Embryogenesis

The process of cmbryogenesis can be conveniently considered in three major
stages: zygote formation and establishment of embryonic axes, gastrulation and
morphogenesis (Figure 1.2). Following fertilisation and during the first four cleavages of
the embryo, five cells or blastomeres are produced that generate distinct sets of somatic
tissues. Thesc blastomeres, termed AB, MS, E, C and D generate ectodermal (nervous
tissue and hypodermis) and pharyngeal tissue, mesoderm, cndoderm, muscle and
hypodermal tissue and body wall muscle respectively, are often referred to as somatic
founder cells. The sister of D is the P4 blastomere and is the precursor of the germline
(Figure 1.3). Gastrulation commences at the 26-cell stage by the inward movement of Ea
and Ep. It is during gastrulation that organogenesis is initiated and most of the cell
divisions occur. Organogenesis and cell differentiation are essentially complete prior to the
process of elongation, where the embryo changes from an almost spherical ball of cells to a

thin cylindrical worm, four times the original length.
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Figure 1.2 Summary of events during embryogenesis. The timing of key events
and stages of elongation (at 20°C) are shown on the left axis. Time is from fiest
cleavage. The number of nuclei generated at each stage is shown on the right.
Adapted from Kemphues & Strome, 1997
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Figure 1.3 Early cell lineage tree. 'I'he cleavage patterns that give rise to the five
somatic founder cells (AB, MS, E, C, and D) and the germ cell precursor (P4). The
tissues generated by each foundcr cell are shown. The E blastomere generates
exclusively intestine. Adapted from Sulston ef af., 1983.
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1.3.1. Specification of endodecrm

A lot of rescarch has focussed on characterising genes that specify the fate of the
individual cells in the carly embryo (for a recent review refer to Schnabel and Priess,
1997). There clearly must be differences to distinguish the fates of the blastomeros.
Asymmetric cell division, in which one cell divides to give risc to two dissimilar daughter
cells serves as a fundamental mechanism [or generating cell diversity. In some cases, the
daughter cells are equivalent when born but they subscquently develop distinctive
properties in response to differences in external cues. In other cases, cell polarisation
events prior to cell division cause cell [atc determinants to become differentially
segregated to the daughter cells. This ultimately must involve activation of lissuc specific
genes and repression of genes that function in other tissues. C. elegans uses both of these
modes in specifying the fate of cells in the early embryo.

The main focus of my thesis is in the control of the E-cell lineage, which produces
exclusively inlestine, or gui, in C. elegans. The remainder of this chapter will focus on E-
cell development. I will sunimarisc what makes the progenitor of T, EMS, different from
other blastomeres. Next I will review E-cell specification and discuss what specifies the
difference between L and its sister blastomere, MS. Finally 1 will evaluate genes
implicated in the terminal differentiation of the intestine. The advantage of using C.
elegans as a model system has permitted the generation of mutants of these processes and

analysis of mutant alleles has permitted genetic pathways to be elucidated.
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1.3.2, The roles of the maternal proteins, SKN-1, PIE-1 and PAT.-1

The bZIP/homeodomain transcription factor SKN-1 is required for both &
and MS fates (Bowerman et al., 1992). The sister blastomere of EMS is I'2, which divides
to generate the blastomeres C and 3. In s/n-/(-) mutants, EMS adopts a fate reminiscent
of the C blastomere, which produces eclodermal and body muscle (Bowerman e ¢l., 1993)
(Bowerman ef al., 1992a). Though SKN-1 is present at comparable levels in both EMS and
P2, it is able to activate transcription in EMS only, owing to a general franscription
inhibitor PIE-1, which is differentially scgregated to the P2 cell during the first two cell
divisions (Mello ef af., 1996; Tenenhaus et al., 1998; Batchelder et al., 1999). The C-likc
fatc is produced in EMS in skn-/(-} mutants owing to the presence of PAL-1, a CAUDAL-
like homeoprotein, which is required for the generation of body muscle from the C and D
blastomere (Hunter and Kenyon, 1996).

Two immediate transcriptional targets of maternal SKN-1 are the zygotic genes,
MED-] and MED-2. These encode GATA-like transcription factors and although on
different chromosomes, they are almost identical and are generally described together as
MED-1, -2. Loss of MED-1, -2 by RNAI resembles loss of SKN-1 (Maduro et al., 2001).
The C-promoting activity of PAL-1 is blocked by MED-I, -2 and SGG-1 kinase, a GSK-
3B homologue in EMS. In the C blastomere, SGG-1 kinase prevents SKN-1 from
activating the MED-1, -2 genes in C and thus specifies an EMS-like fatc. In the absence of
hoth SGG-1 and PAL-1, the daughters of C, Ca and Cp, adopt a MS and E-like fate
respectively.

Interestingly, in pie-1(-} mutants, the P2 cell has an EMS-like fate and also
produces a gut lineage from one danghter cell. Thus gut fate is segregated to one daughter
independently of cell contact (i.e. cell autonomously), yet the normal EMS cell requitres a
cell-ccll specification in one daughter (see below) (Goldstein, 1995). The pie-/ gene
product is believed to repress SKN-1 activity in the P2 cell, preventing P2 developing as an
EMS-like [ale. In pie-1{-} mutant embryos, P2 generally develops as EMS, thus pie-/(-)

mutant embryos produce two EMS-likc lineages.

1.3.3. Wnt signalling
From the entry of sperm defining the cleavage pattern of the first division,
asymmetric cell divisions are generated in C. elegans. Many early C. elegans cmbryonic

divisions occur in an anterior-posterior division plane, nsually producing sister cells with
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different fates (Sulston et al., 1983). Several experimental sludies have focussed on how
the fate of E is specified during early embryogenesis. The E cell is born when there are
only 7 cells in the embryo and is the posterior daughter of the EMS blastomere,
Interestingly, once specified, E cell differentiation appears to be autonomous to the E cell
and in the absence of other blastomeres, E can give rise to a full set of differentiated
inlestinal cells and even structural elements of a fully formed intestine (Priess and
Thomson, 1987; Leung et al., 1999)

1'wo inductions by P2 at the four ccil stage serve to elaborate the anterior-posterior
axis of the C. elegans embryo: on the ventral side E and MS and on the dorsal side, ABa
and ABp, due to the P2-ABp interaction (Bowerman ef al, 1992b; Mangoe ef af., 1994;
Moskowitz ef al., 1994; Mello er al., 1994; Hutter and Schnabel, 1995). The L blastomere
fate depends on a P2-EMS celi-cell interaction polarising EMS (Goldstein, 1992;
Goldstein, 1993). In the absence of gut induction, E loses its distinctive cell lineage timing
and takes on an early lineage timing of an MS-like lincage (Goldstcin, 1992, 1993). Gut
differentiation does not occur from EMS cells isolatcd early in the four-cell stage, buai
contact with a P2 cell will rescue gut differentiation. Both sides of EMS are competent to
respord to the inducing signals (Goldstein, 1993) but when presented with signals on both
sides, only one generally forms gut lineage.

By examining mutants identified as having more mesoderm (smom), generated by an
E to MS fate, it has been shown that signalling from the P2 bLlastomere promeotes
asymmetric division of the MS blastomere to produce an antcrior MS fate and a posterior E
fate. This polarised induction involves a Wnt signalling pathway and a MAP kinase
cascadc. These signalling pathways act in a posterior dependent manner lo induce and
orient the asymmetric cefl division of EMS cell (Goldstein, 1993; Thorpe ez al., 1997).
Both of these pathways converge to ultimately downregulate POP-1/TCF activity of
maternally supplied POP-1 in the posterior E blastomere (Lin ef af., 1995; Lin et «l., 1998)
(Figure 1.5). POP-1 is a member of the TCF/LEF class of HMG box proteins, which serve
as the tenninal transcription factors in Wnt signalling pathways (Brunner et @l., 1997).
Members of the TCF/LEF family of transcription factors have been shown to play roles in
multiple biclogical processes including cell fate determinpation, pattern formation and
differentiation. The homology between POP-1 and other TCF/LEF members is tesiricted
mainly to the IIMG box, which mediatcs the sequence-specific DNA binding as shown for
TCF/LEF-1 (Roose and Clevers, 1999). To date, POP-1 is the only protcin that has been

genetically identified as a suppressor of the E fate in MS descendants (I.in ef al., 1995).
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The Wnats arc a conscrved family of sccreted glycoproteins that fonction as
signalling molecules in many developmental processcs. However it is unclear to what
extent the pathway components are shared in cach Wnt-controlled pathway. E-cell
specification is one of the best characterised Wut pathways i C. elegans. Genetic screens
have been performed to identify loci that are required to distinguish the fatcs of E during
endoderm induction. Mutation of any of these genes causes both daughters of EMS to
adopt an MS-like fate. The loci identified include 5 mon: genes (more mesoderm), mom-1
through mom-5 (Rocheleau ef al., 1997, Thorpe et al., 1997, Three mom genes were found
to encode previously identified Wnt signal transduction pathway components: miom-1 is
similar to porcupine (porc), mom-2 to wingless (wg) and mom-5 to frizzled (fz). RNAI
studies suggested that a B-catenin related gene, wrm-1, a tumour suppressor-related gene,
apr-1 (for APC-related) (Rocheleau ef a/., 1997) and a glycogen synthase kinase 3 (GSK-
33) homologue called sgg-/ arc also involved in this pathway (Schlesinger e al., 1999).
Interestingly, SGG-1 activity blocks endoderm formation in the C lineage (Maduro et al.,
2001). Thus SGG-1 is required positively for the Wnt-mediated activation of endederm in
the EMS lincage and is an inhibitor of endoderm in the C lineage. It has alsc been
speculated that SGG-1 may be a branchpoint for endaderm specification and spindle
orientation in EMS (Schiesinger et af., 1999).

In addition to Wnt, components of a mitogen-activated protein kinase (MAPK)
pathway including LIt-1 (Nemo-like kinase, NLK) and MOM-4 (transforming growth-
factor-B-activated kinase, TAK1) have been shown to downregulate POP-1 in the E cell.
The Wnt and MAPK signals are integrated at the level of complex formation butween
WRM-1/B-catenin and LIT-1/NLK. Consistent with this, Rocheleau et af., (1999)
demonstrated an interaction between LIT-1 and WRM-1/B-calenin that feads to a LIT-1
kinase domain dependent phosphorylation of LIT-1, WRM-1 and POP-1, and a
redistribution of POP-1 from the nucleus to the cyloplasm when coexpressed in vertebrate
tissue culture cells. Similar interactions are also likely to be conserved in vertcbrates as
TAK-1 and NLK can downrcgulaie IIMG-domain-containing proteins related to POP-1
(Ishitani et af., 1999). The source and nature of the signal that activates the MOM-4/LIT-1
kinase cascacde in C. eleguns is under investigation,

Inactivation of the Wnt pathway upregulates POP-1 protein level, generaling an E
to MS switch, whereas inactivalion of pop-I resulls in both daughters adopting a posterior

fate (i.e. MS to E switch) (Lin erf «/., 1995;Lin et al., 1998). This rcsult contrasts with many
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models for the Wnt signalling pathway where the WRM-1 related proteins, B-catenin have
a positive role in response to Wnt signalling. In these models reviewed by (Cadigan and
Nusse, 1997). B-catenin and armadillo are thought to enter the nucleus and stimulate
transcriptional activation of TCF/LEF proteins. Thus loss of B-catenin and TCF/LEF

would result in similar phenotypes.

et P2
mom-2 Figure 1.5 Wnt signalling in
l the early C.elegans embryo.
mom-5  gpy] Positive  interactions  are
EMS indicated by arrows, negative
sgg-1 / '""""'4 = by truncated lines. Adapted
spindle ™ wrm-1 lit-] from Thorpe et al., 2000.
Orientation
E

The histone acetyltransferase (CPB-1) and histone deacetylase (HDA-1) have been
shown to have a role in endoderm development (Shi and Mello, 1998; Calvo ef al., 2001).
In C. elegans, CBP-1 is essential for the execution of most differentiation programmes
during embryogenesis (Shi and Mello, 1998). Endoderm differentiation is abrogated in
embryos lacking CBP-1, however, differentiation can be restored by subsequent inhibition
of HDA-1, suggesting that CBP-1 promotes differentiation by counteracting the repressive

activity of HDA-1. Calvo er al (2001) proposed a molecular mechanism for the




Chapter 1. General introduction

suppression of endoderm development from the MS blastomere. They suggested that in E,
the Wnt/MAPK pathways block the endoderm-repressing activity of POP-I, thus
endoderm induction is induced by inactivating a repressor. The repression by POP-1
involves a complex containing the co-repressor Grouch-like molecule UNC-37 und HDA-1
resulting in repression of end-I, a crucial initial endoderm-determining gene whose
product is suflficient to induce endoderm differentiation. (Zhu ef al., 1997; Zhu et al.,
1998). Vertebrate TCFs can also mediate repression by recruitment of histone deacotylases
to promoters via Groucho family corepressors (Roose et al, 1998; Chen et ol,
1999;Brantjes et al., 2001). Recently it has been suggested that POP-1 represses target
gene transcription by inhibiting the activity of a bound activator rather than preventing its
binding. Activation of end-1 and its related gene end-3, requires the redundant, zygotically
expressed (GATA factors MED-1, -2 (Madwyo ef /., 2001). In a pop-1(-) mutant, MED-1, -
2 are required for the cndaderm that arises from both MS and E (Maduro et af, 2001)
suggesting that the activation by MED-1 -2, combined with the asymmetry provided by
POP-1, dictates either MS fate (active MED-1, -2; high POP-1) or E fatc (active MED-1, -
2; low POP-1) (Maduro et al., 2001). By observing protein-DNA interactions in live
embryos, these authors speculated that the qualitative differences between Wnt signalled
and unsignalled POP-1 arc corrclated with the ability of POP-1 to bind directly to the end-
1 and end-3 promoters. The P2-EMS interaction results in a change in POP-1, which
prevents the intcraction between POP-1 and end-7, -3 in the E nucleus, permitting MED-1,

-2 to activate end-7, -3 and thus specify an E fate.

1.3.4. GATA factors and the E-cell cycle

The GATA-like transcription factors bind to the DNA sequence
motif( A/T)GATA(A/G). Downsiream of MED-1, -2, lie END-1 and END-3, another pair
of redundant GATA factors. These genes were identified following an altempt to obtain a
zygotic lethal mutant with a “gutless’ phenotype. end-/ and end-3 are contained within the
‘endoderm determining region’ (EDR). In embryos lacking the EDR, the E blastomere
adopts a C blastomere fate (similar to sku-1(-) mutants and RNAI of med-1, -2) (Zhu et al.,
1997). During the second cell cycle of the E-cell lincage, another pair of redundant GATA
transcription factors, elt-2 and eit-7 are expressed {(Fukushige et af, 1998, Maduro and
Rothman, 2002).

GATA consensus motifs are found in many genes that arc expressed in the intestine

such as ges-7 (Bdgar and MeGhee, 1986), cystcine protease genes (epr-7,3,4,3) (Larminie,
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1995; Larminie and Johnstone, 1996) and the vitellogenin gene vi#-2 {Blumenthal ez a/.,
1984), and have been teported to be essential for correct gut expression (MacMorris ef af.,

1992: Egan et al., 1995; Britton ef al., 1998).

1.3.5. Post-embryonic development of the intestine

During post-embryonic development, no more ¢ell divisions occur in E. However
most gut nuclei under go a nuclear division during L1, producing binucleate cells.
Additionally, endoreduplication (DNA synthesis without nuclcar division) occurs once
during each larval moft such that the DNA content in the adult gut nuclei is 32C (scc

Chapter 3).

1.4. Project aims and objectives

Most work to date concerning E-cell development has been with identifying genes
that are implemented in E-cell specification. Little work has focussed on identifying genes
that are involved in the execution ol the E-cell lineage, during both embryonic and post-
embryonic development. For cxample, in the E-cell lineage during embryogenesis, there
are both symmetric and asymmetric divisions. Te date, no molecules have been identified
that create the cell diversity in this process. My aim in this project was o e¢lucidate some of
the molecules involved in the execution of the E-cell lineage by identifying and

characterising mutants with an abnormal E-cell lineage.
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Chapter 2
Materials and Methods

Unless otherwise stated, all chemicals/reagents werc purchased from Fisher
Scientific (TI'isher Scientific UK Lid., Loughborough, Leicestershire, UK), Invitrogen
(Invitrogen L.id., Paisley, Rentrewshire, UK), Sigma (Sigma-Aldrich Company Ltd., Poole,
Dorset, UK), BDH (Merck House, Poole, Dorset, UK), Sigma-Genosys (Sigma-Genosys
Biotechnologies Europe Ltd, Pampisford, Cambridgeshire), New England Biolabs (NEB
Ltd., Herifordshire, UK), Stratagene (Stratagene Eurape P.O. Box 120851100 Amsterdam,
The Netherfands) and ABgene (ABgenc House, Epsom Surrey, UK). Resriction enzymes
and DNA moadifying ¢nzymes were obtained from NEB. Custom oligonucleotide primers
for Polymerase Chain Rcaction (PCR) were obtained from Sigma-(GGenosys. DNA

polymerases were supplied by AB (Tag), Stratagene (Pfi Turbo) or NEB (Vent).

2.1. Chemical abbyeviations

BSA: Bovine Serum Albumin

DABCO: 1, 4-Diazabicyclo[2.2.2]octane

DAIL 4, 6-diamidino-2-phenylindole

DEPC: Diethyl pyrocarbonate

DMT: N, N-Dimethylformamide

Na;EDTA:  ethylenediaminetetraacetate disadium salt
EMS: Ethyl mcthanesulphonate

diL0: Deionised water

IPTG: Isopropyl p-D-thiogalactoside

NGM: Nematode growild-typeh mediam

PBS: Phosphate buffercd saline

SHS: Sodium dodecyl sulphate

Tris-HCl: 2-amino-2-(hydroxymethyl}-1,3-propancdiol-hydrochloride
Tween 20: Polyethylene glycol sorbitan monolaurate
X-gal: 5-Bromo-4-chloro-3-indolyl 3-D-galactoside
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2.2. Commonly used stocks, solutions and media

Ampicillin (1000x): 100mg/ml in sterile dH,O. Sterilised by filtration and aliquoted and
stored at -20°C.

Blocking Solution (1x): 1% milk powder in 1% PBST. Made fresh before use.

Chitinase solution: 20mg/ml stock. Purchased as solid (Sigma) and dissolved in 50mM

NaCl, 70mM KCl, 2.5mM MgCl,. Aliquoted and stored at -20°C,

Diethylpyrocarbonate (DEPC)-treated dH-O: DEPC added to dH;0 to a final concentration
of 0.1%, mixed vigorously and left to stand in fumehood overnight prior to autoclaving.

Stored at room temperatore.

10x DNA Sampic Loading Buffer: 25% Ficoll (Type 400), 20mM LEDTA, 0.2%

Bromophenol Blue. Stored at room temperatare

Ethylmethanesulphonate (EMS) (50mM): 20ul liquid EMS added to 4ml M9 buffer and
gently agitated until EMS dissolved. Made fresh prior to use.

Ethidium Bromide: 10mg/ml stock in dH;C, final concentration 0.5ug/ml in agarose gels.

Stored, protected from light, at room temperature,

Injection Mix Buffer (10x) for RNAL: 20% Polyethylene glycol (MW 6000-8000), 200mM
KPO4 (pH7.5), 30mM Potassium Citrate in DEPC treated dI10. Stored at 4°C.

IPTG: 0.5M stock in sterile dI1;0. Aliguoted and stored at —20°C

Kanamyein (1000x): 50mg/ml in sterile dHyO. Sterilised by filtration, aliquoted and stored
at -20°C.

L-Broth: 1% Bacto tryptone (Difco, Michican, 1TJSA) 0.5% vycast cxtract (Difco), 0.5%

NaCl, in dH20. Autoclaved and stored at room temperature.
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L-Brath Agar: as for L-Broth + 1.5g/100ml bacto-agar (I?ifco). Autoclaved then allowed to
cool (antibiotics were added at this stage, if required) poured with sterile technique onto
plastic plates, allowed 1o set, dried by inversion in flow hood and stored for short periods at

4°C.

M9 Buffer (1x): 0.3% KHyPO,, 0.6% NaHPQ4, 0.5% NaCl, ImM MgSQ4, in dHO.

Autoclaved and stored at room temperature.

Mounting Solution: 50% glycerol, 1XPBS, 2.5% DABCO. Made fresh prior to use

Na;EDTA: 0.5M stock in dH,0. adjusted to pH8 with NaOH. Autoclaved and stored at

room temperature.

NGM Agar: 0.3% NaCl, 2% agar (Difco), 0.25% peptone (Difco), 0.0003% chaelesterol
(ImVL of 5mg/ml stock in ethanol) in dH2O. Autoclaved then 1ml/L of IM CaCly, 1ml/L
of MgSQ4 and 25ml/L of 1M Potassium Phosphate buffer pH6.0 added. Stored at room

temperature,
Phenol: For DNA manipulations, purchased liguefied and equilibriated with 10 mM Tris
HCI, (pHR&), 1mM EDTA. For RNA manipulations, phenol was purchased liquefied and

saturated with 0.1M citrate buffer, pH4.3. Stored at 4°C.

Phenol/Chloroform: BEqual volumes of phenol {above) and chloroform:isoamyl alcohol

24:1 were mixed. Stored at 4°C.

Phosphate buffered saline (PBS): Purchased as Tablets (Sigma). Dissolved 1 ‘lablet in 200
ml water to obtain a 137 mM NaCl, 2,7 mM KCl and 10 mM phosphate buffer solution
(pH 7.4 at 25°C).

PBST: As PBS with the addition of Twecen-20 to a final concentration of 0.2%, Stored at

roon1 temperature.
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Potassium Phosphate Buffer (1M): Prepared from 1M KILIMD,; and IM K;HPQ,, mixed in

appropriate ratio for desired pH. Autoclaved and stored at room temperature.

Proteinase X: 10mg/ml stock in sterile dIIO. Stored at -20°C.

Sodium dodecyl sulphate solution (SDS), 10% (w/v): Stock selution in sterile dH0O.

Stored at room temperature.

Single Worm Lysis Buffer (SWLB): S0mM KCl, 10mM Tris (pHS.3), 2.5mM MgCl,,
0.45% Tween-20, 0.01% (w/v) gelatin. Autoclaved and stored in aliquots at -20°C.

Proteinase K (Bocringer-Mannheim) added to 60ug/m! prior to use,

Single worm PCR Taq buffer (10x}: 100mM Tris (pH8.3), 500mM KCi, 15mM MgCl,,

0.01% (w/v) gelatin. Autoclaved and stored in aliquots at -20°C.

Sodium Phosphate Buffer (1M): Prepared from 1M Na;HPO4 and 1M NapHPOs, mixed in

appropriate ratio for desired pH. Autoclaved and stored at room temperature.

SOC medium (1L}. 20g Bacto-tryptone, 5g Bacto-yeast extract, 0.5g NaCl, added to 960ml
dH,0. Allowed to dissolve. Autoclaved, then 10mi 1M MgCly, 10mi 1M MgSO4 and 20ml
20% (w/v) glucose added before use. Stored at -20°C.

TBE (10x): 0.9M Tris-HCI, 0.9M Boric acid, 25mM Na,EDTA pHS8.0 in dH,0. Stored at

100IN femperaturc,
TE: imM EDTA, 10mM 'Tris-HCI, (pH as required) in dH;O. Autoclaved and stored at

room temperature. TE at pH&.0 was used for all DNA manipulations, unless otherwise

stated

Tetracyeline (1000x): 12.5mg/ml in 50% sterile dH20 and 50% ethanol. Aliquoted and
stored protected from light at 4°C.
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Tris-HCl: Molarity and pIl as required (pH adjusted with HCI). Autoclaved and stored at

room tempcl'atute.

X-Gal (100x): 2% in Dimethyiformamide (DMF). Stored int aliquots protected from light at
-20°C.

Note: All media and most heat insensitive solutions were autoclaved using the following
conditions: 120°C, 15lbs/in® for 15 minutes. Heat scnsitive solutions were sterilised by

filter sterilisation.
2.3. C. elegans and bacterial strains

2.3.1. C.elegans strains

Unless indicated, strains were obtained from Caenorhabditis Genetics Centre
(CGC), University of Minnesota, St Paul, Minnesota, USA. For details of nomenclature
refer to Hodgkin, 1997,

Name Genotype Notes

CB61 dpy-5(e6 )] Obtained from the CGC
{Brenncr, 1974)

CB2067 wne-73(e936) dpy-5(e61)l A gift from J. Hodgkin

CB3823 eDf18/unc-24(ei38) dpy-20(el282)1V. Obtained from the CGC

CB3824 eDf19/unc-24(el38) dpy-20(el282)IV, Obtained from the CGC

DA740 hli-6(scl6) unc-24(el38)1V Obtained from the CGC

DR96 unc-76(e91 1}V Obtained from the CGC
{Brenner, 1974)

DR438 dpy-5(e6l) unc-87(el216)1 Obtained from the CGC

LII135 unc-44(e362) bli-6(sci16)IV. Obtained from the CGC

IA105 unc-76(e911) Vidpy-7.:GIP, unc- A gifi from I. Johnstone

70Ct)aTs12) (gepnerated by E. Stewart)

JK1726 gDf16/dpy-5(e6l) unc-15 (1402)I Obtained from the CGC
(Kadyk and Kimble, 1998)

JRI838 wils84 A gift from Joel Rotlunann
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Name Genotype Notes
KR357 dpy-5(e6l) let-382(h82) unc-13(e450); Obtained from the CGC
sDp2(1; f) (Howell ef al, 1987)
KR623 dpy-5{e6i) let-602(h283) unc-13(e450); Obtaincd from the CGC
sDp2 (1. ) (McDowall and Rose,
1997a)
KR633 dpy-5(e61) air-1*(h289) unc-13(c450); Obtained from the CGC
sDp2 (. ) (McDowall and Rose,
1997a)
KR637 dpy-5(e61)let-604(h293) unc-13(e450); Obtained from the CGC
sDp2(I ;1) (McDowall and  Rose,
1997a)
KR727 dpy-5(e061) let-607(h402) unc-13(e450); Obtained from the CGC
sDp2(1; 1) (McDowall and Rose,
1997a)
KR1233 EDfS/dpy-5 (e61unc-13(ed50)1 Obtained from the CGC
(McKim ef af, 1992)
KR1347 dpy-5(e6i) let-608(h706) unc-13(e450); Obtained from the CGC
sDp2(1;]) (McDowall and  Rose
1997a)
MT5242 unc-3(e53) bli-6(sci G}V, Obtained from the CGC
N2 C. elegans wild-type Bristol Strain Obtained from the CGC
(Brenner, 1974)
RW1324 | fem-1(ef991) unc-24(el38) unc- Obtained [rom the CGC
22(s12}/stDf7 IV (Williams and Waterston,
1994)
RW1333 | fem-1(cl991) unc-24(e138) unc- Obtained from the CGC
22(s 1 2)/stDfS IV (Williams and Waterston,
1994)
RW7000 | C. elegans wild-type, RW subclone of Obtained from the CGC

Bergerac BO (Tcl pattern HCA)

(Wiltiams et af, 1992)

Table 2.1 C.elegans strains. *air-/ was previously known as /er-603
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2.3.2 Bacterial strains

Name

Genotype

Notes

Use

HT115 (DE3)

F-, mcrA, mcrB,
IN(rrnD-rrnE) 1,
rncl4:: Tnl(DE3
Iysogen: lacUV3
promoter -T7
polymerase)
(IPTG-inducible T7

A gift from CGC

Food source of
C elegans when
administering
RNA by feeding

polymerase)
(RNAse Il minus).

OPso The strainused in | Food source of
our laboratory isa | Cl.elegans
variant of the uracil
requiring QP50
strain (Brenner,

1974) which has
been fransformed
with a plasmid
cottaining the Tet'
marker
(L.1..Johnstone,
pers.comm. )

Novablue endA4l, hsdl7(riy7 | Obtained from Competent cells for
tigi2’ ), supEd4, Novagen, Inc. via | general cloning
thgi-1, recAl, R&D systems
gvrA906, reldl, Europe, Abingdon,
lac[F", {JK.
prod+B+iac7-

MI15::Tnl0]

XL10-Gold™ Tet* Afmerd)183 Obtained from Competent cells for
A(merCB-hsdSMR- | Stratagene Ltd., general cloning
mrr)i73 endAl Cambridge, UK.

supldd thi-1 recAdl
gyrA96 reldl lac
Hte |F’ proAB
lac'ZAMI15 Tnl()
(Tety Amy Cam™]

Table 2.2 Bacterial strains
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2.4. Vectors and Clones

2.4.1. Plasmid vectors

Name of vector Notes and use

PCR-Script™ A PCR [ragment cloning vector derived
from pBluescript®II SK(+) phagemid.
Used for cloning blunt-ended PCR
fragments. Obtained from Stratagene
Lid., Cambridge, UK

pGEMQ"-T A PCR fragment cloning vector derived
from pGEM®-5Zf(+) phagemid. Used
for cloning PCR fragments with 3°-
deoxyadenosine tail. Obtained from
Promega Corporation.

pTAg pUC derived phagemid. Used as a carrier
in microinjection (contains Kan and Amp
resistance gene)

pPD95.67 Promoterless GFP fusion vector (A.Five,
pers.camm.). A gift from A Firc.
pPIN96.04 Promotetless GFPlacZ fusion vector

(A Xire, pers.comm.). A gift from A Fire.

Table 2.3 Cloning vectors
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2.4.2 Clones
2.4.2.1. Plasmid clenes

Name of plasmid

Notes and usc

pRF4

Contains the dominant rol-6(su! 006}
C.elegans cuticular collagen mutation
(Mello et al., 1991). Used as a marker for
identifying and selecting transformed
lines following microinjection of
C.elegans. A gift from J. Kramer

p76-16B

Contains 10.7kb Xbal wild-type genomic
[ragment of unc-76. Used as a marker for
identifying and sclecting transformed
lines following microinjection of
C.elegans strain DR96. A ygift from Laird
Bloom.

PMW0002

Consists of the dpy-7 cuticular collagen
gene promoter in a tranlational fusion
with GFP contained in the Fire vector
pPD93,67 (A. Tire, pers.conun.). A gift
from L.L. Johnstone

pIM67

Consists of 5144bp elt-2 GATA-like
transcription factor promoler [used with
GFPlacZ contained in the Fire vector
pPNOG6.04 (Fukushige ef al., 1998). A gift
from J. McGhee.

Table 2.4 Plasmid clones

2.4.2.2. Cosmid clones

Cosmid name

Notes and use

C55B7 DNA template for PCR. A gift from I.
Sulston and A.Coulson.

[F37E3 DNA template for PCR. A gift from J.
Sulston and A.Coulson.

F57B10 DNA template for PCR. A gift from J.
Sulston and A.Coulson.

KO6AS DNA template for PCR. A gift from J.
Sulston and A.Coulson.

R10AI10 DNA template for PCR. A gift from F.
Sulston and A.Coulson.

T23H2 DNA template for PCR. A gift from J.
Sulston and A.Coulson.

WOTBE DNA template for PCR. A gift from J.

Sulston and A.Coulson.

Table 2.5 Cosmid clones
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2.5 Culture maintenance
2.5.1. Bacterial Culture
2.5.1.1, Bacterial Culture on solid media
All E.coli bacterial strains were grown at 37°C on L-Apgar plates (%cm diameter
plates — Greiner Laborfechnik Lid., Stonchouse, Gloucestershire, UK) supplemented with

the appropriate antibiotic. The final concentrations of the antibiotics used were as follows:

E.coli strains transformed with plasmids:  100pg/nd ampicillin or

12.5pg/ml tetracycline

E.coli strains (ransformed with cosmids: 50pg/ml ampicillin or

25pg/ml kanamycin

2.5.1,2. Liquid Culture of Bacteria
Single colonies were transferred using sterile technique, into T-broth supplemented
with the same final concentration of antibiotic as in 2.4.1.1. All liquid cultures of bacleria

were grown with vigorous shaking at 37°C in an orbital shaker.

2,6. General Molecular Biology Techniques

2.6.1. Agarose gel electrophoresis of DNA

Restriction endonuclease digested DNA and PCR amplified DNA samples were
electrophoresed through agarose gels, ranging from 0.7%-1.8%. Gels were prepared by
dissolving the appropriate amount of agarose in 1xTBE. Samples from STS mapping were
electrophoresed through 3% MetaPhor agarose (FMC corporation, via Flowgen, Lichfield,
Staffordshire) to permit greater separation of smaller DNA fragments. MetaPhor agarose
gels were prepared according to manufacturer’s protocol. 15cm gels were generally cast
using ge! electrophoresis kits from GibcoBRL. The gels were generally tun at a voltage
equivalent to 3-10V/cm in IXTBE. All DNA samples were loaded into the wells using
1xDNA saniple bulfer. Gels were post-stained by placing in a container of dH;O plus
0.2pg/mi ethidium bromide on a moving platform for 20-40 mins, then washed with dI1;0
before visualising. The electrophoresed DNA was visualised using a UV transilluminator

(Appligene Oncor, Durham, UK) and a recard of the gel made using a digital imaging
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system (Appligene). Where necessary, the pel contained one lane of DNA size standards,
eithcr 1kb ladder or 50bp ladder (both from GibcoBRL).

The T3 and T7 transcript material for RNAL was also electrophoresed through
standard 1% agarose gels. Although gels for northern blots would be run differently, this
separation was used as a crude measure as to whether in vifro transcription had been

successful and to examine whether the sense and anti-sense strands had annealed.

2.6.2. Restriction Endonuclease Digests

Digests wcere set up using the recommended buffer with an appropriate amount of
DNA and enzyme. BSA was added (final concentration 1004g/ml) where recommended by
manufacturer. The quantity of enzyme varied depending on the source of DNA, however,
as a general rule, one unit of enzyme was added per pg of subsirale DNA in a 501 reaction
volume. Reaction volumes were chosen such that the glycerol content did not exceed 10%.

Reactions were incubalted at the recommended temperature from 3h to overnight.

2.6.3. Ligaticn reactions
105l ligations were set up using the recommended bufler. Generally, 100ng vector

was ligated with a specified amount of insert using the following equation:

ng of vector X size (kb) insert x  desired insert:vector moiar ratio = ng of insert

size (kb) of vector

As a general ule. a 3:1 insert:vector molar ratio was used as an initial parameter.
1U ligase (NEB) was used per ligation reaction. When ligaling PCR products into
commercial PCR cloning vectors, manufacturer’s rccommendations were applied.

Ligations were performed at room temperature for Thour or 16°C overnight.

2,6.4. Purilication of PCR-amplificd and gel isolated DNA fragments
PCR amplified products were purificd using Qiagen QlAquick PCR Purification
Kit or QlAquick Gel Extraction kits (both from Qiagen I.1d) according to manufacturer’s

protocol.
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2.6.5. Transformation of E. coli

10-50ng of DNA from ligations was (ransformed into commetrcially sourced
competont cells as described in section 2.3.2. using manufacturer’s instructions with the
following cxception: 50ul competent cells were used in each transformation reaction and
all volumes of solutions adjusied accordingly. The transformed cells were selected using

the appropriate antibiotic resistance marker.

2.6.6. Screening of transformed colonies

Where applicable, blue-white /acZ colour screening of recombinant plasmids was
applied. Thirty minutes prior fo plating out transformations, 100yl 100mM IPTG and
100p1 2% X-gal was spread onto L-agar plates. White colouies were subject to colony

screening by colony PCR or colony lysis.

2.6.6.1, Colony PCR
Single colonies were streaked onto an agar plate containing appropriate antibiotic
and dipped into PCR cocktail shown in ‘Fable 2.6. Reactions were made to a volume of

20ul. Gene-specific primers were used.

Component Final eoncentration
10X Taq Polymerase Buffer 1X
MgCla 2.5mM
dNTPs (Promega Corporation) 0.2mM
Sense Primer 4ng/pl
Anlisense primer 4Angiul
Taq polymerase (Advanced 0.5U
Biotechnologies)
Table 2.6 PCR cocktail for colony PCR
Segment Number of Cycles Temperatare Duration
{minutes)
i 1 94°C 3
30 94°C 0.5
55°C 1
72°0 *1-3

Table 2.7. Cycling Parameters for Colony PCR * Extension time varied with size of

insert, generally 1min/kb.
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2.6.6.2. Colony lysis

Colony lysis was also used to screen for transformed £ coli colonics. Uhe protocol is

outlined below:

@)

(i)
(iti}

(iv)
™

(vi)
(vii)

(viii)

Isalated colonies from (runsformed plates were picked using a wooden
toothpick and patched onto a fresh Ayap plate.

The patched colonies were grown at 37°C overnight.

A sample from each streak was dipped, using a toothpick, into 30ul colony lysis
butter (2% Ficoll, 1% SDS, 0.2% Bromophenol Blue in 1xTBE buffer).
Samples were incubated at room temperature for 20 min.

Samples were microfuged at 13000tpm for 25 min.

Samples were placed at 4°C for 30 min to aid subsequent loading onto agarosc
gel,

The sample supernatant was loaded onto a 1.2% agarose gel and care was taken
to avoid the loose pellet.

The gel was electrophoreses at 5V/cm and DNA visualised by standard means.

Plasmid DNA from colonics containing an inscrt were differentiated from those without,

via their increased size when separated by agarose gel electrophoresis.

2.7. DNA preparation

2.7.1, Isolation of C.clegans genomic DNA

The method used was a modified version of a protocol used for the isolation of

Chromosomal DNA from C.elegans (Johnstone, 1999),

(1)

(i1}

(iii)

Worms were grown on four 9cm NGM agarose plates and collected in M9
buffer. The worms were washed twice with M9 buffer to remove excess
bacteria and pelleted in a 1.5ml eppendorf by centrifugation at 5000mpm for 5
minutes. The approximate volume of packed worms was determined.

Six volumes of freshly made worm lysis buffer (S0mM Tris-HCl pHE, 100mM
NaCl, 50mM EDTA, 1% $SDS, 30mM B-mercaptoethano! 100ug/ml proteinase
K) was added to one volume of packed worms.

The mixture was incubated at 65°C for 4 hours.
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(iv)  Debris was removed by centrifuging the lysis mixture at 13000rpm for 5
minutes in a microfuge.

W) The lysed worm preparation was extracted with one volume phenol/chloroform
and the phases were separated by cenlrifuging in a microfuge for 10 minutes at
130001pm, according to standard procedures (Sambrook ez af, 1989).

(vi)  The aqueous phase was removed and extracted (as above) a further three times
with phenol/chloroform.

(vil) The aqucous phase was extracted once with chloroforn.

(viii) DNA was precipitated by adding 2 volumes ice cold 100% ethanol.

(ix)  DNA was collected by centrifuging at 13000rpm for 3¢ min.

(x) Pellet was washed with 70% cthanol.

(xi)  The pellet was resuspended in 1ml TE buffer and lefl at room temperature for
2h to allow dissolution .

(xii) DNase-free RNaseA was added to a final concentration of 100pg/ml and the
preparation incubated at 37°C for 1h.

(xiii) The aqueous phase was extracted once with phenol/chloroform and once with
chlorotorm.

(xiv) DNA was precipitated by adding 0.7 vol isopropanol and 19z vol SM NaCl.

(xv) DNA was collected by ceutrifuging at 13000g for 30 min.

(xvi} Pellet was washed with 70% ethanol.

(xvil) Pellet was resuspended in a suitable volume of TE.

2.7.2. Plasmid and Cosmid DNA mini preparation

All plasmid and cosmid DNA was prepared using Qiagen mini kits (Qiagen Ltd)
and the method used was as instructed by the manufaclurer. As a general rule, 5ml cultures
were set up for plasmid DNA preparation and 9m! cultures were sct up for cosmid DNA

preparation. The pelleted DNA was resuspended in 20ul TLE.

2.8. DNA Sequencing
2.8.1. DNA scquencing of PCR fragments

A proof-reading enzyme (Pfu Turbo or Vent) was generally used when generating
the target DNA for sequencing. However, if poor yields of product were obtained with Pfu
or Vent, Tag DNA polymerase was used. PCR amplified products were purified using
Qiagen QIAquick PCR Purification Kit or QIAquick Gel Extraction kits (both from Qiagen
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Ltd) according to manufacturer’s protocol. The cleaned fragiments were eluted in 30ul

dH,O and sequenced by MBSU DNA Sequencing Service, IBLS, University of Glasgow.

2.8.2. DNA Sequencing of Plasmid clones

If sequencing was not possible with PCR-amplified products, the fragments were
cloncd into pGEM or PCR-Script. Plasmid DNA was purificd using QIAprcp miniprep
spin columns (Qiagen T.td). The DNA was cluted from the column in 30ui dH,0. Purified
DNA was sent for sequencing to MBSU DNA Sequencing Service, IBLS, University of

Glasgow
Name Sense | 5' position Sequence (5'—3")

relative to ATG

K06a5.7a
k06a5.7aseql | Sense -100 GTGGTCAATCTCTCTCCGCG
k06a5.7aseq2 | Sense | 312 CGAAACTCUGTCTGTCAGCTCA
k06a5.7aseqd | Sense | 711 ATCAATTTTCGCTCAACCTGC
k06a5.7aseqd4 | Sense 1104 GGTGGTCATGTGAAAGGAGC
k06a5.7aseq5 | Anti 2221 GAGACCTGCAAAGTGTGACTC
k06a5.7aseq6 | Anti 1868 GCGCTGATAGATAAGAGCTGC
k0Ga5.7aseq7 | Anti 1401 GACGACATTCAGCAGTACTC
KQ6a5.7aseqA | Sense -2 TGATGGCTACCACCGGGG
T3% /A N/A AATTAACCCTCACTAAAGGG
T7* N/A N/A GTAATACGACTCACTATAGGGC
SPG* N/A N/A ATTTAGGTGACACTATAG

Table 2.8 Primers used for Sequencing K06A5.7a. * General sequencing primers used

for sequencing plasmid clones

2.9. C.elegans Culturc

Bristol N2 wild-type, mutant and transgenic C.elegans strains were grown at 20°C
{Jencons LT3, Jencons Scientific Ltd., Leighton Buzzard, UK) on NGM agar plates (9cm,
5.5¢m or 3.5cm diameter plates-Greiner) seeded with OP50 as food source, according to
standard procedures (Sulston and Hodgkin, 1988). Starved plates (i.e those devoid of

bacteria and containing dauer larvac) were stored at 15°C.
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2.9.1. Maintenancc of transgenic strains containing a free array

Transgenic worms identified as being roller (described in Section 2.4.2.1) were
maintained by transferring the rollers (approximately 10) onfo a fresh plate using a
platinum wire pick. Transgenic worms identified by unec-76 repair of phenotype were
cultured by similar means, with the exception that rescued worms (i.e. worms with wild-

type movement) were transferred onio [resh plates.

2.9.2, Maintenancc of strains carrying a sterile or lethal mutation

Strains carrying a lethal or sterile mutation were maintained at 20°C as
heterozygotes using the following method: hermaphrodites were picked clonally onto
3.5cm plates and allowed to self fertilise unlil the first eggs hatched. This parent
hermaphrodiic was then removed and the F1 brood was scored the following day(s) for the
relevant phenotype. This pattern of cloning and scoring was repeated. This genetic analysis

of broods was particularly important for new mutations.

2.10. Mutagenesis using Ethyl methanesulphonate (EMS)

2.10.1, EMS Treatment

A healthy mixed population of well-fed worms containing a high number of L4
hermaphrodites were subject to EMS mutagenesis using standard protocol (Sulston and
Hodgkin, 1988). The worms were collecied from NGM plates and washed twice with M9
buffer to remove excess bacteria. The worms were resuspended o a volume of 2mi and
added to 2ml 100mM EMS (1o give a final concentration EMS is 50mM), in a sterile glass
universal, The worms were incubated in this solution for 4hrs at room temperature. The
glass universal was gently shaken at regular intervals to increasc acration. Following
incubation the worms were washed three times with M9 buffer, transferred to a fresh 9cm
NGM plate and allowed to recover for one hour at 20°C. Approximately 300 L4/young
adult hermaphrodites were picked onto a fresh NGM plate and incubated at 20°C
overnight, All contaminated glassware and tips were soaked in 1M NaOH ovemight prior

to disposal.
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2.10.2. Non-clenal I'2 Mutant Scireen

This method was adapted from a method suggested by Michael Koelle (personal
communication). Fight Pos were allowed to cgg lay at 20°C until approximately 60 eggs
were present on the plate {around 5 hours). These worms were then transferred onto fresh
plates for a second lay and then discarded. Fifty 9cm plates were used in cach lay and this
number of eggs on each plate ensured that optimal conditions were met for screening; the
plates were not avercrowded and the F2s reached the adult stage before the plates were

exhausted of bacteria.

2.10.3. Sercening for mutants with intestinal lineage defects

Strain IA109 (refer to Section 3.6. for a description of the generation of this strain)
was subject to EMS mutagenesis described above. The ¥, generation was screened using a
Leica MZ12 dissecting fluorescent microscope. Mutants were identified as having an
altered pattern of GFP expression. The putative mutants were picked clonally onto 3.5¢cm
plates and allowed to self. Their broods were analysed for presence and penetrance of the
mutant phenotype.

In the case of {37, where the isolated mutant was sterile, heterozygoles for this
mutation were required from the plate where the original mutant was obtained.
Hermaphrodiies were transferred in groups of five onto twenty 5.5cm plates and allowed to
sclf. ‘I'he twenty plates were then screened for the presence of mutant phenotype (‘positive
plates’). From one positive plate, 100 animals were cloned individually to 3.5cm plates,
allowed to self and the progeny were scored for the presence of the mutant phenotype, thus

identifying a heterozygotic parent.

2.11. Classical Genetic mapping

2.11.1 Generation of Males

Male worms occur ab a very low frequency at around 0.2% in a wild-type
population (Sulston and Fodgkin, 1988). Males were obtained by bheat shock: 6 L4
hermaphrodites were transferred to 30°C for four hours and allowed to self at 20°C and
males were obtained in the F1 progeny. Male cultures were maintained by mating males
with L4 hermaphrodites, a typical culture containing 10 males and 6 hermaphrodites on a

5.5cm plate with a small bacterial lawn in the centre of the agar.
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2.11.2. Sctting up genetic crosses

When crossing into homozygous viable strains, 6 L4 hermaphrodites and 10 L4
males were placed in a 5.5c¢m plate seeded with a small amount of bacteria. When crossing
into strains carrying a lethal mutation, single 'old' heterozygotes (i.c. those exhaustied of
sperm), containing the lethal mutation were placed on a 3,5cm plate with 5 males. The
nuwunber of Fl males generated determined the success of the cross - a successful cross

would contain 50% males in the F1 brood.

2.11.3. Chromosvme assignment by classical mapping

Chromosome assignment of new mutations was determined by standard linkage
analysis using visible markers. Mutant alleles were crossed into a mapping strain e.g.
MT465. MT465 contains a recessive visible mutation on chromosomes I, I1 and HI: dpy-5
{e61) on chromosome I, bii-2 (¢768) ott chromosome H and une-32{e!89) on chromosome
111. Outcrossed F1s were picked onto single 3.5cin plates and allowed to sell, generating
F2 recombinanis of classes Dpy-non-Bli-non-Unc, Bli-non-Dpy-non-Unc and Unc-non-
Dpy-non-Bli. These recombinant F2s were scored for the presence of the mutant test allele:
if the test allele was not linked to a chromwsorme, 25% o F2s of the recombinants marking
that chromosome (e.g. Dpys for chromosome I) would also be homozygous for the test
allele. Linkage was detected by a reduced frequency of such double mutants. Other strains
were available to assign linkage to clwomosome IV and V. Mutations assigned to X

chromosome can be assigned by segregation through males.

2.11.4. Multi-factor crosses

Multi-factor crosses are used to position a mutation rclative to known mutations.
For example, in a three-factor cross, ordering mutation z with respect to x and vy would
involve selfing a recombinant of the class x -+ y/ I z '+, Recombinant progeny of class X-
non-Y and Y-non-X would be picked and the phenotypes and genotypes of their progeny
analysed for the presence or absence of phenolype Z, There are three possible scenarios: z
lics to the left of x, z lics between x and y or z lies to the right of y. One can use the

propertion ot values obtained to estimate the relative distances belween x, z and y.
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2.12. Sequence Tagged Sites (STS} mapping

STS mapping is a PCR-based mapping systcm that allows [ast positional
information of a mutation. It utiliscs known Tcl insertions into the genome of the Bergerac
strain, RW7000, (Williams e al., 1992; Williamms, 1995) that are not present in N2, The
principle of STS mapping is outlined in Chapters 3 and 4.

The protocol used for STS mapping of mutant alleles was essentially the same as
that described in Williams ef «f (1992). Slight modifications were made to the PCR
cocktail and PCR conditions. These are defailed in Tables 2.9 and 2.10 below. The
protocol for the mapping of dominant alleles was obtained from Michael Koelle (personal

communication),

Component Final cuncentration

10X Taq Polymerase Bufler (as described | 1x
in Williams ef /., 1992)

dNTPs (Promega Corporation) 0.2mM

Tel primer 618 125pM (24ng/pl)
TLach STS specific primer 25pM (4ng/ul)
Taqg polymerase (Advanced 0.5U
Biotechnologies)

Table 2.9 STS PCR reaction cocktail

The reactions were made up 1o a final volume of 25, Each worm was lysed in
2.5¢1-10ul single worm lysis buffer. The PCR cocktail was mixed with the 2,541 DNA
from the lysis step and mineral o1l was laid over the top. The reactions were carried out

using a Crocodile 111 thermocycler (Appligene) using the conditions in Table 2.10.

Segment Number of Cycles Temperature Duration
{minutes)
| 1 94°C 3
2 38 94°C 0.5
58°C 1
72°C t

Table 2.10 Reaction parameters for single worm/embryo PCR

Primers used for STS mapping are shown in luble 2.11 below. 101 of each reaction was

run on 3% MetaPhor gel as described in Section 2.6.1.
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Name | Polymoirphism Chromosome Product Sequence (5'-3")
size
618% GAACACTGTG
GTGAAGTITC
734 hPq 1 130 AAATATTATCA
GCACAGC
723 maPl 1 234 CCAATIITCCG
GAAGTTTICG
363 stP100 I 198 GOAAACCAAG
AACATTGGAC
G
886 stP36 IX 153 CACTGTCTTGT
CGATACC
543 stP196 I 133 CCAAAAGTTTA
AAGGAAATGA
AGC
133 stP1O{ I 118 CGCCTGATTIT
TCCAGGTGC
587 mgP21 m 165 GGAACAAAAG
TGCCTTGGG
845 stP19 1 216 ACAAGCGGGT
CTACTGAACC
401 stP127 11 233 GCATCGATACA
AGTGGAAGC
548 stP120 I 149 AATAATCAGTG
AAGCCTCATG
800 stP17 IIL 183 CTCGATGTGTC
TCAATAGTTCC
653 sP4 v 179 TTICTGTTTTG
TGCTTAGACG
(56 stP51 v 281 GTTCGTTTTTA
CTGGGAAGG
510 stP5 v 261 GGATTATTACC
GTCITACGCA
815 stP13 v 236 CCCACAACCTT
TTGCTACAAC
031 stP44 v 209 CCATCGTTTGT
GTCTAGAGTC
536 stP35 v 149 GCAGTCTCTAA
_____ 3 TAGAGCTGC
813 stP3 v 153 GTCGCALTICC
ATTCATGCAG
440 stP192 v 290 GCACGCTGAG
AGTAAGTGC
997 stP23 A% 135 TTGTCAACTAT
TTTACAGCGAG
736 bpl v 119 AACACATITAG
GTAATGTAGCA
C
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Name | Polymorphism Chromosome Product Sequence (5'-3")
. Size
998 stP6 v 170 TCACAATCGAT
GACTAAGTACT
_ GG
862 stP18 Vv 203 TTGAACTTCTC
CCACTCCTC
438 stP108 A" 135 AAAGATAAAC
: ' GCGCTTTTTGG
439 stP105 A" 152 GGGTAGTTGTT
CATGTCTCG
652 stP128 Vv 200 GCAACGCTTTG
TGGATCTG
112 stP33 X 260 CGTCTAGTCGT
' GTGTTTLC

Table 2.11 Primers used for STS mapping. *Primer 618 is the common Tc1 primer used
in every STS assay. Primers typed in bold are those used for chromosome assignment of

mutations.

2.13. Physical mapping of ADf3 using PCR based approach

This method was used to map the left-hand breakpoint of the deficiency ADf3. The
method used to obtain DNA from single embryos and the PCR conditions was essentially
the same as described in Williams et al, 1992 with the following changes: single
homozygous mutant deficiency embryos were lysed in 12.5u] SWLB (as opposed to 2.5ul)
and the PCR cocktail and PCR conditions used are described in Section 2.7.1. DNA from
each lysed eﬁbwo was split between four reactions, 2.5u1 of DNA solution was used per
assay. Primers were designed to amplify small genomic sequences within cosmids (Cosmid
Sequence Marker, CSM) covering the let-601- let-607 region of chromosome [ CSMs
were amplified from Df embryos by PCR where the presence or absence of products was
used to determine if an individual gene was deleted in the Df.

Each embryo was tested for the presence or absence of two test CSMs. In addition
to the test CSM, a positive and negative control CSM were also amplified.

37



Chapter 2. Matcerials and Methods

Name Sequence (5'-3") Sense Gene Size of
amplified fragment
produced
F26B1 ATGATGATCAAAGTGG | sense F26B1. 216

sense GAGC

F26B1 GAATGAGCGTACACGC | antisense

anti AGTG

F37E3 TTATTTGCGCTGGAATT | sense F37E3.3 224
sense GAT

F37E3 GGTACATATCTGAGTTT | anliscnsc

anti TGAAGGAA

F48A9 GACAGGAAAAACAGCA | sense F4RA92 311

sense TTGAG

F48A9 GCACTATGTACCACCA | antisense
anti ATCCATTA

RIOALO | TTATTIGCICGTGCGGC | sense R10A10.2 229
SEense TGA

RI10A10 | GGGAGCAGGAGATCCA | antisense
anti CACT

RI1CA10. | AAACTTCAAAGCTTTTT | sense RIOAL0.1 102
1 sense CCCAC

R10A10. | GAGAAGAACATGAACA | antisense
lanti AATCACG

T10E9 T'IGITCTIGTGGAGIAGC | sense TI10E9.7 310
sense TG

T10E9 GTGAAGIGFACGATAL | antisense

anti GTATGG

1T23H2 TCGCATIGCTCGATCCG | sensc T23H2.3 315

Sense TCTAGT

T23H2 ATCCCGCACTGGAACA | antiscnsc

anti GCAG

ZC328 GAAAAGTTGTATVGCA | sense Z(C328.1 370
sense GCC

ZC328 CGGAAATATGTAGAAC | antisense

anti TACCGTA

Table 2.12 Primers for mapping left-hand breakpoint of 2D/3
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2.14. Generation of C, elegans transgenic strains by microinjection
2.14.1 Preparation of materials and worms for microinjection

All plasmid and cosmid DNA used for microiniection was cxiracted and purified
using the Qiagen Plasmid Mini or Qiagen Plasmid Midi kits as described in Section 2.7.2.
Genomic DNA was purified wsing the protocol described in Section 2.7.1. For injections
with Hnear DNA to generate complex arrays, plasmid and genamic TINA were digested
with the appropriate restriction enzyme and purificd via a Qiagen spin column {Section
2.6.4.). The concenirations of DNA used are shown in Table 2.12. Immediately before
usc, the injection mix was centrifuged at 150001pm in a microcentrifuge for 20 minutes.
The injection mix was first loaded onto a drawn out capilliary (Clark Electromedical
Instruments) using a mouth pipette (Sigma) to aid loading into the injection needle. The
injection mix was transferred to the needle and care was taken to avoid touching the necdle
tip and forming air bubbles.

Injection pads were prepared by adding a drop of molten 2% agarosc in dH;O on a
64mm x 22mm glass coverslip (Thickness 1, BDH). A second coverslip was placed on top,
flattening the agarose to a thin pad. When the agarose hardened, one coverslip was
removed. The agarose pads were dried by placing in an 80°C oven for 10 minutes.

Needles for microinjection were prepared from Aluminium Silicate glass
capilliaries with inner filament (Clark Electromedical Instruments, Pangbourne, Reading,
UK) . Ncedles were pulled to the desired shape using an electrode puller (Model 773,
Campden Instruments Ltd., Sileby, Loughborough, UK).
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Purpose of injection | Transformation Injection Mix | Final
material Concentrations
(ng/pl)
cpr-5ilacZGFP Plasmid DNA p76-16B 100
transgenic lines pCC7 or 10
pCC16
Lincar Plasmid DNA | Smal cut p76- | 1.5
16B
Fsplcut pCC7 |2
Pyull cut 100
i genomic DINA,
Rescue of let-604 Cosmid DNA F37E3 10
R10A10 10
C55B7 10
T23H2 10
KO0GAS 10
pTag 100
pMW002 10
elt-2::lacZGFP Plasmid DNA pRT4 100
EXPIESSI0I -
]inlét‘}( if48) mutant pIM67 2
Phenocopy Linear Plasmid DNA | PCR 2/5/10
cde25, 1(ij48) /PCR product K06AS5.7a
Fspl cut 0.2
pIMG7
EcoRV cut 2
pRF4
Pyull cut 100
genomic DNA

Tuble 2.13 Transformation material

Paraffin oil was placed on top of the dried agarose pad. Five young adult
hermaphrodites were transferred to the paraffin oil using a platinum wire piclk and allowed
to adhere to the agarose. Omce immobilised, the injection procedure commenced
immediately.

The microinjection procedure and apparatus arc csscntially the samec as that
described by Mello ef «/., (1991) and Mello and Fire (1995). The loaded needles were
mounted onto the microtool collar of a Narishige MO-202 Joystick Hydraulic
Micromanipulator (Narishige Co Lid., Tokyo 157, Japan). The ncedles were pressurised
using a compressed nitrogen source. A pressure regulator and solencid valve was attached
to the nitrogen cylinder. Pressure was delivered with a foot pedal connected to the solenoid

valve. Agarose pads containing immobilised worms were taped onio the stage of a Zeiss
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Axiovert 100 inverted microscope fitted with Normaski optics. The needie and agarose pad
were positioned into the same focal plane using S0X magnification and the needle was
opened by scratching the tip against a piece of glass on the pad. The pressure was adjusted
o obtain a good flow. The syncitial gonad of the worm and needle were brought inio the
same focal plane using 400X magnification. Onee this was achieved, the needle was forced
to puncture the worm and DNA or dsRNA was released into the syncytial gonad by
applying pressure to the foot peddie. After injection, the pad was placed under a dissecting
microscope and a drop of M9 buffer was placed on lop of the oil. This caused the worms to
float fiom the pad. The worms were then transferred to a drop of M9 on a seeded NGM

agar plate, using a platinum pick. Injected worms were allowed to recover at 20°C.

2.15. Gamma ray-induced integration of extrachromosomal arrays

The protocol uscd was essentially the same as that described in Mello and Fire
{1995). A ®Co source was used as a source of v-radiation, instead of Pes,
Extrachromosomal lines with a low transmission frequency were chosen for integration as
this allowed easier identification of integated lines. Two lines were chosen for integration,
TA099 (containing 1kb ¢pr-3 promoter fused to GFPlacZ) and 1A102 [containing 3kb cpr-
5 promoter fused to GFPlacZ (Section 3.6.)]

Healthy worm cultures containing a high proportion of L4 animals were irradiated
with 3800 rad using “Co source (courtesy of the late Prof Tom Wheldon, Beatson Institute
of Cancer Rescarch, University aof Glasgow). The Py worms were allowed to recover for
two hours. For IA099, 5 14 irradiated worms were picked onto cach of 20 seeded 9cm
plates. For IA102, 8 14 irradiated worms were picked onto each of 20 9cm plates, and
allowed to grow. The cultures were allowed to starve, A chunk of agar was transteired
form cach large plate onto a 5.5cm plate, as far from the bacterial lawn as possible. Worms
which arc Unc-76 rescue and have wild-type locomotion, move to the bacterial lawn and
are selected over the Unc-76 non-rescued worms, which generally remain in the agar plug.
For TAQ99, 20 Unc-76 rescued worms (presumably F2s) from each medinm plate were
transferred onto single 3.5cm plates (the total number of F2s cloned was therefore 400).
For IA102, 16 Unc-76 rescued worms from each medium plate were picked to individual
3.5cm plates (the total number of I'2s cloned in this case was 200). Integrated lines were

selected from different F1 populations.
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2.15.1. Identification of integrated lines

The F2 animals were allowed to self and the F3 progeny were screened for 100%
segregation of the transgene, The lincs were then outcrossed to N2 at least three times.
During each round of outcrossing the absence of death was checked to enswe no

cxtragnous chromosomal rearrangements were present.

2.16, RNA-mediated interference (RNAi)
The general protocol and information concerning RNAi can be found in the Fire lab

website version 1.0, February, 1998 (also Fire ef af., 1998; Tabara ef al., 1998).

2.16.1. Generating the target DNA fragment using PCR

Specific primers were designed to each cloned or predicted gene (Table 2.16). Each
of these primers had either T3 or T7 promoter sequences engineered to their 3’ end so the
amplified fragment could be used as a template for in vitro RNA synthesis. As cosmid ox
genomic DNA was used as a template for PCR, infronic scqucnees were present. As a
general rule, primers were desigoned such that the fragment of DNA amplified contained
over 500bp of cxonic sequence. Reactions were made to a volume of 50ul with dH,O. 3x
50ul reactions were set up for each primer set. The PCR components, PCR conditions and

primers used are shown in Tables 2,14, 2,15, and 2.16, respectively.

Componcnt Final concentration
10x Taq Reaction buffer (AB) 1x

MgCla 2.5mM

dNTPs 0.2mM

DNA template 4ngful

Primer Sense Ang/ul

Primer Anlisense 4ng/l

Tag DNA Polymerase (AB) 20

Table 2.14 Components of reaction mix for generating template for in vitro

transcription
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Segment Number of cycles Temperature Duration

1 1 94°C 3 min

2 25-30% 94°C 1 min
800 1 min
72°C 1 min

3 1 72°C 10 min

Table 2.15 Cycling parameters for PCR for generating template for ir vitro

transcription. *25 cycles were performed when cosmid DNA used as template. 30 cycles

were performed when genomic DNA was used as template,

TGCAGAACAATGGACAACGA

Name Sequence (5'-3") Sensc Size of
fragment
produced
(bp)

T3 AATTAACCCTCACTAAAGGGAGA - -
T7 TAANTACGACTCACTATAGGGAGA - -
R10A10.28 TTATTTGCTCGTGCGGCT sense 058
R10A10.2ZAS | GTGCTCAGTAAGTCAATTATTTICCA antiscnse
F37E3.28 GCGTTTTCCGGAAGAGG sense 779
F37E3.2AS8 TCTGACACATTCATTCCTTCTTG antisense
F37E3.38 GAGCAATCCGCTAGCACC sense 836
F37E3.3AS8 GGATTTCTTTCATTTGGTGAGA antisense
T23H2.1S ATCTACTCGTCCCGATATTGTCT sense 1022
T23H2.1AS GGTTTCTAGCATCCAATTATCTCC antisense
T23H2.28 TGATTGCTGTCCGTGGTG sense 856
T23H2.2AS TCTACATTTCGATCTTCTCCCTT antisense
T23H2.48 GCCTCTGCTCAACCACAGGA Sensc 1007
T23H2.4AS GAATGGCGACTTTGAGGGTA antisense
123H2.58 CCCGGATGAAACATTTACAA sense 1245
T23H2.5AS TGCCATGACTCAAGIGCTTT antisense
K06A5.7aS ACAAGGAATCTGATGACCCC sense 874
K06AS5.7aAS | CGGCGAAGCCAGTTCTT antisense
C55B7.28 TTCAGAATGTTCCCGATTTC scnse 1010
C55B7.2A8 CAACTGCTGACGAAAATTAT antisense
C55B7.38 GTTACTATGAAAGTTCGAGTATGCC sense 1006
C55B7.3A8 antisense
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Name Sequence (5'-3") . Sense Size of
fragment
produced
(bp)

C55B7.108 Gl TTATTTGCTTGTAATCAGGTGC sense 722

C55B7.10AS | CGTAGGCTGAAAATAAGTCAATTGA | antisense

CS55B7.128 AGGAGCAGACAGGTGTGTGG scnsc 854

C55B7.12A8 | GCAACGAATGATGGAAATATTC antisensc

F57B10.1S AAATTTITCAGTITGTTTCCGATCCAG sense 1025

F57B10.1AS | CCCCAACTGTGCAAACACC antisense

weel. 1S TGAAATATACTAACCGAAGG sense 1014

weel. 1AS CACCAACTGGTAAGTATTIT antisense

weel.3S ACCAACCGTTTTCCAAGTTT sense 980

weel.3AS CATGATATGCAAACTCGG antiscnsc

Table 2.16 Primers used to generate DNA template for ix vitro transcription

The PCR rcactions electrophoresed on 0.8% gels and amplified fragments purified as in
Section 2.6.4.

2.16.2. In vitro iranscription

The RiboMAX™ large scale RNA production systerns kit (Promega Corporation)
was used for T3 and T7 synthesis of RINA, using the amplificd DNA as a template. The
manufacturcr’s protocol was followed, with {he exception that 50ul reactions were set up
(as opposed to 100ul). The pelleted RNA was resusponded in 50p} DEPC-treated water
and incubated at 65°C for 10min to aid resuspension. Once resuspended, RNA was slored

at -80°C.

2.16.3. Annealing reaction

Equal amounts (10pg) of sense RNA and antisense RNA were incubated with 1x
injection buffer and 80U RNAsin ribonuclease inhibitor (Promega Corporation) in a final
volume of 20pl. The mix was incubated at 68°C for 10min and 37°C for 30min. Successful
annealing was checked on a standard 1% agarose gel (Section 2.6.1). The injection mix
was stored at -80°C. All dsRNA was injected using the sumc mcthod described for

microinjection of DNA (Section 2.14), at a final concentration of 1mg/ml.
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2.16.4, Examination of phenocopies produced by RINAi

Injected hermaphrodites were allowed to recover for between 6h to 14h. Healthy
hermaphroditcs were transferred separately onto 3.5¢m plates. The worms were transferred
to fresh plates after 12h. F1 progeny were examined and scored for visible phenocopies
such as dcath (embryonic/larval/sterility), dumpy (Dpy) and wuncoordinated (Unc).

Suppression of the Iiu-60 (ij048) phenotype was scored using GFP stereomicroscope.

2.16.5. RNAi administered by bacterial feeding method

The general method for administering RNA1 in the duration of this work was by
nmicroinjection. The technique of administering RNAI by bacterial feeding was only used
for certain applications of RNAi of KO06A5.7a (refer to Chapter 5). PCR products
containing genomic sequence were amplified from cosmid DNA with Tag DNA
polymerase, using the method described in Section 2.16.1. The sequence and position of
the primers are shown in Table 2.16 The amplified fragment was first cloned into pGEM-
T. Colonies containing comrectly sized inserts were identified by PCR. Plasmid DNA
containing inserts were digested with Spe-I and Nee-I and ligated into a similarly digested
L4440 vector (Timmons et al, 1998). The ligated product was transformed into
HT115(DE3) bacterial strain using standard procedures.

The RNAi feeding protocol was esentially as described by Fraser ef al., (2000) with
the following exceptions: 5.5cm plates containing NGM agar with 1mM IPTG and
100pg/ml ampicillin were inoculated with bacterial cultures. The plates were incubated at
room temperature for 16h (o allow ‘I'7 polymorase induction. To isolate lethal embryos,
between 10 and 15 L4 hermaphrodites were placed onto the induced plates and incubated
at 25°C. These worms were removed after 16h and placed onto a fresh RNAI plate and
allowed to cgg lay for 24h. ‘I'he process of removing the worms onto fresh induced plates
was repeated once. Each plate was examined for dead eggs 16h after the removal of
hermaphrodites. To isolate sterile adults, cggs were transferred to induced plates and

allowed to develop on the induced plates at 25°C.
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Name Sense 5" position Sequence (5'—3")

relative to

ATG

K06AS, 7a
K06a5.7aseql Sense -100 GTGGTCAATCICTCTCCGCG
Ko06a5.7aseq5 Anti 2221 GAGACCTGCAAAGTGTGACTC

Table 2,17 Sequence and position of primers for RNAi K06AS.7a by feeding

2.17. Microscopy of live and fixed specimens

2.17.1. Nomarski and fluorescence optics used in microscopy of live and fixed
specimens

Live embryos, larvae and adults were viewed using a Zeiss Axioplan microscope
(Carl Zeiss, Oberkochem, FR(G) using appropriate magnification. The lenses used were
10x/0.3, 20x/0.5, and 40x/0.75 Plan-Neofluar, and 63x/1.4 and 100x/1.4 Plan-Apochromat.
GFP fluorescence was viewed using a mercury lamp {240V 100W, Osram) UV source and
filter set 09. Images were taken with a Hamamatsu C4742-95 (Hamamatsu photonics,
Hamamatsu City, Japan) monochrome digital camera and Openlab 2.2.0. software. Images

were processed using Adobe Photoshop verston 5.5 or Openlab.

2.17.2. Preparation of slides for observations of living embryos, larvae and adults

A 0.4mm thick pad was generated by flattening a drop of 2% molten agarose in
H,;0 on a twin frosted microscope slide (slide A) with a second microscope slide (slide R),
placed at right angles to slide A. Slide B was supported on either sidc of slide A with two
slides (running parallel and sepatated by slide A), cach resting on 2 layers of autoclave
tapc. ‘This generated an agarose pad of approximately 0.4mm thickness and 15mm
diameter. Care was taken to avoid the formation of air bubbles. Embryos were washed
trom an NGM plate using M9 buffer and transferred to a watchglass. A lmm capillary
(Clarke) was drawn out to a thickness of around 0.2mm and atlached to a mouth pipettor.
This was uscd to transfer embryos to the agarose pad. Embryos were placed around the
surface of the pad, not too closc to the edge, in a volume of around 20ul, A 22x22mm
coverslip (thickness 1, BDH) was carefully laid on top of the agarase pad using a scalpel

blade. The edge of the coverslip was sealed using molten white soft paraffin (Pinewood
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laboratories, Clonmel, Ireland). The specimen was stored in a humid chamber at 20°C prior

{0 viewing,.

2.17.2.1. Preparations of slides for short term microscopy of live larvae and adults
Essentially the samc method was uscd to prepare slides for microscopy of live
larvae and adults as for embryos, with the exception that live worms were paralysed by
adding 10mM (final concentration) sodium azide to the molten agarose. Worms were
transferred onto agarose pads using a platinum wire pick and stored in the same way as for

embryos.

2.17.2.2, Preparation of slides for time course observations of live embryos

Agarose pads were made in the same manner as 2.17.2 with the exception that 5%
agarose was used (as opposed to 2%). Gravid hermaphrodites were transferred from plates
using a worm pick into a watchglass containing 100ul M9 buffer and cut open using two
25 gauge needles (Microlance, Becton Dickinson S.A., Madrid, Spain), releasing embryos
into the buffer. Embryos were transferred 1o the pad, a coverslip was overlaid, and the pad
was scalcd with white paraffin as above. In belween viewings, specimens were stored in a

humid chamber at 20°C.

2.17.3. Preparation of slides for immuno-fluorcseence staining

Slides were cleaned with 70% ethanol and subbed by immersing the slide in 0.1%
Poly- L-Lysine solution for 10 minutes then allowed the slide to dry at 60°C for 30
minutes. Embryos were transferred from plates to a watchglass containing M9 buffer to
remove excess bacteria. A large amount of embryos in 20ul were transferred to the Poly-L-
Lysine coated slide using a drawn out capillary attached to a mouth pipette. A 22x22
coverslip (thickuness 1, BDH) was lowered over the buffer using a scalpel blade and excess

bufter wicked off the edge of the coverslip using a tissue.

2.17.3.1. Permeabilisation of embryo specimens on slides by freeze-crack method
Following preparation, slides were placed on a pre-cocled aluminitun block which
was surrounded with dry ice. After 10 minutes, the specimen was permeabilised using the

freeze-crack method (Siddiqui ef a!., 1989), by removing the coverslip using a scalpel.
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2.17.3.2. Fixation of embryos on slides
Following permeabilisation, slides were placed in Copelin jars filled with methanol
pre-chilled to -20°C, and incubated at -20°C for 10 mins. Slides were then transferred to

acetone at -20°C for 10 min, then rehydrated with 1xPBS.

2.17.3.3. DAPI staining of fixed specintcns

Following permeabilisation, fixation and rehydration desctibed above, 30ul of
Tug/ml DAPT (Sigma) was placed over specimen. A 22x22 coverslip (thickness 1, BDH)
was lowered over the DAPI and specimen using a scalpel blade. ‘The coversiip was sealed

using nail varnish and specimen viewed immediately.

2.17.3.4. Antibody staining of fixed embryos

Refer to Table 2.17 for a description of the primary antibodies and dilutions used. The
secondary antibody used for most staining was FITC (goat-anti-mousc or goat-anti-rabbit)
(Sigma) at a 1:50 dilution in blocking solution (PBST + 1% dry milk). The secondary used
with CDC25 antibody staining was Alex Fluor 546 goat anti-rabbit (Molecular Probes).
The protocol used was a variation of a protoco! obtained from [. Ahringer (pers.comrm.).

i) Following hydration, excess PBS was removed with a tissue and the slide
placed in a humid chamber., Approximately 500 of blocking solution was placed
over the slide and left at 20°C for 20 min. Blocking solution was removed by tilting
the slide at a 45° angle, and excess block removed wilh a tissue. Primary antibody,
diluted in blocking solution, was added te the slide and the slide incubaicd in a
humid chamber at 4°C overnight,

i) The primary antibody was removed and the slides were washed 2x15mins with
IXPBST. Washing was carried out by pipetting 1ml 1xPBST onto the slide placed
fat in a humid chamber, After 15 minutes, PBST was removed by tilting the slide
and draining it onto a tissue,

1ii) Iixcoss PBST was removed from the slide by wiping a tissue around the arca
surrounding the embryos. 500ul of secondary antibody was added and the slide
incubated in 3 humid chamber at 37°C for 1hr.

iv) The secondary antibody was drained from the slide and the slide washed
2x15min with 1xPBST as in (i1), with the exception that the slide was covered with

foil during the washes, {a prevent exposurc of the stide to light.
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V) The slides were allowed to dry completely and 15l of mounting solution (50%
glycerol, 1xPBS, 2.5% DABCQO) was placed on top of the specimens. A 22x22
coverslip (thickness 1, BDII) was gently lowered with a scalpel blade to prevent the
formation of air bubbles. The edges of the slide were sealed with clear nail vamish

and the slide stored in a dark slide box at 4°C until viewing.

Antibody Antibody Localisation Dilution Notes and
name type used in reference
staining
1CB4 Monoclonal Mixed (intestinal, | 1:2 A gift from
sperm, IL2 neuron, Mario de Bono.,
CEM cells, (Okamoto and
pharyngeal gland, Thomson,
valve and sensory 1985;
process in male tail Bowernman ef
al., 1992b)
MH27 Monoclonal A companent of 1:500 A gift from R,
adherens junctions Waterson.
between {(I'rancis and
hypodermal ceils Waterson,
and within the 1985)
intestine.
CDC25.1 Polyclonal 1:50 Clucas et al.,
(Anti-peptide) 2002.

Table 2.18 Antibodies used in immunofluorescence microscopy

2.18. Cell lineage analysis

Cell lineage analysis was performed essentially as described by Schnabel

ct

al ,1997. Embiyos were dissected from gravid ij48 hermaphrodites and placed on 5%

agarose pads. The embryas were oriented to the same axis using a fine hair. Cell divisions

were examined from 2-ccll stage at 20°C except with lin-62 where cell divisions were

examined at 25°C. Cell lineage was performed for all blastomeres until the 16-cell stage.
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Thereafier, only F (and in one case, I? lincage as a conirol) were examined. Recordings
were taken using a 100x Neofluar objective. Attached around the objective was a copper
ring, which water passed through: this permitted a constant temperature throughout the
recording. 25.images, separated by a distance of 1um between each focal plane, at infervals
of 30-35 scconds, were taken for approximately 12h, The recordings were taken until the
embryos were around 1.5-fold stage. Embryos older than this stage cannot be examined by
time lapse recording due to the embryo moving. The time-lapse recordings were analysed

using Biocell software.
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2.19. Transgenesis with cde25. 1(ij48)

A fragment was amplified by Pfi-Turbo (Siratagene) using wild-type or lin-6¢
(i/48) genomic DNA as template, and primers and reaction conditions in Tables 2,19 and
2.20 below. The primers were designed to ensure that a functional promoter and
polyadenylation signals were present in cde25.] gene (Asheroft ef al., 1998; Ashcroft ef
al., 1999).

Several unsuccessful attempts were made to clone these PCR-amiplified fragments,

I therefore injected them as linear fragments (Chapter 5).

Name Sense 5' position Sequence (5'—3")

relative to

ATG

KO06AS.7a
K0Ga5.7aWs Sense -3550 GAACGCCGAGTAACAATTGG
K06a5.7aWAS | Anti +3110 ATTCCGGCTTTTGGTTATTG

Table 2.19 Primers designed for transgenesis with cdc25.1

Segment  Number of cycles Temperature Duoration

1 1 g4eC 3 min

2 30 94°C ] min
54°C 1 min
72°C 14 min

3 1 72°C 10 min

Table 2.20 Reaction parameters for amplifying cdc235.1
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Chapter 3
A gencetic screen to identify genes involved in the execution of the E-cell

lineage in Caenorhiabditis elegans

3.1. Introduction

Caenorhabdifis elegans is an excellent organism for genetic analysis: the short life
cycle together wilth the sell-fertilising hermaphrodiles allows the generation of large
numbers of homozygous mutant animals, The generation and analysis of mutants has been
the key 1o the success of the C. elegans rescarch hecause much about the in vive function
of a gene can be inferred from an analysis of its mutant phenotype(s). A wide variety of
mutant phenotypes have now been described, many of which are identifiable with a
dissecting microscope. Moreover, the transparency of C. elegans and the largely invariant
cell lineage for both embryonic development and post-embryonic development, facilitates
detailed characterisation of a phenotype at the level of individual cells.

The C. elegans genome sequence predicts approximately 19,000 genes. Around
2000 of these have been identified in forward genetic screens for animals with mutant
phenotypes. Many mutants have been idenlificd by direct inspection of progeny of
mutagenised hermaphrodites. These include, for example, mutants with neuronal defects
identificd by abnormal movements, skeletal defects with altered body shape, and essential
genes identified by lethality. Once a mutant with a desired phenotype has been identificd,
one can screen for suppressors and modifiers to identify other genes in the pathway.
Sophisticated genctic tools such as balancer chromosomes and free duplications can aid
with saturation screens in certain regions of chromosomes. I'or example, saturation screens
for lethal mutations have been achieved utilising the free duplication sDp2, in the bli-4
unc-13 region of chromosome I (McDowall and Rose, 1997b). Cosmid rescue of these
lethal mutations allowed the alignment of the genetic and physical map of chromosome 1
(McDowall and Rose, 1997a).

A variety of mutagenic (realments are available and choice is made depending upon
the type of mutation required (e.g. point mutation versus dcletion) together with the
cfficicney and specificity of the mutagen. Chemical treaiments such as sthyl
methanesulphonate (EMS), nitrosoguanidine (NTG), diethyl sulphate, N-nitroso-N-ethyl
(IINU), formaldehyde, acetaldehyde, diepoxyoctane (DEQ) and diepoxybutane can be used

to generate point mutations and /or deletions. Radiation treatments such as y- and X- and
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ultraviolet-rays arc more commonly used to create chromosomal rearrangements (Sulston
and Hodgkin, 1988; Anderson, 1995). Psoralen-UV mufagenesis is now commonly used to
create gene knockouts in C. elegans.

EMS is the most commonly used mutagen in C. elegans research. The frequency of
loss-of-function or reduction-of-function alleles for an average sized gene is about 5x10™
per mutagenised gamete. EMS generally creates G/C— A/T transition, although around
13% of EMS induced mutations are deletions. The frequency of G/C— A/T transitions
mutations is high, approximately 7x10° to 8x10°° per G/C base pair in a mutagenised
genome, This has been estimated by screening for mutants of defined genes, for example
amber suppressor mutations affecting tRNA"™ genes (Hodgkin, 1985; Kondo ef al., 1990).
Thirty-six percent of the C. elegans genome is G/C (Sulston and Brenner, 1974). The
haploid genome of C. elegans is 10x10’ bp (Celegans sequencing consortium, 1998;
Wormbase, 2002), thus every mutagenised gametc contains an cxcess of 200 G/C — A/T
transitions. 1 progeny derived from mutagenised hermaphrodites could therelore
theoreticaily contain over 400 mutations.

Such an excess of mutations could prove to be detrimental when studying
phenotypes of interest. Each new mutant is therefore thoroughly outcrosscd to a wild-type
background. This will remove most, but not all unwanted base pair changes. Linked
mutations can only be removed via recombination, therefore selecting recombination on
both sides of the gene of interest can remove all but the closest unwanted mutations on the
same chromusome. [solating multiple alleles of a gene of interest can assist in evidence
that extrancous mutations are not playing a role in the phenotype of the mutant. Also,
many genes when mutated, do not show an easily identifiable mutant phenotype.
Redundancy is apparent when the simultaneous inactivation of two genes results in a
strong phenotype that is not seen with either single gene knockout. It is widely known that
genetic redundancy exists in C. elegans. For example, both a Tcl deletion mutant and
RNAI of pes-7, a« member of the fork head family of transcription faciors do not show a
detectible mutant phenotype, RNAi of T14G12.4, an orthologue of the Drosophila
segmentation gene slp-2, produces impaired L1 movement. However, distuption of pes-/
with T14G12.4 results in L1 larval death (Molin ef af., 2000). It has been estimated that
only 20-35% of all C. elegans genes are muiatable to an obvious viable phenotype or to a

sterile or lethal phenotype (Johnson and Ballie, 1997; Waterston et al., 1997, C. elegans
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sequencing consortium, 1998, Hodgkin and Herman, 1998). However, the subtle effects
may coniribuic in more significant ways int the natura! environment of C. elegans.

With the entire genomic sequence of C. elegans available, many reverse genetic
screens have been performed wherchy the inactivation of penes of interest has been
targetcd. Recombination-mediated gene replacement, where a wild-type genomic copy of a
gene is replaced with a mutant copy has been largely unsuccessful in C. elegans. However,
gene knockouts can be obtained by a random deletion mutagenesis approach, by chemical

or transposon means, followed by PCR screening to detect the desired genetic lesion.

3.2. Background to E-cell specification and development

The C. elegans inlesline, or gut, is exclusively derived from the E blastomere,
which gives rise to no other tissuc. At the four-cell stage, the EMS bhlastomere undergoes
an asymmeiric cell division ta produce MS (generating mesodermal lissues such as
pharyngeal tissue and body wall muscle) and E. At this stage, the cell division patterns and
differerential fates of FMS arc instructed by 12-originated signalling. This P2-EMS
signalling event has been shown to involve a set of maternal gencs, which include
members of the Wat signalling pathway (Han, 1997). If the EMS blastomere is isolated
and e[l to develop alone, that is, in the absence of P2-EMS interaction, both of its daughter
cells develop as MS and no longer produce intestinal cells (Goldstein, 1992). Moreover,
the position of P2 relative to EMS determines which daughter of EMS produces intestine
(Goldstein, 1993), Various maternal effect lethal mutants have been isolated from classical
genetic screens that show defects in the specification of the E blastomere. For a more
detailed discussion, see Chapter 1.

The E blastomere divides in a precise fashion to gencrate twenty gut cells (Sulston
et af, 1983) (Figure 3.1). The pattern of cell divisions in E includes both symmctric cell
divisions and asymmetric cell divisions. The frst division in L, an anterior-posterior
division gencraics two daughter cells, Ea and Ep. These cclls are present on the ventral
surface and contact the vitelline membranc that surrounds the embryo within the cggshell.
At around the 24-cell stage of development, a basic blastocoele is formed in the centre of
the embryo and at the 26-cell stage, gastrulation is initiated by the movement of Fa and Ep
towards the blastocoele. This migration of Ea and Ep creuates the ventral cleft, through
which descendents of the other five founder cells (AB, MS, C, D and P4) subsequently
migrate, During this migration, Ea and Ip divide in a left-right direction, followed by an

anterior-posterior division. At this 180-cell stage, there are 8 gut cells (8) and a gut
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Figure 3.1 Wild type E-cell lineage. The divisions shown
are during embryogenesis, time (min) from the first
cleavage. The number of cells present at each division is
shown to the right. No cell divisions occur during posi-
embryonic development. The positions of the cells rclative
to the 9 ‘int’ rings are show. Adapted from Schroeder and
McGhee, 1998,
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rudiment is formed. Autofluorcscent gut granules are visible at this stage. By 300 minutes,
the gut consists of two rows of eight cells, one on the left and one on the right. The anterior
pair, Lalaa and Earaa undergo an additional dorsal-ventral division, giving rise to the four
cells of int-1, which attaches to the pharyngeal-intestinal valve. The intestine of C. elegans
is asymmetrical, a phenomenon which becomes evident during cell intercalation at 16E,
where three of the anlerior cells in the right row of the primordinm move counterclockwise
to the lefl, as the contralateral three left cells move simultaneously towards the right
(Sulston et al., 1983;Leung et al, 1999). This morphogenic movement generates a left-
handed twist of around 90°, which increases to 180° following attachment of the intestine
to the pharyngeal-intestinal valvc, by the time the larva hatches (Sulston and Horvitz,
1977). The intestinal twist requires a Noich-like signalling pathway involving the receptor
1.IN-12, the ligands LAG-2 and APX-1 and the nuclear protein LAG-1 (Hermann et al.,
2000). By hatch, the intestine consists of a fubc made [rom a quartet of cells (int-1)
followed by 8 pairs of cells (int-2 to int-9) (Figure 3.2),

During post-embryonic development, no cell divisions occur in E. However, during
L1, a nuclear division occurs in most gut nuclei, except those of int-1 and int-2
(Hedgecock and White, 1985) (Figure 3.2). Additionally, the nuclear divisions in int-8 and
int-9 ate somewhat variable. Endoreduplication of all gut nuclei occurs once during cach
larval stage. This results in infestinal cells being predominantly binucleate and by adult

stage, each nucleus has a ploidy of 32C.
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3.3. Aims and Experimental approach

Although the specification of E has been the subject of a considerable amount of
research, very little is known about genes controlling the E cell lineage, during both
embryogenesis and larval development, The developmental mechanism by which the 20
intestinal cells are generated is unknown, For cxample, the genes controlling the
asymmetric cell divisions in the E lineage, which are critical for the generation of 20 cells
rather than, for cxample, 16 or 32, arc undefined. Genes controlling the nuclear division to
a subset of intestinal cells and genes involved in the control of endoreduplication are also
unknown. I performed forward genctic screens to generate mutants with an altered E cell
lincage.

Screening for such mutants by standard means would have been extremely difficult.
I therefore decided Lo use the reporter GFP gene fused 1o a gut specific promoter (cpr-5,
see below) as a tool 1o assist in the initial detection and characterisation of mutant
phenotype. 'The GFP gene was originally cloned from the jellyfish Aequorea victoria and
has been uscd as a reporter of' gene expression, a iracer in cell lineage and as a tag to
monitor protein localisation in living cells. It has the advantage over other reporters such as
B-galactosidase that live specimens can be visualised, thus removing the need for fixation.

Aeguorea GFP is a protein of 238 amino acids with an absorbance peak of 395nm
(with a small peak at 475nm) and emission of 508nm (Cubiit er @/., 1995). Vcetors have
been designed to specificaily analyse gene expression in C. elegans (A. Tire, A. Xu, J.
Ahun and . Seydoux, pers. comm.). The GFP reporter vectors contain the mutations S65T
or S65C in GFP, modifying the site of fluorochrome formation, resulting in a more rapid,
stronger fluorescent signal, which has improved resistance to fading (Heim et a/., 1994
Heim et al., 1995). The promoterless vectors uscd, pPD95.67 containing GFFP and
pPD96.04, containing GFPlacZ, both contained the S65C mutation in GFP. This mutant
GFP has an cxcitation wavelength of 479nm and an emission wavelength of 507nm. Fire e/
ul., also introduced introns into the coding region of GEP, as previous studies with the wnc-
54 promaoter showed that the inclusion of introns improves the yicld of protein product and
thus sensitivity of the reporter. These GFP vectors also contained an SV40 nuclear
localisation signal to target the GFP to the nucleus. This allows easier identification of the
cells expressing the transgene. To block readthrough transcription and possible background
associated with promoterless vectors, a decoy sequence is present. It consists of a short
intron containing the splice donor and splice acceptor, followed by a short open reading

frame with a consensus C. elegans translational start, The open reading frame lerminates
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just prior to the multiple cloning site for promoter insertion (A. Fire, A. Xu, J. Ahnn and G.
Seydoux, pers. comm.). To allow correct processing of the transcript, a proportion of the
unc-54 3' end, containing a polyadenylation signal, is placed after the reporter.

GFP andfor lacZ fusion trangenes have been uscd widely to study the spatial
cxpression patiern of many gencs in C, elegans. Indeed, for a number of genes, the spatial
pattern generated by the transgene fusions accurately reflects the expression pattern of the
endogenous gene detected by other methods such as in-situ  hybridisation.
Promoter::reporter constructs are generated by ligating the 5' flanks of penes, with or
without part of the coding rcgion, upsiream of, and in frame with the reporter gene.
Plasmid constructs containing these genc fusions are injected with a marker plasmid into
the syncytial gonad of the hermaphrodite of C. elegans. I'ransgenic progeny are selected
and the expression pattern of the reporter is analysed. The injected DNA generates a large
extrachromosomal array (Mello et al., 1991) made from tandem repeats of the reporter and
marker plasmids. Such arrays vary in size and may contain around 80 — 300 copies of the
imjected plasmid (Stinchcomb ef al., 1985).

Lxtrachromosomal atrays however suffer from two main problems that may be
solved to different extents by integration into chromosomes. Firsily, extrachromosomal
arrays are lost from the germ line at some frequency. Maintaining a linc carrying an
extrachromosomal array involves constantly selecting animals at least every few
generations, as transmission of the array varies from 14 to 90% of the progeny (Mello et
al., 1991). Exposure of the extrachromosomal transgenic lines to y-radiation can generate
inlegrated lines, wherchy the transgene is incorporated into a chromosome. Thus,
integrated lines will transmit the transgene at a 100% frequency. For this reason, it was
preferable to usc an iulcgrated line for the mutant screens because with an unstable line,
many mutants would have been missed due to loss of the reporter transgene.

Secondly, extrachromosomal arrays can be lost mitotically at some frequency,
producing somatic mosaics. Transgenes may therefore not be expressed in a consistent
manner. Integrating extrachromosomal arrays can partially solve this problem, although
mosaicism has also been observed following integration of arrays inio the genome (Krause
etal., 1994),

Although the expression of promoter::reporter constructs from integrated lines is
generally moxc reliable than from extrachromosomal arrays, one disadvantage is that

positional effects may cause problems as the transgene promoter is not intcgrated in its
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normal chromosomal position. For example, the integrated arrays may be artificially
activated or shut off in certain cells, thus may not give the same expression pattern as the
endogenous promoter in its natural context. One way to resolve this problem is to examine
the expression patlern with more than one infegrated line, and compare this with the

expression pattern obtained with extrachromoscomal fransgenic lines.

3.4. Yector construction

Primers A, B and C (Table 3.1) were designed to amplify two regions of
approximately 1kb and 3kb upstream of ¢pr-5 ATG translational start. Restriction sites
were engineered into the 5' sequence of each primer to facilitate cloning into the polylinker
of vectors pPD95.67 or pPD96.04. Primer ‘C’ was designed to link the ATG translational
start of epr-35 with GFPlacZ, generating a translational fusion belween cpr-5 and GFPlacZ.

Fragments were amplified using proof-reading Vent DNA polymerase. Cosmid
WO7B8 was used as the DNA template for the 1kb fragment and wild-type N2 genomic
DNA was used as the DNA template for amplifying the 3kh fragment. Amplified products
were first subcloned into pGEM-T {Promega Carporation), This is a vector system for the
cloning of PCR products. This system utilises the addition of 3'-terminal decxyadenosines
added to a significant proportion of PCR products by thermostable DNA. polymerases such
as Tag. Thermostable polymerases with proofreading activity such as Vent and Pfir Turbo
generally form blunt-ended PCR products. These products can be ‘A-tailed’ by incubating
with Taq and dATP at 72°C for 15 minutes. The T-overhang vector was incubated with the
A-tailed PCR product in a standard ligation reaction. The ligated products were
transformed into Novablue competent cells and colonies were screened using colony PCR,
using the appropriate gene specific primer combinations. DNA from at least four positive
colonies was isolated. The integrity of the insert was cxamined by digesting with the

restriction sites cogineered ento the primers and analysing the size of products released.

Name | Sequence (5'— 3" Restriction | Position

of site of 5' end

Primer engincered | with

onto 5' end | respect

to ATG

A TGTAGCATGCTTGCATACAGTTATCGAACA | Spal -3020

B TTAAGTCGACGTGGAATTGACATGCACTCC | Sall -D86

C TTACGGATCCATTATGAGAGAAGTGTCIGCG | BamHI +2

Table 3.1. Primers used in the amplification of cpr-5 5' flanking region. Bold denotes
sequence of restriction site engineered onto primers
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To sub-clone the lkb fragment into the vectors pPD95.67 (GFP) or pPD96.04
(GFPlacZ), the 1kb amplificd product (Fragment X) in pGEM (pCC1) was released by
digesting with Bamlll and Sall (Figure 3.3.) and gel purified. Vectors pPD95.67 and
pPDY%6.04 were also digested with BamHI and Sail (present in the polylinker) and the
digested product was gel purified. Digested pPD95.67 and pPD96.04 were ligated with
Fragment X (Figurc 3.3) and thc ligated products transformed into Novablue competent
cells. Colonies were screened by colony PCR using primers B and C (Table 3.1). Plasmid
DNA was prepared from two colonies for each ligation, which generated the correct size of
PCR product. The integrity of the insert was examined by digesting with Sa/l and BamHI
and analysing the size of products released. Two sub-clones from each ligation were found
to contain the correct insert. These were termed pCC5 and pCC6 with pPD95.67 and pCC7
and pCC8 with pPDY6.04.

An additional step was required when subcloning the 3kb fragment into pPD96.04, as
in addition to the BamHI site engineered on primer C, an internal BamHI site was present
in the amplified product (Figure 3.4). The 3kb fragment was amplified using primer
combinations A and C and first cloned into pGEM as before, generating pCC13. This clone
was digested with Sphl and Sa/l yielding fragment Y (1351bp), and also with Sa/l and
BamHI yielding fragment Z (195%bp) (Figure 3.4). Fragments Y and Z were gel purified.
pPD96.04 was digested with SpAl and BamHI and the product gel purified. Fragments Y
and 7 were ligated with vector and the ligated products and transformed into Novablue
competent cells, Colonies were screened using primers A and C (Table 3.1), Plasmid DNA
was prepared from ovemight culturcs of two positive colonies and DNA examined by
restriction digestion. Both clones were found to give the cotreet pattern and named pCCl6
and pCC17.

61




Figure 3.3

Strategy for cloning of 1kb PCR-amplified ¢pr-5 promoter fragment
into pPD93.67 and pPD96.04
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Figure 3.3

Strategy for cloring of 1kb PCR-amplified cpr-5 promoter fragment into pPD95.67
and pPD96.04. The amplified cpr-5 promoter fragment (Fragment X) was subcloned into
pGEM-T, digested and ligated into a similarly cut pPD95.67 (pCCS5) or pPD9%6.04
(pCCT/8).
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Figure 3.4

Strategy for cloning of 3kb PCR-amplified ¢pr-5 promoter {ragment
into pPD96.04
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Figure 3.4.

Strategy for cloning of 3kb PCR-amplified cpr-5 promoter fragment into pPD96.04
The amplified product was first subcloned into pGEM-T. Since an internal BamHI site was
present {(refer to text), the promoter fragment was digested into 2 fragments (Fragment Y
and Z) and both fragments ligated with digested pPD96.04, yielding pCC16.
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3.5. Generation of C. elegans lines containing ¢pr-5 reporter constructs.

3.5.1. Trausgenic lines of pCC5

The syncytial gonads ol wild-type N2 young adults were injected with pCC5 at
10ng/d and the marker plasmid pRF4, conlaining the dominant rol-6(sui006) allele, at
100ng/ul. Transformed animals can be easily identified because the mutant collagen gene
encoded by the rol-6(su1006) mutation causes these animals to move in circles (Rol
phenotype). Five to ten I'1 rollers were fransferred onto 5.5cm NGM agar plates. One line
was obtained and named IA97. GFP fluorescence was examined under a bench fluorescent
microscope. Although it was clearly evident that the GFP cxpression pattern was restricted
to the gut, the fluorescence was not tightly nuclear localised (Figure 3.5). The GFP
fluorescence was also variablc between animals and mainly restricted to the anterior gut. I
also found it difficult to study epr-5::GFP fluorescence using rol-0 as a marker under the
dissecting microscope, because the cuticle and intestine are twisted. I therefore decided to
change to Unc-76 rescue of mutant phenotype as the marker of transgenesis. Worms
homozygous for thc mutation wnc-76(e917) have an impaired forward and reverse
movement and have a tendency to coil. Injection of these worms with the plasmid p76-
168, containing the wild-type gene of wure-76, can rescue the mutant phenotype.
Transgenic worms are thercfore identified as having wild-type movementi. These
(ransgenic worms have the advantage over rol-6(su 1006} as the cuticle is not twisted.

Transgenic lines containing the cuticular collagen gene dpy-7 in a translational
fusion with GFPlacZ, were found to give greater nuclear localisation to hypodermal cells
than dpy-7 fused to GFP alone (E. Stuart, pers. comm.). It has been suggested that the
incomplete nuclear locatisation observed with fusions with GFP alone may be due to GFP
being a small protein, and {hus being able to diffuse out of the nucleus (A. Fire, A. Xu, J.
Ahnn and G. Seydoux, pers. comm.). I therefore chose to concentrate on generating lines
with pCC7/pCC8 and pCCl6 as these plasmids contained cpr-5 promoter tused with
GFPlacZ,
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Figure 3.5 Transgenic worms of pCC5 and pCC7. (A) and (C) are
Nomarski with respective GFP counterparts (B) and (D). (A) and (B) are
transgenic lines containing pCC7 (cpr-5::GFPlacZ). (C) and (D) are
transgenic lines containing pCC5 (cpr-5::GFP). Notice the tight nuclear
GFP localisation in (B) whereas GFP appears cytoplasmic in (D). Scalebar
in (A)is 100um
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3.5.2. Transgenic lines of pCC7, pCC8 and pCC16

Transgenesis with pCC8 at 10ng/ul and p76-16B at 100ng/pl yielded § lincs in F2
peneration. These lines varied with respect to penctrance of Unc-rescue and brightness of
GFP, as obscrved under the fluorescent dissecting microscope. Three good lines were
obtained. pCC8 was also injected at the higher concentration of 50ng/ul. Seven lines were
obtained and, as with the lower concentration, variability with respeet o penetrance of
unc-76 rescue and brighiness of GIP was obscrved. At both concentrations, exccllent GFP
nuclear localisation was obtained. However, a mosaic patiem was observed as not all gut
nuclei fluoresced in every animal and like pCC5 transformed lines, fluorescence appeared
to be more restricted to the anterior gut.

B-galactosidase staining of transgenic worms conlaining 2.4kb of cpr-5 upsiream
sequence in a translational fusion with facZ also showed tight nuclear localisation, but with
a mosaic pattern, such that not all intestinal cells were expressing the transgene (Larminie,
1995). One line from injections with pCC7 and three lines from injections with pCC16 had
essentially the same staining paltern as described with pCC8. pCC7 and pCC16 were both
injected at 10ng/ul, with p76-16B at 100ng/ul.

3.6. Using excess genomic DNA as a carrier to prevent transgenc silencing
Extrachromosomal arrays are transmilted as large rtopetitive arrays that are
composed of many tandem copies of the injected DNA(s) (Mello et al, 1991). These
*simple arrays’ have been found to contribute to the silencing of genes in certain tissues in
C. elegans. Transgenes in non-repetitive arrays, formed by the inclusion of an excess
population of carrier DNA consisting of random C. elegans DNA fragments, has been
shown to increase the expression and improve the uniformity of tansgene expression
(Kelly et al., 1997; A. Fire, A. Xu, J. Ahnn and G. Seydoux, pers. comm.). I decided to fry
this approach with the cpr-5:: GFPlacZ transgenes.
Plasmids (pCC7 and pCC16) were digested with Fspl and purified by passing through
a Qiagen Spin Column. Fspl cuts in the plasmid backbone of pCC7 and pCC16. p76-16B
was digested with Smal and similarly purified. Smel has one site in p76-16B, found in the
pRluescript backbone. Digested test plasmids and marker plasmids were cach injected at a
finul concentration of 1,5ng/1d. Pvull cut C. elegans genomic DNA (purified as above)

was co-injected at a final concentration of 90ng/pl.
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Three transgenic lines were obtained with the linear pCC7 and one line was obtained
with linear pCC16. In hoth cases, very few Fls were obtained. However, the number of
lines obtained was comparable to injections without carrier DNA. Moyeover, there was a
clear difference in the lines obtained with complex arrays; the previously observed
transgene mosaicism with simple arrays was greatly reduced and GIP expression was 1o
longer restricted to the anterior of the gut (although it was still stronger there). Since my
aim was o obfain a strain that had a repraducible pattern of GFP expression flhroughout the

whole of the intestine, I decided to integrate lines from injections with complex arrays.

3.7. Isolation of integrated lines

The standard method for generating an integrated transformed line in C. efegans 1s
to gamma-irradiate a population cartying an extrachromosomal array. After non-selective
growth over two generations, several hundred individuals still expressing the transgene are
picked clonally and their progeny examined to test for homozygosity for the transgenes.

Strains [A99 (line derived from injections with linear pCC7) and TA102 {from
injections with linear pCC16) were chosen for inlegration as these lines had the lowest
penetrance of Unc-rescue, which facilitated in the ease of screening for integrated lines. F2
progeny were screened for 100% transmittance of the transgeue. y-irradiation of TA99
produced two independent integrated lines (insertional alleles iifs/0 and #lslI). y-
irradiation of IA102 also produced two infegrated lines (insertional allele #7574 and ijls15)
(Table 3.2). All integrated lines were outcrossed to N2 three times and the absence of death
(indicative of a major chromosomal rearrangements) was checked. The integrated line
containing ij/s]5 was later discarded as embryonic lethality was observed during crosses.
Strains TA109 and 1A 122 were chosen for EMS treatment as these were the healthicst out

of the integrated lines.

Strain Name Genotype

1A109 unc-76(e11), ijfsi0func-76(+), cpr-
5 :GEPlacZ] V

JA104 ijls11func-70(\ ), cpr-5::GFPlacZ]; unc-
76(e911)V

1A122 iflsidfunc-76(+), cpr-5::GIPlacZ] | unc-
76(c91 )V

Table3.2 Genotypes of integrated lines.
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3.8. Characterisation of ¢pr-5::GFP expression in integrated lines

Strain TA109 was chosen for further characterisation although preliminary analysis
with IA104 and TA122 showed that all three integrated lines have identical expression
patterns. As with the extrachromosomal arrays, the integrated lines show gut specific
expression. Stronger cpr-3.:GFP expression was observed in those cells at the anterior-
most end of the intestine (¢.g. Figure 3.7 (C)). epr-5::GFP could be observed from [.2
larval stage through to adult under a fluorescent stereomicroscope. High magnification was
required however to view GFP in L1 larvac. No ¢pr-3::GFP expression was observed in
embryos. This laticr result contrasts with the observations made by Larminie (1995}, where
B-galactosidase expression was observed in late stage embryos containing a cpr-3::lacZ
fransgene.

The nuclear localisation of GEP in these transgenic worms could also be used as a
too! for examining nuclear division and endoreduplication. Under the fluorescent
stereomicroscope, over 20 gut nuclei could be counted, averaging around 27. The size of
intestinal nuclei of larvae and adults could also be differentiatcd. For cxample, the ploidy
of the intestinal nuclei is 8N during L3, and 32N during adult. T could visualise the increase
in size very clearly using the fluorescent stereomicroscope. Following endorcduplication,
the change in the size of intestinal nuclci was accentuated under high magnification

(Figure 3.6).
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3.9. Background to STS mapping

The STS mapping method, frequently employed in C. elegans, is a PCR-based
method which relies on Tcl polymorphisms present in the genome of the Bergerac strain
of C. elegans (Williams et al, 1992 and Chapter 2), which arc not present in wild-type N2
Bristol strain, The Bergerac strain has around 500 or more copies of Tcl whilc the Bristol
strain has only around 30 copies (Brenner, 1974). The Bergerac strain used most widely for
STS mapping is RW7000 (Williams ef al., 1992). STS mapping allows rapid determination
of positional information of an allele, by carrying out one (or two, if the allcle is
homozygous lethal) simple cross(es) into the Bergerac background and testing the F2
mutant progeny for the presence or absence of the Tcl polymorphisms. Large numbers of
mutant progeny can also be examined. However, one disadvantage to this system is that
RW7000 is in itself' a mutator strain with active Tcl germiine transposition. Spontaneous
mutations can occur at a relatively high rate (Moerman and Waterston, 1984), thus,
confusing results may arise if the test allele displays a similar phenotype to RW 70600,

Tcl polymorphisms behave as dominant genstic markers. To assign 4 mutation (o
an autosome, F2 mutant homozygoles are tested with the chromosome assignment
reactions (Williams, 1995). Each unlinked Tcl shall be detected in three-quarters of 172
hemozygous mutant progeny. In contrast, linked Tcl elements will he detected in fewer
animals because (his requircs recombination betwecn the mutation being mapped and the
Tel element of the homologous Bergerac chromosome. Assipnment to the X chiromosome
is displayed in the F1 generation as all males will display mutani phenotype (males are
XQ). Following assignment to a chromosome, mutant progeny can be tested with Tel
polymorphisms spanning that particular chromosome. Recombination events, based on the
mheritance of the linked Tcls, are visnalised by the pattern of bands displayed on the gel.

This STS method can be used to map both recessive homozygous viabie and lethal
mutations. In the latter case, dead embryos arc analyscd for the presence or absence of the
Tel polymotphisms. Dominant mutations are managed in a slightly different way. In a
chromosomal assignment cross, I'2 non-mutant progeny are analysed for the Tcl
polymorphisms. For an unlinked mutation, three-quarters of progeny will show the Tcl
polymorphism whereas almost 100% of progeny will show the linked Tcl. That is, by
selecting wild-type progeny, you have selected homozygotic Bergerac for the

chromosomal region of the gene being mapped.
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3.10. Chwromosomal assignment of {7510

[ decided to assign the insertion ijls{0 to a chromosome as the isolated mutants
were only easily scored using GFP expression. 'Lhis would therefore rule out ambiguous
mapping results, if a mutation was linked to i/s/0. GFP acts as a dominant marker.
Homozygous ijlsi0 males were crossed inte RW7000 and the outcrossed F1
hermaphrodites allowed to self. Non-GFP progeny produced in the T'2 generation were
picked, lysed and tested for the presence or absence of the chromosomal assignment STS
markers. Non-GFP progeny were scored and the results for the chromosomal assignment
PCR arc shown in Table 3.3. From these results it was clear that i7s/0 was linked to

chromosomc V.

Chromosome | STS Marker No. of animals [ Total No. of | Percentage of

with marker animals tested | animals with
marker

I hP4 56 72 77.8

11 maP{ 58 72 80.6

III mgP21 49 72 68,1

v sP4 54 72 75.0

)\ hP! 71 72 98.6

Table 3.3. STS Chromosome assignment of #1510,

3.11. Generation of mutants using EMS

EMS was chosen as the mutagen due to its potency and cfficicney at generating
point muiations, Three screens were carried out, one with IA122 and the others with
TA109. Mutants were classified according to their phenotype and designated an allele
{Table 3.4). A total of 4000 F1 progeny were screened (8000 mutagenised genomes).

Worms were screened in the T2 generation from L3 to adull stages. Mutants were
identified as having an altered palicrn of GF? expression. All of the mutants isolated were
homozygous viable except i{f3/ which was homozygous sterile. A heterozygote was

recovered using the method described in Section 2.10.3,

Class | Mutant Phenotype No. mutants Mutant allele(s)
identified

I Putative lineage defect 2 1748, ij52

I Mono-nucleate cells 1 ;751

111 Multi-nucleate cells 2 749, ij50

v Abnormal gut morphology 1 ij53

Tabhle 3.4, Classes of mutants identificd.
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3.12. Characterisation of intestinal mutants
Various classes of mutants covering several aspects of E-cell development were

obtained from this genctic screen. These classes are summarised in Table 3.4,

3.12.1. Class L putative E lineage defect

The typical mutant phenotypes of 148 and 752 are given in Figures 3.7 and 3.8
respeetively. These mutants have extra gut cells, generated during embryogenesis.

Analysis of the genetics of /748 suggests that the lesion is both semi-dominant over
wild-type and is matemal. 748 was mapped to chromosome I using the STS mapping
protocol for mapping dominant alleles (Table 3.5). Genetic analysis of 752 suggests that
this is a recessive zygotic lesion and linked to chromosome IV (Table 3.6.).

Most of my project focussed on the characterisation of the 748 and 52 mutant

alleles. Detailed characterisation of these mutants can be found in Chapters 4 and 5.

Chromosome | STS Marker | No. of animals | Total No. of | Percentage of

with marker animals tested | animals with
marker

I hP4 42 44 95.5

11 maPl 28 44 63.6

III mgP21 34 44 71.3

v sP4 31 44 70.5

Vv bP1 34 44 77.3

Table 3.5. STS chromosome assignment of the dominant allele /j48

Chromosome | STS Marker | No. of animals | Total No. of | Percentage of

with marker animals tested | animals with
marker

I hP4 27 37 73.0

II maPrl 30 37 81.1

1 mgP21 24 37 64.9

v sP4 2 37 5.4

\4 bP1 22 37 59.5

Table 3.6. STS chromosome assignment of the recessive allele #752
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Figure 3.7 Characterisation of lin-60(ij48). (A) and (B) are Nomarski images
with respective cpr-5::GFP fluorescence counterparts (C) and (D). (A) and (C)
are wild-type, (B) and (D) are lin-60(ij48). Scalebar is 100pum




Figure 3.8 Characterisation of lin-62(ij52). (A) and (C) are Nomarski images with
respective cpr-5::GFP fluorescence counterparts (B) and (D). (A) and (B) are wild
type, (C) and (D) are lin-62(ij52). Scalebar in (A) and (C) is 100um.
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3.12.2 Class I1: mutant with mononucleate intestinal cells,

The phenotype of the #7517 allele is shown in Figure 3.9. In this mutani, it appears
that the nuclcar division, which occwrs during L1 in wild-type worms, has failed. The
nuclei of int-] and int-2 of /737 are identical to wild-type, in that mononucleate cells are
present and thc nuclei appears to be of the correct size. However, in contrast to wild-type,
the cells of inf-3 through int-9 appear to be largely mononucieate as opposed to binucleate.
It is therefore possible that the nuclear division that occurs during L1 has failed in the
intestinal cells of int-3 through int-9. When intestinal nuclei are examined by DAPI
staining (Figure 3.9, H), some appcar to exhibit an umusual morphology: nuclei were
elongated suggestive of a defect in chromosome segregation or completion of nuclear
division. The nuclei of these cells in §757 are approximately twice as large as cach single
nucleus of wild-type so it seems likely that equivalent rounds of DNA synthesis have
occurred (Figure 3.9, E and F). Homozygous i3/ hermaphrodites progress through
embryogenesis and larval development to reach adulthood without any obvious defects
other than in the gut nuclei. They are not Unc, indicating that at least most ncurvnal post-
embryonic cell divisions are likely to be relatively normal. A wvulva is also present,
although this may be slightly aberranl. This indicates that the defect is not a general failure
of post-cmbryonic nuclear divisions.

Homozygous mutant 75/ hermaphrodites are sferile. Several causes of sterility of
mutants in C. elegans include, for example, abnormal germline prolifcration (Glp), and
abnormal gernm linc differentiation including feminisation of germline (Fog phenotype),
tumerous germline and masculinisation of germ line (Mog phenotype).

To investigate the cause of sterility of #57, the gonads of homozygous mutant
hermaphrodites were examined by Nomarski optics (Figurc 3.9, [ and J). In wild-type
Caenorhabditis elegans the gonad consists of two arms formed into a U-shaped tube. Germ
cells proliferate distally and then cnter and progress through meiotic prophase as they
move proximally. The first (approximately) forty germ cells mature into (approximately)
160 sperm. The sperm are only capable of fertilisation in the spermatheca. All subsequent
germ cells mature as oocytes. Germ cells in the distal region arc syncytial but become
enclosed in a membrane during diakinesis. As the oocytes move through the loop, they
mgcrease in volume. Meiolic maturation, thal is the transition from diakinesis of prophase 1
to metaphase of meiosis I occurs in the most proximal oocyte in the gonad arm. Following

maturation, the oocyte is ovulated into the lumen of the spermatheca and when fertilised,

75



Chapter 3. Genetic screen

the egg moves proximally into the uterus, where the completion of meiosis T and If occurs
(Refer to chapter 1).

In {51, Germline proliferation has clearly taken place, as visnalised by Nomarski
and DAPI microscopy (Figure 3.9, G and J). Some degree of differentiation of the oocytes
occurs, suggesting that the germline is not of a tumecrous nature. The oocyies appear to
become ceilularised and increase in size as they move proximally. Defects appear Lo ocour
at around the time of fertilisation and meijotic maturation. 1 have not examined whether
fertilisation occurs but sperm appear to be present, as visualiscd by DAPI staining (Figure
3.9, G). 1 also examined homozygous mutanl #57 hermaphrodites for a sperm defect. Five
L4 {751 hermaphrodites were mated with 5 N2 males. Three of these crosses were set up.
No viable F1 progeny were recovered from any plate, therefore, the sterility of /57 cannot
be rescued by the provision of sperm from a wild-type male. I conclude that the reason for
sterility is not simply a fajlure to produce viable sperm.

The aocytes appear to move through the spermatheca and into the uterus. However
the majority of the cocytes degrade after exiting the spermatheca, thus it is probable that an
egg shell is not present. {75/ hermaphrodites very ovcasionally lay a few of thesc defective
oocyles, again demonstrating that there are post-embryonic nuclear divisions as a
functional vulva is present. These embryos arrest as a ball of around 100 cells. It therefore
seems feasible that these worms are sterile due to a cell cycle defect, possibly a defect in

completing meiosis.
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Figure 3.9
Characterisation of ij57
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Figure 3.9. Characterisation of 751, (A) and (C) arc Nomarski images with GFP
fluorescence connterparts (B) and (D). Expression of cpr-5..gfp in adults in wild type (A)
and (B), and 75/ (C) and (D). An intcstinal cell of wild type (E) and 57 (F). For easier
identification of intestinal cell nuclei, the GFP and Nomarski images have been merged.
Intestinal cell boundaries are indicated by arrows. DAPI staining of 5/ hermaphrodites
(G) and (H). Sperm is present (Sp, G). The white box in H is high magnification of an 5/
intestinal nuclei. Gonads of wild-type (I) and #57(J) adult hermaphrodites. Some
developing oocytes are marked with black arrowheads; the syncytial arm of the gonad is
labelled “s”.
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3.12.2.1. Mapping of ij51

ij51 was mapped using the STS method. Homozygous 5/ worms wete picked,
lysed and tested with chromosomal assignment markers. This placed 5] onto
chromosome ITL 7757 homozygotes then were tested with Clirvomosome 111 markets mgP21,
stP17, stP127 and stP19 (Table 3.7). A representative gel is shown in Figure 3.10 and
proposed recombination events shown in Figure 3.11 and Table 3.8, These results place
i751 very close 1o stP17 on the far right arm of chromosome 1II. TIowever, a recombination
cvent did not occur that would have enabled the placing of i/57 to the right or left of s2P77.
Most STS markers for chromosome III are found in the left arm and st2727 and 5/P17 are
separated by a distance of 19 map units, making it almost impossible lo refine the map

position of 751 by this method.
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Figure and Table legends for STS mapping of /57

Table 3.7 STS Chromosome assignment of #57. 68 separate reactions, cach reaction
performed with DNA from F2 homozygotes, generated by selfing #751/RW7000 hybrid.
Approximately 75% of animals should detect each unlinked STS marker. Linkage is
detected by a reduced frequency. This table illustrates that jj517 is linked to chromosome III

Figure 3.10 Representative gel of STS mapping of 57 using chromosome ITI
markers.

Lane A contains 50bp ladder,

Lane B is N2 control

Lane C is RW7000 control, showing the positions of bands corresponding to STSs on
chromosome ITT, corresponding to stP/9, mgP21, stP127 and stP17.

All other lanes are PCR reactions, cach performed with DNA from an individual T2 57
homozygote produced by self-fertilisation of a Bristol/Bergerac hybrid, A total of 76 /5!
homozygotes wete tested, Lanes D, E and F refer to the recombination events shown in

Figure 3.11. The remaining mutants tested negative for all chromosome IIT STSs.

Figure 3.11 Proposed rccombination events between RW7000 and #51. RW7000
chromosome is top line and jj5/ is bottom line. The map is not to scale. Lanes D and E and
F refer to the recombination events shown in Figure 3.16. This interpretation places 57 to

the right of s¢P127 and very close to stP5 1.

Table 3.8 Tabulated data of proposed recombination events between 51 and
RW7000.
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Chromosome STS Marker No. of animals | Total No. of | Percentage of
with marker animals tested | animals with
marker
I hP4 48 68 70.6
11 maP1 43 68 63.2
111 mgP21 24 68 353
3% sP4 45 68 66.2
\'% bP] 38 68 55.9
Table 3.7
—stP127
—stP19
—stP17
—mgP2]

mgP21

stP127

stP17

Figure 3.11

ij51?

Recombinant class Total Number of Recombinants (/76)
D 2

E 1

F 28

Table 3.8
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3.12.3 Class HI: Mutants with multinucleate cells

The mutant allcles #49 and 50 have intestinal cells that are gencrally trinucleate or
tetranucleate, as opposed to the normal binucleate (Figures 3.12 and 3.13 respectivcly).
These mutants are nof sterile, although 7750 has a reduced brood size. The mutant
phenotype of both /492 and jj50 is not 100% penetrant. Also, it appears that although there
are extra nuclei present, the total DNA content of each cell probably does not increase, as
judged by the size of the nuclei. For cxample, although there are 4 nuclei in the cell in
Figurc 3.13 (¥), two of these are very small.

These 749 and {750 phenotypes are suppressed by entering the dauer larval stage:
daver larvae picked from starved 49 or 50 plaies to ficsh plates do not show the
multimucleate phenotype. Since cpr-5::GFP expression is not very strong during eatly
larval development, it is difficult to ascertain when the additional nuclei are generated.
However, the fact that the mutant phenotype is suppressed following entry into the dauer
stage suggests that the defect occurs following the decision to enter the dauer life-cycle.

When attempting to assign these alleles to a chromosome using the STS mapping
protocol, it became apparent that the mapping strain RW7000 also had this mutant
phenotype. These alleles could therefore not be mapped using this method, and the

mapping of ij49 and ij50 was terminated.
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Figure 3.12. Characterisation of ij49. (A) and (B) are Nomarski images with
respective cpr-5::GFP fluorescence counterparts (C) and (D). (A) and (C) are
wild-type, (B) and (D) are ij49. Scalebar is 100um
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Figure 3.13. Characterisation of ij50. (A) and (B) are Nomarski with respective
GFP images (C) and (D). (A) and (C) are wild-type, (B) and (D) are ij50. Scalebar
in (A) and (B) represents 100um. (E) and (F) are individual gut cells of wild-type
(E) and ij50 (F). Arrows point to intestinal cell boundaries. Scalebar represents

10pum
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3.12.4. Class IV: Mutant with abnormal gut morphology

The phenotype of 753 is shown in Figure 3.14. {753 homozygotcs have a ‘bumpy’
swollen gut appearance. Morcover, there is a huge increase in cytopiasmic fluorescence, as
the GFP dos not appear to be restricted to the nuclens. T have not examined the 53
phenotype in detail so I amn therefore unclear as 1o the cause of this GFP pattern. Tt may be
that the cell biology of the intestine may be significantly aberrant. The brood size of /53 is
also significantly reduced and many homozygotes are sterile. It was therefore easier to
maintain this allele as a heterozygote. STS mapping of 53 placed it onto chromosome I,
to the left of s2P724 (Figures 3.15 and 3.16, Tables 3.9 and 3.1Q).



Figure 3.14. Characterisation of ij53. (A) and (C) are Nomarski and respective
GFP counterparts (B) and (D). (A) and (B) are wild type, (C) and (D) are ij53.
Note that these images are not taken under same magnification and wild type
should only be used as a reference for comparison of GFP expression.
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Figure and Table legends for STS mapping of 53

Table 3.9 STS Chromosome assignment of #53. 45 separate reactions, each reaction
performed with DNA from F2 mutant homozygotes, generated by selfing #53/RW7000
hybrid. Approximately 75% of animals should detect each unlinked STS marker Linkage is
detected by a reduced frequency. This table illustrates that /753 is linked to chromosome 1.

Figure 3.15 Representative gel of STS mapping of /53 using chromosome I markers.
92 scparate veactions were performed. Lane A is RW7000 control. Lancs B and C refer o
the recombination events shown in Figure 3.16. A total of 45 {53 homozygotes were

tested. The remaining mutants testcd negative for all chromosome 1 STSs.
Figure 3.16 Proposed recombination events between RW7000 and i53. RW7000
chromosome is top line and #7533 is bottom line. This interpretation places 733 to the left of

stP124.

Table 3.10. Tabulated data of proposed recombination events
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Chromosome STS Marker No. of animals | Total No. of | Percentage of

with marker animals tested | animals with
marker

I hP4 11 45 24.4

11 maP1 37 45 82.2

111 mgP21 30 45 66.6

IV sP4 29 45 64.4

Vv bPI 35 45 717

Table 3.9

Figure 3.15

!

TCbn2

1P4

stP124

stP124

hP4

TCbn2

7'y
ij53

Figure 3.16

Recombinant class

Total Number of Recombinants (/92)

B

3

C

11

Table 3.10
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3.13, Discussion

‘I'his chapter describes the approaches used to generate stable transgenic lines of C.
elegans, which showed strong intestinal GFP' expression during most of the life cycle.
Good intestinal GEP nuclear localisation, which could be viewed easily under a GFP
stereomicroscope was a prerequisite, for the identification of desired mutants. This chapter
focuses on the problems encountered in constructing such strains and the methods
employed to solve them. It also describes the screening and identification of mutants with
gut developmental defects. A brief characterisation of the generated mutants was cairied
out. Further characterisation of two mutants, alleles {748 and 752 is described in Chapters 4
and 5.

The first issue was the choice of promoter. Previous work in the Johnstone lab with
cysleine proteascs cpr-3, cpr-4, epr-3 and epr-0 showed that these genes were expressed
exclusively in the intestine (Larminie, 1995; Larminie and Johnstone, 1996). Semi-
quantitative RT-PCR with these genes showed that c¢pr-3, epr-4 and cpr-5 transcript
abundance was relalively high during the life cycle. Although any of these genes may have
been used, ¢pr-5 was chosen.

Constiucts confaining the ¢pr-5 promoter [used lo GFP or GFPlacZ were
generated. Although I did not sequence the fusions, fransgenic strains confaining these
promoter fusions showed gut specific expression of the transgene as described by
Larminie, (1995). Strains containing the cp#-5 promoter fused to GFPlacZ (as opposed to
GFP alone) displayed tighter nuclear localisation. Both the GI'P and GIPlacZ vectors
contain the SV40 nuclear lacalisation signal. This difference in the tightness of nuclear
localisation observed with the different plasmids has been shown with other genes,
including the cuticular collagen gene dpy-7 (E. Stewart, pers. comm.). It has been
suggested that the incomplete nuclear localisation observed with fusions with GFP alone
may be due to GFP being a small protein, and is thus able to diffuse from the nucleus
(A.Fire, A.Xu, J.Ahm and G.Seydoux, personal communication).

The mosaic patlem of expression (l.e. variation with the exact number and position
of gut cells staining) observed with transformants of pCC7/8 and pCClé has also been
observed with transformants with the ¢pr-/ promoter (Britton ef al., 1998). With the ¢pr-5
transformations described here, injecting with a higher concenfration of DNA and/or
injecting a larger promoter fragment {(i.e. pCC7/8 vs pCC16) did not reduce the degree of
mosaicism. The inclusion of excess genomic DNA as a carrier during DNA transformation

has been found to permit stable expression of transgenes in the germline (Kelly et af.,
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1997). They speculated that transgenes of simiple arrays might be silenced because the
arrays are recognised as repetitive. Inclusion of carrier DNA increases the complexity,
thereby reducing the repetitive nature of the array. The cpr-5::GFP expression pattemn I
observed suggests that that transgene silencing also occurs in the intestine: injeeting the
cpr-5 promoter constructs as linear fragments together with C. elegans genomic DNA as a
carrier permitted robust expression of the transgene in the intestine, with less apparent
mosaicism. Although the anterior-most cells still showed stronger transgene expression,
most gul nuclei could be casily visvalised under a GFP stereomicroscope (average of 28
versus expected 32 in adult). Therefore, the "mosaic” expression pattern I observed with
simple arrays may be due 1o a combination of individual cells losing the array and
transgene silencing,

From a screen of 8000 mutagenised genomes, four classes of mutants with gut
defects were identified, covering defects in various areas of E cell development. The
mutant screen I performed was not saturating as judged by both the number of genomes
screened and by the failure of obtaining multiple alleles of each mutant. The mumber of
genes that can be mutated to give these developmental gut defects can therefore not as yet
be estimated. More screens should therefore be carried out.

Noticcably missing from my screen was a class of mutant where endoreduplication
fails. Strong loss-of-function mutants in the cyclin E homologue, cve-1 in C. elegans
display this phenotype (Fay and ITan, 2000). This mutant contains defects in other tissues
and was identified in a screen for mutants with an altered pattern of vulval cell divisions.
cye-1 mutants undergo one round of endoreduplication, such that the average intestinal ccll
ploidy in cye-1 mutants is 4C. Endoreduplication has also been shown to be dependent on
cyelin E activity in Drosophila (Edgar and Oir-Weaver, 2001). Removal of eyclin D1 (eyd-
1) by RNAI also results in intestinal cells having a terminal ploidy of 4C (Park and Krause,
1999). This however may be simply due to the [act that the RNAI animals arrest during L2
development, Like cye-] mutants, removal of ¢yd-1 results in abnormalities in multiple
post-embryonic cell lincages. In conirast, RNAI of ¢yd-7 also results in the failure of the
L1 nuclear division, thus most intestinal cells are mononucleate. Since the mutant screen I
performed did not reach saturation levels, 1 may not have “hit” these genes. Morcover,
although the cye-7 mutant arrests as a sterile adult that could theoretically be detected by
my screen, removal of cyd-I results in L2 larval lethality, which would have proved

difficult to detect in my screen.
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Class T mutants with a putative lineage defect were characterised further and their
phenotypes are described in detail in Chapter 4. These mutants were chosen for further
investigation, as they were potentially the most interesting., The other mutants identified
were only briefly characterised.

The class II mutant, 57, has two main phenotypes: a post-embryonic gut defect
where the post-cmbryonic nuclear division that normally occurs during L1 fails, and are
sterile. Preliminary analysis has shown that these phenotypes cannot be separated
recombinationally and thus are probably caused by the same mutation. However, further
genetical analysis of this lesion is required. Since endoreduplication appears to occur in
intestinal nuclei of /757, it seems likely that the mutant gene is required for M-phase but
not S-phase of the cell cycle in the L1 intestine.

Failure of L1 nuclear division has been described by RNAI of ¢yd-1 (above), in
worms homozygous mutant for the temperature sensittve mutation «he-1(0j2) (O’Connell
ef al., 1998) and for mutants in the cde-2-related kinase, nce-I (Boxem et al., 1999). Like
1751, in abe-1 mutants, the intestinal L1 nuclear division fails. The intestinal nuclei still
perform four rounds of endoreduplication and have a ploidy of 64C. Moreover, like ij57,
abe-1(aj2) homozygotes are sterile, lack a normal gonad and show a variably penetrant
vulval defect. In contrast to 751, abc-I{gj2) is severely uncoordinated and many
homozygotes arrest as larvae, These observattons with abe-1 suggest that it may be a genc
that is necessary for many or all post-embryonic cell cycles. Since 5/ maps to
chromosome 11 and abe-1(0j2} to chramosome V, these mutants are not allelic.

Althougl the L1 intestinal nuclear division also fails in rnce-7 mutants, in contrast
with both 757 and abe-1, (he intestinal nuclei of nee-I mutants in adulthood have a ploidy
of 32C, suggesting that the intestinal nuclei that are prevented from completing
karyokinesis duc to lack of nce-l activity are also blocked from entering the fivst
endocycle. Like abe-1, many post-embryonic lineagces arc affected by mutations in nee-1,
Although nce-1 is on the same chromosome as 75/, they are unlikely (o be allelic as ncc-7
maps to around +2 whereas 51 maps approximately to position +20.

The reason for sterility of {75/ is not clear. However, mitotic cxpansion of the
germline seems normal, as viewed with Nomarski and DAPI optics. Qocytes form in the
correct place, at the turn of the gonad, cellularise and appear to contain a single nucleus.
Sperm is also present. It is possible that the oocytes do not move through the spermatheca
normally, or that there is a meiotic defect. The defective oocytes appear to fall apart

suggesting that an eggshell is not synthesised. Although I have ruled out several possible
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reasons for the sterility in i5/. further charactcrisalion is nceded to determine the precise
reason for sterilily.

Preliminary charactcrisation of the mutant alleles giving rise to the class HI defect
with multi-nucleate cells, indicates that the mutant phenotype is variably penetrant. In the
cells with more than two nuclei present, the nuclei are smaller in size to wild-type and
therefore probably have less DNA. It is likely that the total DNA. content in multi-nuclcate
cells is very similar to wild-type, for example, at adull, rather than the 2 nuclei of 32C,
they may have 4 nuclei of 16C, as estimated by the nuclear size differcnces, This suggests
that mutations in the genes identified by #7492 and 750 essentially converts an endocycle
into a round of karyokinesis. It is possible that this additional nuclear division occurs in
ij49 and 50 during L2, that is a reiteration of the L1 nuclear division cvent during L2, as
the mutant phenotypes of both alleles arc suppressed by entry into dauer-stage. Many
heterochronic genes, including lin-14, lin-28 and [in-29 are suppressed by cntry into daucr
(T.iu and Ambros, 1989). The relationship of 7749 and 50 1o known lhieterochronic genes
should be investigated, in particular /in-74. For example it would be desirable to test
whether 49 and 750 are alleles of known heterochronic genes. Mutations in heterochronic
genes cause precocious or refarded development of certain cell lineages. Extra intestinal
nuclei arc observed ih mutant backgrounds where fin-14 activity remains high beyond the
first larval molt, presumably by additional nuclear divisions beyond the first larval moll
(Chalfie et al., 1981; Ambros and Horvitz, 1984), Although additional nuclei have been
observed in these lin-74 allelcs, they have not been characterised. For example, it is
unclear whether in addition to extra rounds of karyokinesis, there are additional rounds of
endoreduplication. It would be interesting to examine genetic epistasis between ij31, lin-14
and other heterochronic genes.

Other genes, when mutated, also display the multi-nucleate phenotype. In [in-23
mutants (which arc presumed to be deficient in thc ubiquitin-mediated proteolysis of
positive ccll-cycle tepulators), all but the four most anterior nuclei undergo two rounds of
karyokinesis in the first larval moit (Kipreos et @i., 2000). Interestingly, unlike wild-type,
the muclei of int-2 often undergo a nuclear division in {f#-23 mutants. Although the defects
in £49 and 50 possibly occur at a different larval stage (1.2) than /in-23, in both cases, the
total number of rounds of DNA replication are the samc as in wild-lype.

Due to the lab stock of the mapping strain RW7000 also having a mutation causing
this phenotype, it is still unclear whether /49 and 50 are allelic. Classical genetic

mapping should therefore be used to map these alleles and if appropriate, allelism tests
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performed. Tt would be desirable to determine the precise timing of when the cxtra nuclear
cell divisions occur and any ramifications the oxtra nuclear divisions have on
endorcduplication. Double mutants with the mononucleate/multinucleate mutant classes
may identify genetic pathways.

Many genes that have been found to be part of the cell cycle machinery have been
shown to affect post-embryonic cell divisions in C. elegans. Howcever, many of these
mutanis have not been examined for an intestinal defect. For example, ¢lasscs of mulant
exist with global failure in post-embryonic divisions. Mulalions in /in-6 have a defcet in
DNA synthesis (Sulston and Hotvitz, 1981) and thereforc endoreduplication may fail in
this mutant. In contrast, reduction or loss of function for ecul-! activity results in
hyperprolileration of the post-embryonic blast cells (Kipreos et af, 1996).

The phenotype of the mutant with altered gut morphology, 733, should also be
cxamined. The Joss of tight GFP nuclear localisation is unlikely to have resulted from a
mulation in the GFP construct. It seems likely that there is a structural defect in the
intestines of i/53 homozygotes. The cause of the Tow brood size and sterility should also be
investigated.

In conclusion, this screen identificd new classes of B-cell lineage defects relating to
both embryonic and post-cmbryonic development. Two of the new mutants identified, 48

and {752 are turther characterised in Chapters 4 and 5.
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Chapter 4.

Characterisation of in-60 and lin-62

4.1. Introduction

The Caenorhabditis elegans intestine consists of twenty cells, all of which are
generated from the E blastomere during embryogenesis. Between the specification of the E
blastomere itself and the execution of terminal fate in the twenty cells of the developed
intestine, there is a precise pattern of cell divisions. The twenty cells cannot be derived
from a single progenitor by a symmetrical patlern of cell divisions. At around 300 minutes
of development the intestine consists of 16 cells, 12 of which undergo no further cell
divisions and 4 of which undergo one fucther division, thus producing (wenty cells. Thus
there is asymmelry within the E cell lineage, some cells exiting the cell cycle one division
before their sisters. Ultimately, this must invelve the differential regulation of common
central cell cycle regulators within sister cells, thus the C. elegans intestine offers a
tractable system for a study of interactions between a developmental programme and
central regulators of the cell cycle,

In an attempt to identify genes acting downstream of those necessary to specify E
and involved in controlling the highly regulated pattern of cell and nuclear divisions of the
E lineage, a standard genetic approach of performing mutant screens to detect animals with
altered numbers of intestinal nuclei was used (Chapter 3). fn-60(ij48) and [in-62(i752)
mutants were chosen for [urther analysis as these mutants were the most interesting and
developmentally significant obtained from the screen. In the study of these mutants, I first
aimed to genetically characicrisc the different allcles and examing their mutant phenotypes.
The genetic behaviour of lin-60(ij48) and lin-62(ij52} alleles were investigated and their
map positions refined. The phenotypes generated by these mutant alleles were observed
using various lerminally differentiated gut markers (GIFP and antibody staining), and the E-

cell lineages of these mutanis were determined.
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4.2. Phenotypic characterisation of lin-60(ij48)

4.2.1. Gross phenotype of lin-60(ij48)

Under a standard bench stereomicroscope, fin-60(j48) mutants are phenotypically
wild-type. The intestine is functional, {48 animals grow noumally and there is no
indication of feeding defects. They do not ook starved and do not show a tendency to form
dauer larvae under standard culture conditions. There is no cevidence of additional
hypodermal cells as the mutant larvae and adults are normal length. The {748 mufant is
fertile and has an approximately normal braod size. To investigate the mutant phenotype of
{in-60(1j48), 1 used a variety of terminally differentiated gut markers. When analysing
broods from crosses, /in-60(ij48) was crossed into the strain 1A109, containing the
integrated insertion iffsl0(cpr-5::GFP) (described in Chapter 3) to facilitate with the

visualisation of the intestinal cell nuclei.

4.2.2, Characterisation using terminally differentiated intestinal GFP markers

Initial phenotypic characterisation of /in-60(ij48) was carried out with GFP
promoter fusions of ¢pr-3 and elf-2. cpr-5 is expressed specifically in the C. elegans
intestine during larval and adult stages of development and therefore acts as a marker for
post-embryonic intestinal ccll fate. efi-2 is a GATA transcription factor that is first
expressed when there are two gut cells, and is expressed through all stages of development.
ij48 larvae and adults have additional nuclei expressing the cpr-5.:GFP transgene
compared to wild-type (Figurc 4.1 A-D). The spatial distribution of intestinal cell nuclei
are different from that observed with the multinucieate class (Section 3.12.3). Their
position and appearance suggested there might be exira intestinal cells in these mutants,
The possibility that exira E cells were born was investigated.

To determine whether the extra nuclei are born during embryogenesis, a plasmid
containing an elt-2::GFP transgene was injected into Hin-60(ij48) worms. I observed that
mutant animals generated variably between 30 to 45 nuclei expressing elf-2 during
embryogenesis, by comparison to 20 in the wild-type (Figure 4.1, E-H). Thus in /in-
60(ij48) mutants, many of the extra nuclei are horn during emhryogenesis,

In wild-type, no cell divisions occur in E during larval development. A nuclear
division however, oceurs during L1 in many gut cells, generating binucleate cells, It is
unclear whether the intestinal cells of /in-60(ij48) are mononucleate (i.e. int-1 and int-2

behaviour) or binucleate, If a nuclear division does occur, it does not apply to all cells;
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around 40 intestinal nuclei are generated during embryogenesis in [in-60 mwutants (see
below) and if they all under went a nuclear division, there would be at least 60-80 gut

nuclei visible with GFP in post 1.1 larvac, whercas around 50 werc observed.

4,2,3. Characterisation of lin-60(ij48) with MII27

The monoclonal antibody MH27 recognises a component of adherens junctions,
both between adjacent hypodermal cells and within the intestine and pharynx (Francis and
Waterston, 1985). In /in-60(ij48) mutants, extra intestinal cell boundaries are present
(Tigure 4.1, I and J). Thus extra gut cells are generated during embryogenesis. Moreover,
many or all of these cells participate in forming a functional intestine, as indicated by the
more complex pattern of intestinal cell boundaries in the developed intestine, prior to
hatch. Although extra cell boundaries are present in the intestine, there does not appear to
be extra boundaries in the hypedermis or pharynx, consistent with a specific E-cell lineage

defect.
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Figure 4.1 Characterisation of /in-60(j48). Examination of intcstinal cells in wild type
and /in-60(ij48) animals. (A), (C), (E} and (G) are Nomarski images with respective GFP
fluorescence counterparts (B), (ID), (F) and (H). In all cases, GFP is localised to the nuclei
of cells by & nuclear localisation signal. Expression of a cpr-5::GFP transgene in adults in
wild type (A) and (B) and lin-60(ij48} (C} and (D) indicates that additional intestinal
nuclei are present in the mutant. The expression of an elt-2::GFP transgene in wild type
(E) and (F} and /in-60(ij48) (G) and (H) indicate that the extra nuclei expressing this
intestinal marker are born during embryogenesis. The number of nuclei expressing this
marker in the lin-60(148) strain is typically 50-100% greater than wild type. Not all GFP-
expressing nuclei can be seen in the given focal plane. Immunofluorsscence with the
MH27 antibody marking the boundaries between various C. elegans epithelial cell types,
including intestine (Francis and Waterston, 1985) is shown for embryos at the 1.5-fold
stage of development: wild type (1} and /irn-60(ij48) (I). Both intestinal and pharyngeal cell
boundaries can be seen in the given focal plane. White arrows indicate the start and cnd of
the intestine. There arc many more intestinal cell boundaries in /in-60(ij48) by comparison

to wild type, and their organisation appears chaotic.
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4.2.4. The E-cell lineage of lin-60(ij48) mutant embryos

Thete are two potential explanations for the generation of exira cells during
embryogenesis expressing the intestinal fate. They could either be the result of a variabte
pattern of extra cell divisions within the E lineage itself, or the result of a transformation to
the inlestinal fatc of cclls from another lineage. To distinguish betwcen these (wo
possibilities, cell lineage analysis of the 748 mutant was performed. The E-cell lineage of
four /in-60(ij48) embryos was analysed. Many extra divisions of the cells derived from the
E blastomere in {48 mutant animals were found (Figures 4.2 and 4.3).

The computer software, "Biocell" was used for E-cell lineage analysis, Lhis
software permits a rapid and thorough analysis of the embryonic lincages as well as the
reconsiruction of various embryonic stages. The analysis is stored in the form of an
annotated lineage, Embryonic stages and cell movemen(s can be viewed as 3-D models in
which cells can be coloured to hetter visualize the relative position of cclls or groups of
cells. The models can be rotated to provide different views of the embryo as well as 1o
allow an casy comparison of different embryos

‘The E lineage began essentially as wild-type, in all embryos analysed. The [irst
division occurs at approximatcly the correct developmental time. Presumably this is
cssential, as the inward movement of Ea and Ep initiate gastrulation. The second round of
divisions, that of Fa and Ep occurs slightly earlier in /in-60(ij48) embryos, bul the
divisions appear to be in the correet oricntation (left/right). By the third and fourth round of
divisions there is an obvious shortening of the E cell cycle (Figure 4.2). For cxample, the
third round of divisions in E in wild-type occurs at approximately the same time as the
fourth round in #»#-60 embryos. In addition to the shortening of the cell cycle in E, the
precise pattern of the Tt cell lineage becomes variable (Figurc 4.3).

23 intestinal cells werc observed to be generated in embryo 1 (Figure 4.3, A, C and
E). Of those analysed, this embryo generated the least number of intestinal cells. The first,
second and thixd round of cell divisions divide with a wild-type paltern, with respect to
both the timing and pattern of divisions. Scven cells, including the 4 that divide in wild-
type, divide again. As with all the lineage analysis performed, the recordings were taken
until the embryo wriggles: thereafter, the Biocell software cannot be used reliably.

In embryo 2 {¥Figure 4.3, B, D and T) 41 cells were derived from E. This is over
twice the amount generated in wild-type. In this embryo, the number of cells generated and
the timings of cell divisious in the first and second rounds of divisions in E ate similar to

that of wild-type. Thereafter, the timing of the cell cycle in E is significantly reduced. The
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B cell lineage produces 16E cells much faster than wild-type and all cells divide again
generating 32 cells (compared to just four dividing in wild-type, generating 20 cells). Eight
of these 32 cells under go a sixth round of divisions. Tt is possible that more cells were
generated laler in embryogenesis, but these could not be easily detected with the Biocell
software,

Forty cells were generated from the E-blastomere in cmbryo 3 (Figure 4.3, G, [ and
K). Like embryo 2, the 16E stage was reached at a faster pace than wild-type. All apart
from one of these cells divided again and like embryo 2, some under went a sixth round of
divisions. Thirty-six cells were generated from E in embryo 4 (Figure 4.3, H, I and L).
Again, most cells af the sixteen-cell stage divided again and six of these completed a sixth
round of divisions.

Thus, many cxira cells are generated in /in-60(ij48) from thc E-blastomere,
sufficient to explain the additional intcstinal nuclei observed with elt-2.:GFP. Notably, the
E-cell lineage is variable between all the embryos. Unlike that of almost all wild-type .
clegans somatic tissuc development (Sulston and Horvitz, 1977;Sulston ¢ «f., 1983b), the
ij48 mutation causes the C. ¢leguns intestine ta develop by an indeterminate pattern of
divisions. There is a general shortening of the time belween cell divisions. Although strict
cell cycle control is lost, other aspects of intestinal differentiation are retained, as indicated
by the expression of terminal differentiation markers and by the functional nature of the
intestine in mutants. Thus the 48 defect is proliterative in natwc cansing a loss of control
of the cell cycle in E lineage cells, without significantly altering other aspects of cell

determination and terminal differentiated fatc.
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Figure 4.2
The E-cell lineage in wild-type and [in-60(ij48)
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Figure 4.2 The E-cell lineage in wild-type and lin-60(ij48). Data is from lineage of
embryo G in Figure 4.3. Timing of ccll clcavages in minutes, derived from the E
blastomerc. The cell marked ‘o’ could not be followed in the recording. There are no
further cell divisions in the wild-type E lineage. Recordings were taken until
approximately 400 min of embryonic development; any cleavages beyond this time in the
mutant would not be detected. Division rounds (red) are added as an aid to compare wild-

type and //n-60 lineages.
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Figure 4,3
The E-cell lineage ol lin-60(ij48)
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KFigure 4.3 E-cell lineage of /in-60(ij48). 'I'hc raw data for 4 lincaged cmbryos is given,
This figure is continued on a second page. (A, left embryo), (B, left embryo), (G, right
embryo) and (H, left embryo) are Nomarski images of the lineaged lin-60(i/48) embryos.
The green dots represent the positions of the intestinal cell nuclei. (C), (D), (1), and (J) are
3-dimensional representations of the intestine. The red “spheres” represent E-cells born
and terminating with a wild type lincage; orey “spheres” represent cells derived from a
mutant lineage. (E), (F), (K) and (L) are the lineage trees; the red dots were used as an aid
to trace the cells in the Biocell programme, the green dots represent a cell division or the

end of the recording.
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Figure 4.3 continued
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Chapter 4. Characterisation of 5in-6¢ and fin-62

As a control, lineage analysis of the D blastomere was determined in the [in-60(1j48)
mutant and found to be wild type; thus the protiferative defect caused by the /48 lesion is

not found in all cell types. Evidence that it is restricted to the E lineage is discussed below.

4.2.5. Characterisation of /in-60(ij48) using non-intestinal markers

In addition ta the D cell lineage, other tissucs were tested for evidence of extra
cells. At batch, 10 seam cells run down both lateral surfaces of the worm (Wood, 1988).
Seam cells were observed using the GFP marker wls84 from C. elegans strain JR637 that
causcs GFP to be expressed specifically in seam cells (4 gift from Joel Rothman). Using
this marker, the wild-type number of seam cells was observed in /in-60(i/48) mutunts
(Figurc 4.4).

The germline of lin-60(ij48) hermaphrodites was examined for hyperplasia (Figure
4.5). Germline celis divide throughout the post-embryonic period (Kimble and Hirsh,
1979), however most expansion occwrs during the laticr stages of larval and early adult
development. In /in-60(ij48) hermaphrodites, the germiine matures as wild-type, the /in-
00(7j48) hermaphrodites are fertile and have a near wild-type brood sizc. The mitotic germ
cells and their nuclei are the same size as wild-type. The germiine cells exit proliferative
mitosis appropriately and proceed through meiosis, indicating that they are responsive to
the anti-proliferative functions of the g/d genes (Francis et al., 1995; Kadyk and Kimble,
1998). lin-60(1j48) males are also fertile (see below), suggesting that there are no problems
with the anatomy of the male tale. I was therefore unable to find any cvidence of
hyperplasia of the germline in /in-60(ij48) mutants,

There is no evidence for hyperplasia in any other Uissue. /in-60(ij48) mutanis are
also of wild-type length and arc not uncoordinated, suggesting thal there is no hyperplasias
of the hypodermis and nervous system respectively. The MH27 pattern of the hypodermis
and pharynx is wild-type in 3-fold embryos. I am therefore unable to detect cvidence that
the 748 lesion affects any cell type other than intestine, however minor differences cannot

be excluded.

100




Figure 4.4 Seam cells in lin-60(ij48). (A) is a Nomarski image of an L1 larva
with respective GFP counterpart, (B). lin-60(ij48) was crossed into strain JR667,
containing an integrated seam-cell-marker::GFP fusion, wils51. The GFP is
localised to the nuclei of the seam cells by a nuclear localisation signal. In lin-
60(ij48) mutants, there are a wild type number of seam cells in L1 larvae (10 run
down each lateral surface), indicating that the are no extra seam cells born.

Figure 4.5 The lin-60(ij48) gonad. (A) wild type and (B) lin-60(ij48). Some
developing oocytes are marked with white arrows; the syncytial arm of the gonad
is delineated with black arrows and labelled ‘s’. This region contains several
hundred germline nuclei in both wild type and mutant. The turn of the gonad is
marked ‘t’. This demonstrates that /in-60(ij48) mutants do not display excessive
germline proliferation.




Chapter 4. Characterisation of lin-66 and lin-62

4.3. Genetic characterisation of the /48 allele

4.3.1. The ij48 allele identities a maternal gene and is semi-dominant over wild-type

The intestinal hyperplasia displayed by 748 is highly penetrant: almost 100% of I,
progeny of {48 homozygotic mothers display mutant phenotype. However, the amount of
extra intestinal cells varies from animal to animal (as discussed above). The 748 allele
displays a maternal pattern of inheritance; when 48 homozygotc hermaphrodites are
crossed with wild-type males, 100% of F1 +ij48 heterozygotes display mutant phenotype.
In contrast, if the /48 allele is mated from a male, 100% of ¥1 +/ij48 heterozygotes are
wild-type.

Analysis of 993 Fl progeny of 22 broads from +/ij48 heterozygotes, gave an
average of 73.4% displaying mutant phenotype (Table 4.1). Since the average displaying
phcnotype for a recessive gene would be 25%, the 73.4% demonstrates the semi-
dominance of j745. The proportion of the FI progeny displaying the mutant Iin phenotype
varied from 21.9% to 96.7% in the 22 broods analysed. Ta ensure that the correct ratios of
genolypes were segregated, the genotypes of 4 broods were analysed (Table 4.2). For
standard Mendelian frequencies, progeny of genotypes +/+, ~/ij48 and ij48/ij48 in the
tatios 1:2:1 are expected. The F1 heferozygotic animals were each picked clonally to
3.5cm plates. 22.7% +/+ Tl progeny were observed, demonstrated by generating 100%

wild-type F2 progeny, which is in approximate agreement with Mendelian trequencies.



Chapter 4. Characterisation of lin-60 and lin-62

Number  of]
Number  oflprogeny wild4{Total number

Brood [progeny Lin jtypc of progeny  |% Lin Y WT
1 43 13 56 76.8 23.2
2 56 15 71 78.9 21.1
3 41 12 53 77.4 22.6
4 23 4 27 85.2 14.8
5 26 11 37 70.3 29.7
6 30 8 38 79.0 21.0
7 55 23 78 70.5 29.5
8 41 12 53 77.4 22.6
9 56 15 71 78.9 21.1
10 7 25 32 21.9 78.1
11 21 42 63 33.3 66.7
12 26 11 37 70.3 29.7
13 29 1 30 96.7 33
14 43 13 56 76.8 23.2
15 55 23 78 70.5 29.5
16 20 4 24 83.3 16.7
17 23 4 27 85.2 14.8
18 30 8 38 79.0 21.0
19 56 15 71 78.9 21.1
20 41 12 53 77.4 22.6
21 47 3 50 04.0 6.0
22 77 17 94 81.9 18.1
Totals/Ave % (722 271 993 73.4 26.6

Genotype/ Yo | +i+ +ij48 ij481ij48
Brood

A 20 50 30

B 20.9 47.9 312

C 21.6 534 25

D 28.4 50 21.6
Average 22,7 50.3 27

Table 4.2 Analysis of genotypes of ¥1 broods from +/#j48 hermaphrodites
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Chapter 4. Characterisation of in-60 and lin-62

To address the question of whether the zygotic genotype was influencing the
phenotype, both the genotype and phenotype of each F1 from two broods was determined
(Table 4.3). From the sample size analysed, the dala suggests that the zygotic genotlype
may be influencing the outcome of the phenotype. However, if the zygotic genotype does
play a role, it is not absolute. This idea is supported with data obtained from deficiency

crosses (Section 4.3.3).

Phenotype | No. Lin | No. No. Tetal | No, wild- | No. No. Total
Lin Lin | No, |type wild- wild- No.
Lin type type wild-
type
Genotype | ij48/ij48 | +/ij48 | +/+ j48/ij48 | 1/ {i48 | +/+
Brood A 15 24 8 47 0 1 2 3
Brood B 27 41 9 77 3 5 it 19

Table 4.3 Relationship between zygotic genotype and phenotype of progeny from
+/{j48 hermaphrodites

4.3.2. Characterisation of ij48 over the deficiencics 2DfS and gDf16.

Placing mutant alleles over deficiencics can help with their characterisation. For
example, it can be used to distinguish whether an allele is a null or partial loss-of-function.
The allele /48 was placed over the deficiencies 2D and ¢D)f76, both of which map to the
region of chromosome I where fin-60(i748) is positioned.

For mothers of genotype §748/h1f3, from 18 broods analysed, an average of 2.2%
of the viable F1 progeny displaycd mulant phenotype (Table 4.4). For mothers of genotype
ij48/qDf16, [rom 12 broods, an average of 22.4% of the viable F1 progeny displayed
mutant phenotype (Table 4.5). Both of these figures are drastically different to the average
of 73.4% for progeny of ij48/1 mothers and almost 100% for progeny of homozygous
ij48/ij48 mothers. That the mutant phenotype is modified by the presence of the
deficiencies #1)/8 and gDfI6, is consistent with the gene identified by allele 48 being
covered by these deficiencies. T therefore concluded that the [j48/hDf8 and ij48/¢Df16

heterozygotes arc hemizygotic for the mutant copy ol the gene identified by allele 748,
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Chapter 4. Characterisation of lin-60 and lin-62

Brood % Total progeny % Total progeny % Total progeny
dead eggs Lin wild-type
1 33 0 67
2 35 0 59
3 29 0 71
4 31 0 69
5 22 0 78
6 26 0 74
7 14 5 81
8 22 3 75
9 18 2 80
10 21 2 77
11 21 0 79
12 24 0 76
13 15 2 83
14 25 6 69
15 29 0 71
16 16 3 81
17 17 2 81
18 20 0 80
Average 23.2 1.7(2.2) 75.1(97.8)

Table 4.4 % Phenotypes of total progeny from lin-60(ij48)/ADf8. Values in brackets
denote % viable progeny displaying wild-type or Lin phenotype {as opposed to total

progeny, where a percentage is lethal),

' Plate No % Total progeny % Total progeny % Total progeny

dead eggs Lin wild-type

1 22 19 59

2 24 15 61

3 31 15 54

4 21 20 59

5 20 30 51

6 26 27 47

7 27 10 63

8 19 16 65

9 18 8 74

10 23 11 66

11 27 18 55

12 14 18 68

Average 22.6 17.3(22.4) 60.1(77.6)

“Table 4.5 % Phenotypes of total progeny from lin-60(ij48)/qgPf16. Values in brackets

denotc % viuble progeny displaying wild-type or Lin phenotype (as opposed to total

progeny, where a percentage is lethal).
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I also examined the distvibution of phenotypes in velation to their zygotic genotypes when
ij48 was placed over ADfS (Tables 4.6 and 4.7) or gDf76 (Tables 4.8 and 4.9). Two broods
from each deficiency were analysed (broods A-D). The probability of displaying the Lin
(or wild-type) phenolype is approximately the same, regardless of the genotype. This data

sugrgests that if the zygotic genotlype does influence the phenotype, it is not absolute,

%Phenotype of K1s with genotypce

Lin wild-type
Genotype of F1 from | /in-60(ij48)/hDf3 0 100
lin-60(ij48)/hDf8 lin-GO(ij48)/lin-60(ij48) 0 100
parent

Table 4.6 Relating phenotype to zygotic genotype of F1 progeny from Zin-
60(ij48)/hDf8 parent. (Brood A) total viable progeny analysed =25 [/in-
60(ij48)/h DfS=64%, lin-60(ij48)/1in-60{1148)=36%.

%Phenotype of Fis with genotype

Lin wild-type
Genotype of F1 trom | /in-60(ij48)/ADfS 0 100
in-60(ij48)/hDf8 lin-60(ij48)/lin-60(ij48) 0 100
parent

Table 4.7 Relating phenotype to zygotic genotype of Il progeny from lip-
60(ij48)/hDf8 parent. (Brood B) total viable progeny analysed =26: Ilin-
GO(ij48)/hDf8=56%, lin-GO({j48)/lin-00(ij48)=44%.

% Phenotype of ¥ls with genotype

Lin wild-type
Genotype of ¥1 from | lin-60(ij48)/qDf16 24.1 75.9
lin-60(ij48)/qDf16 {in-60(i48)/lin-60(ij48) | 29.4 70.6
parcnt

Table 4.8 Relating phenotype to zygotic genotype of F1 progeny from lin-
60(ij48)/qDfI6 parent. (Brood C) total viable progeny analysed=46: [in-
60(ij48)/yDf16=63.0%, lin-60(5j48)/1in-60(ij48)=37.0%.
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Chapter 4. Characterisation of fin-60 and lin-62

% Phenotype of 1'1s with genotype

Lin wild-type
Genotype of F1 from | /in-60(ii48)/qDf16 11.8 88.2
lin-60(ij48)/4Df16 Uin-60(ij481in-60(ij48) 14.3 85.7
parent

Table 4.9 Relating phenotype to zygotic genotype of Fl1 progeny from /in-60
(i/48)/qDf16 parent. (Brood D) total wviable progeny analysed=48: [lin-
60(ij48)/qDf16=T0.8%, lin-60(ij48)/lin-60(ij48)=29.2%.

This genetic data indicates that 48 is a gain-of-function allele and is sensitive to
gene dose. Two mutant copies in 748 homozygotic mutant mothers result in virtually
100% of the F1 progeny displaying the mutant phenotype. When the mutant gene dose is
reduced to onc in the mother by placing the mutant allele over a deliciency, only 2.2% of
the F1 progeny (in 2073 background) display mutant phenotype. That #/48/+ heterozygotic
mothers, that have one mutant and one wild-typc copy of the gene, give 73.4% F1 progeny
with mutant phenotype, indicates that the wild-type copy of the gene can contribute along
with the /48 gain-of-function copy to produce extra inteslinal cells. Tt can therefore be
concluded that the allele ;748 is a hypermorph.

Interestingly, when comparing suppression of Lin phenotype when placed over a
deficiency, the hyperplasia is suppressed to a greater degree when placed over ZDf8 than
qDf16. This is strange because the gDf76 deficiency is predicted to extend further to both
the left and right of 2Jf3. The cause of this increased suppression can therefore not be due
to an extragenic suppression effect by another gene.

On comparison of the strains containing these deficiencies, although both
segregated approximately 25% death, the strain carrying 2Df8 was slow growing and had a
lower brood size. Therefore, there may be additional chromosomal rearrangements such as
an inversion present. Strains carrying ADf8 also exhibit a low-penctrant vulval defect,
suggestive of extraneous mutations. Thus, the extra suppression may be causcd by such

additional mutations (sec discussion).
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Chapter 4, Characterisation of 5/u-60 and Ilin-62

4.4. Mapping of lin-60(ij48)

The standard route to cloning a gene defined by a mutation in C. elegans is to
attempt phenotypic Tescue with cosmid clones in the genomic region to which the mutation
maps. This standard method can only be uscd for alleles recessive to wild-type and hence
was not appropriate here. The data I obtained when characterising the 48 allele suggested
a method for cloning the gene identified by #48: since the {48 mutant phenotype is
suppressed over a deficiency, it was proposed that performing RNA-mediated interfercnce
{RNAI) to reduce the amount of functional gene product may mimic this. The hypothesis
was that the RNAi of the gene identified by /48 should suppress the intestinal lineage
hyperplasia in the F1 progeny ol treated animals. Tt was therefore imperative to reduce the
lin-60 interval to as small a region as possible.

As a first step towards cloning the gene identified by ij48, classical genelics were
used to refine its map position. By STS mapping, I showed that /in-60(;j48} maps to
chromosome I (see chapter 3). This PCR-based mothod was not used to refine the map
position for two reasons. Firstly, the combination of the dominance and maternal genetics
of the 48 allele causes all classes of genotypes to display the Lin phenotvpe. Secondly, at
the time of mapping, there were only three STS markers available on chromosome 1, which
were positioned close together on the genetic map.

I first confirmed that /in-60 was positioned on chromosome I by showing linkage
with a gene on the centre of chromosome 1 (dpy-5). Two-factor and multi-factar mapping
then placed lin-60(ij48) relative to other genes on the genetic map. Zin-60(ij48) was found
to lic in a region of chromosome I which had been targetcd previously for lethal screens
(McDowall and Rose, 1997a). Moreover, these Icthals were placed onto both genetic and
physical maps (McDowall and Rose, 1997b), aiding the refinement of the map positich of
lin-60(ij48). Although this region of chromosome I had many marker genes, /in-60(ij48)
was positioned within a gene cluster and therefore generated low recombinational

frequencies per physical distance (approximately 1¢cM/1100kb) (Bames et al., 1995).

4.4.1. Linkage of lin-60(ij48) to chromosome I

I tested linkage to dpy-3, which maps to position 0 on chromosome 1. /in-60(ij48)
homozygous males were mated with homozygous dpy-5(e6/) hermaphrodites and
outcrossed worms (i.e. those with wild-type length), transferred clonally to 3.5cm plates
and allowed to sclf. F2 Dpys were transfetred subsequently to 3.5cm plates, allowed to

self, and their brood was examined for the presence or absence of lin-60(i748). Out of 100
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Chapter 4. Characterisation of lirn-60 and lin-62

F2 Dpys cloned, only 1 carried lin-60¢ij48). This demonstrated that lin-60(ij48) mapped
approximately 2 map units from dpy-5 (Kigure 4.6). Although two-factor mapping s more
important in calculating map distance from a marker allcle, whereas multi-factor mapping
is used generally to order genes, I decided to concentrate on multi-factor crosses. This
decision was made due to the region of Chromasome I to which 77a-60 mapped, which had

an abundant number of easily identitiable markers.

4,42, Malti-factor mapping of lin-60(ij48)
4.4.2.1. lin-60(ij48)/unc-73(e936) dpy-5(e61) and lin-60(ij48)/dpy-5(e6l) unc-87(el216)
To determine whether /in-60 was positioned to the left or right of dpy-5, crosses
were sct up with two strains: CB2067 (unc-73(¢936) dpy-3(e61)) and DR438 (dpy-5(e6l)
unc-87(el216)) (Tables 4.10 and 4.11 and Figure 4.6). Strains were coustructed with
genotypes: [lin-60(ij48)/dpy-5(e61) unc-87(el216) and lin-60(ij48)/unc-73(e936) dpy-
5(e6). From broods camrying /in-60 (parental genotype lin-60(ij48)/dpy-5(e6l) unc-
87(el216) or lin-60(ij48)/unc-73(e¥936) dpy-5(edl})), Dpy-non-Unc and Unc-non-Dpy
recombinant hermaphrodites were transferred to individual 3.5¢m plates and allowed to
self. The progeny of these hermaphrodites were scored for the presence or absence of /in-
60(ij48). These crosses demonstrated that /in-60 mapped 1o the right of dpy-5 and between

dpy-5 and unc-87 and was placed approximately at position +0.7 on the genetic map.

Recombinant Recombinants Recombinants not | Total number of

class carrying fin- carrying lin- recombinants
60(ij48) 60(ij48)

Dpy-non Unc 4 4 8

Une-non-Dpy 3 5 8

Table 4.10 Multi-tactor data for dpy-5(e61) unc-87(el216)/ lin-60(ij48)

Recombinant Recombinants Recombinants not | Totadl number of

class carrying fin- carrying lin- recombinants
60(ij48) 60(ij48)

Dpy-non Unc 0 3 3

Unc-non-Dpy 3 0 3

Table 4.11 Multi-factor data for unc-73(e936) dpy-3(et I)/lin-60(ij48)
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4.4.2.2. lin-60(ij48)! dpy-5(e61) air-1(h289) unc-13(e450)

As stated above, saturated lethal screens had been performed in the region of
chromosome I where lin-60 was positioned. These lethals were placed on both the physical
and genctic maps, thus providing a tool for fine mapping of /in-60. Strains containing these
lethals were obtained [rom the CGC, balanced by the free duplication sDp2. To remove the
free duplication, the balanced strain was mated with wild-type males, and the 1 males
were crossed back into N2. The outcrossed strains were checked for the correct scgregation
of phenolypes and removal of sDp2. Strains were constructed with the following
genotypes: [in-60 /dpy-5(e61) lef unc-13(e450), where the let genc is one of thase stated in

Table 4.12. "I'he relative positions of these genes are shown in Figure 4.6.

Lethal | Map position

air-1 +0.46
let-602 | +0.88
let-607 | +1.24

let-604 | --1.24

let-382 | +1.24

let-608 | +1.13

Table 4.12 Map pusitions of various lethal mutations used for mapping of fin-60(ij48)

From broods carrying lin-60 (parental genolype lin-60(ij48)/dpy-5(e6!) let() unc-
13¢ei216)), Dpy-non-Let-non-Uiic and  Unc-non-Let-non-Dpy recombinant
hermaphrodites were picked out clonally and allowed to self. The progeny of these
hermaphrodites were then scored for the presence or absence of lin-60(ij48).

The strain dpy-35(e6l) air-1(h289) unc-13(e450)/lin-60(ij48) was construcicd and
recombinants obtained (Table 4.13.). This data placed /in-68 to the right of air-/ with an
approximate position of +0.96 (Figure 4.6).

Recombinant class | Recombinants Recombinants not | Total number of
carrying fin- carrying lin- recombinants
60(ij48) 60(ij48)

Dpy-non-fet-non- | 14 0 14

Une

Unc-non-Let-non- | 11 5 16

Dpy

Table 4.13 Multifactor data fox dpy-5(e6l) air-1(h289) unc-13(c450)/lin-60(ij48)
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4.4.2.3. dpy-5(e6l) let-607(h402) nnc-13(e450)/lin-60(ij48)

lin-60¢ij48) had now been mapped to a small genetic interval: to the right of air-/
and to the left of unc-8§7. The subsequent aim was to reduce this interval and thercby
further refine the map position of Lin-60(ij48). let-607 maps to the left of unec-87. The strain
Lin-60(i748)dpy-5(c6l) let-607(h402) unc-13(e450) was constructed and recombinants
obtained. The data generated from this cross is shown in Table 4.14, This cross placed in-

60(ij48) to the Iett of ler~607 with an approximate map position of --1,10 (Figure 4.6).

Recombinant class | Recombinants Recombinants not | Total number of
carrying fin- carrying lin- recombinants
60(ij48) 60(ij48)

Dpy-non-Let-non- 24 3 27

Unc

Unc-non-Let-non- 3 0 3

Dpy

Table 4.14 Multifactor data for dpy-5(e61) let-607(1402) unc-13(e450)/lin-60(ij48)

4.4.2.4, dpy-5(e6l) let-602(h283) unc-13/1in-60(ij48)

Multi-factor crosses with lethal mutations positioned from either side ol air-I and
let-607 were performed. The strain dpy-S(et!) let-602(h283) unc-13(e45W)Ain-60(ij48)
was constructed and the recombinants obtained are tabulated below in Table 4.15. This
data placed lin-60 to the right of let-602 with an approximate map position of +1.25
(Figure 4.6).

Recombinant class | Recombinants Recombinants nut | Total number of
carrving lin- carrying lin- recombinants
60(ij48} 60(j48)

Dpy-non-Let-non- | 33 0 33

Unc

Unec-non-Let-non- | 9 4 13

Dpy

Table 4.15 Multifactor data for dpy-5(e61) les-602(h283) unc-13(ed450)/tin-60(ij48)
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4.4.2.5. dpy-5(e6l) let-382(h82) unc-13(e450)/lin-60(ij48)

At the time of mapping, apart from /let-602, the only other cloned genes in this
region were let-601 and let-606. Several independent stocks of theses strains were obtained
from the CGC, however, when the free duplication was outcrossed, the animals failed to
segregate the correct genolypes and thercfore these genes were not used as markers. Strains
containing thc uncloned lethal gencs, /fet-382, let-604 and let-608 wore used for further
multi-factor mapping. The genetic map position of these fethal mutants was well ordered. T
decided that if I obtained good data with these uncloned mutants, 1 would position these
genes relative to a cosmid on the genetic map. The multi-factor data obtained with let-382
is shown in Table 4.16 below. This data placed Zin-60 to the left of ler382 at
approximately +1.20 (Figure 4.6).

Recombinant class | Recombinants Recombinants not Toial number of
carrying lin- carrying Iin- recombinants
60(ij43) 60(ij48)

Dpy-non-Let-non- 34 1 35

Unc

Unc-non-Let-non- 8 0 8

Dpy

Table 4.16 Multifactor data for dpy-5(e61) let-382(1:82) unc-13(e450)/1in-60(ij48)

4.4.2.0, dpy-5(e61) let-608(h706)unc-13(e450)/1in-60(ij48)

The recombinants obtained from the strain dpy-S(e6l) let-608(1h706) unc-13/in-
60(ij48) are shown in Tablc 4.17 below. From this data [ was unable to determine whether
{in-60 mapped to the lelt or right of ler-608, thus it was concluded Lhat 4n-60(ij48) mapped
very close fo let-608 (Figure 4.6).

Recombinant class | Recombinants Recombinangs not Total number of
carrying lin- carrvying fin- recombinants
60(1j48) 60(ij48)

Dpy-non-Let-non- 45 0 45

Unc

Ung-non-Let-non- 10 0 10

Dpy

Table 4.17 Multifactor data for dpy-5(e¢61) let-608(h 706} unc-13(e450)/lin-60(ij48)

112




Chapter 4. Characterisativn of //n-60 and fin-62

4.4.2.7. dpy-5(e61) let-604(1293) unc-13(e450)/lin-60(ij48)

The data obtained from analysis of recombinants from the strain dpy-S(e6l) let-
604(h293)unc-13(e450)/lin-60(ij48) is shown in ‘lable 4.18. From the rccombinants
obtained, I was unable to ascertain whether /in-60 was placed to the lett or right of /ef-604,

thus it was concluded that /in-60(ij48) mapped very close to let-604 (figure 4.6).

Recombinant class | Recombinants Recombinants not | Total number of
carrying Iin- carrying lin- recombinants
6O(ij48) 60(ij48)

Dpy-non-Let-non- 36 0 36

Unc

Unc-non-Let-non- 21 0 21

Dpy

Table 4.18 Multifactor data for dpy-5(¢61) let-604(h293) renc-13/lin-60(ij48)

4.4,2.8. Conclusion of the genetic mapping of lin-60(ij48)

These crosscs showed that /in-60 mapped to the left of let-607 and le-382, and to
the right of air-1 and fet-602. lin-60 mapped very close to le-608 and fet-604. A summary
of the relative positions of /in-60 using the genetic markers studied is shown in Tablc 4.19
and Figure 4.6.

During the fine mapping of /in-60(ij48), 1 obluined recombination events very close
to /in-60), and at cither side. Since these recombinants displayed the Lin phenotype, 1 was
confident that 1 could rule out anything but a very tightly linked mutation being responsible

or acting co-operatively with the lesion in /748 to produce the intcstinal hyperplasia.

Gene Caleunlated penetic map position of n-60(ii48)

unc-87 | +0.7

air-1 +{.96

let-602 | +1.25

let-607 | +1.10

let-604 | very close

fet-382 1 -1.20

let-608 | very close

Table 4.19 Approximate map positions of lin-60(ij48) calculated from multi-factor
data
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unc-73dpy-5air-1 let-602 let-608 let-604 let-382 let-607 unc-87

lin-60

Figure 4.6. Map position of lin-60(ij48). Genes in black have been cloned, genes in red
have not been cloned. Using multi-factor data, /in-60 was shown to map to the right of
air-1 and let-602 and to the left of let-607 and let-382. No recombination was obtained
between lin-60 and let-608 and let-604, suggesting that lin-60 mapped very close to these
genes. Map is not to scale.
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4.5, Characterisation of lin-62(ij52)

4.5.1. Gross phenotype and genetics of lin-62(552)

The gross phenolype of /in-62(1/52) is similar to that of 7in-00(ij48) mutants, given
that extra intestinal cells are present and the mutant is viable, ITowever, the Lin phenotype
of the /in-62(ij52) mutant is not 100% penetrant. Also, whereas additional intestinal nuclei
were visible along the length /in-60(ij48) animals, the extra nuclei were generally confined
to the anterior of the intestine in XZn-62(ij52) animals. When obscrved with a standard
bench stereomicroscope, many /in-62(j52) mntants appear phenotypically wild-type. The
intestine of /in-62({/52) mutants appears to be [ully functonal as there is no indication of
feeding defects: fin-62(152) mutaots do not look starved and do not show a tendency (o
form dauver larvae under standard culture conditions. Howcever they do grow slower than
wild-type and in a culture containing homozygous wild-type, heterozygous fin-62(ij52) and
homozygous /lin-62(ij52), it is clear that lin-62(ij52} homozygous mutants are out-
competed by the other genotypes. There is no evidence of additional hypodermal cells as
the fin-62(ij52} larvae and adults are of wild-type length. /in-62(ij52) mutants are not
sterile and have approximately normal brood size.

However, unlike /in-60(ij48), a small proportion of /in-62(ij52) embryos fail to
hatch (Table 4.20). lin-62(3j52) males also display the T.in phenotype. However,
homozygous lin-62(j52) mutant males do not mate efficiently and T was unable to
establish a male culture, indicating possible lineage defects in the male tail. Approximately
1% of lin-62(if52) mutants have a swollen posterior (Figure 4.7). Additional lineage

defeets may therefore be present,
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Brood Number of dcad | Number of % death
cmbryos progeny analysed
1 3 42 7.1
2 11 88 12.5
3 4 53 7.5
4 11 76 14.5
5 7 51 13.7
6 4 76 53
7 7 g3 8.4
8 0 68 0
9 10 75 13.3
10 3 18 16.7
11 5 120 4.2
12 11 20 12.2
13 9 119 7.6
14 16 76 21.1
15 3 44 6.8
16 2 61 3.2
17 9 95 9.5
18 3 130 2.3
Average | 9.2

Table 4.20 % death of F1 progeny of homozygotic in-62(ij52) hermaphrodites



Figure 4.7 Tails of lin-62(ij52). (A) is a young larva with a “stump”(black arrow) at
posterior. (B) is an L4 larva whose tail constricts (black arrow) then elongates. This
suggests that in addition to E, other lineages may be affected in the ;52 allele of lin-
62.
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lin-62(ij52) exhibits very different genetics from /in-60(ij48). The if32 allcle is
zygotic and recessive to wild-type based on the following: when /52 homozygotes are
mated with wild-type males, 100% of the outcrossed progeny are wild-type. When -+/552
hermaphrodites ate sclfed, thc F1 progeny arc of three potential genotypes, 524752
homozygotes, #52/+ heterozygotes and +/+ homozygotes, expected at standard
Mendellian frequencies of 1:2:1. From 5 broods analyscd, the proportion of ¥1 progeny
displaying mutant phenotype (presumably #j52//52 homozygotes) varied from 7.6 to
23.9% (Table 4.21). The average was 15%. Although this value is lower than the 25%
expected, the penetrance of the lin-62(ij52) phenotype is less than 100%. When /-
62(ij52) is placed over a deficiency, the phenotype of the hemizygote is Lin (or lethal),
suggesting that /52 is a loss of function allele (see below). When analysing broods from
crosses, lin-02(ij52) was crossed into the strain IA109(jIs/0} to aid visualisation of the

nuclei of the intestinal cells.

Brood Number of T1 | Number of F1 % progeny Lin
progeny Lin progeny analysed

1 7 63 7.6

2 4 25 16

3 5 37 13.5

4 11 46 23.9

5 5 36 13.9

Average 15

Table 4.21 Analysis of distribution of phenoctypes from +/i1-62(ij52) heterozygotes

4.5.2. Characterisation of [in-62(i52) using intestinal terminal differentiation
markers

Initial phenotypic characterisation of lin-62(i752) was carried out using the strain
IA109, containing the #Isf/0 insertional allele (epr-5.:GFP). {752 larvae and adults have
additional nuclei expressing the cpr-3.:GIFP {ransgene compared to wild-type (TFigure 4.8
A-D). As the spatial pailern in intestinal nuclei was similar to lin-60(ij48) (and different

from that of the multinuclci-cell class), I investigated whether extra intestinal cells were

generated in the /in-62(i752) mutant during embryogenesis.




Figure 4.8
Characterisation of /in-62(ij52)
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Figure 4.8 Characterisation of /i2-62(ij52). Intestinal cells in wild type and lin-62(ij52).
(A) and (C) are Nomarski images with respective GFP fluorescence counterparts (B) and
(D). GFP is localised to the nuclei of cells, in which it is expressed by a nuclear
localisation signal. Expression of a cps-5.:GFP transgene in adults in wild type (A) and
(B) and fin-62(ij52) (C) and (D) indicates that additional intestinal nuclei are present in the
mutant. The number of nuclei expressing this marker in the lin-60(ij48) strain is typically
50% greater than wild type. Immunofluorescence with the ICB4 antibody, which marks the
surfaces of the intestine, is shown here for embryos at the 2-fold stage of development:
wild type (E) and fin-62(ij52) (F). There are many more intestinal cells in lin-62(ij52) by
comparison to wild type indicating that the extra cells are born during embryogenesis and

participate in the formation of an intestine.
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4.5.3. Characterisation of /{n-62(ij52) with 1C134

The ICB4 antibody recognises a mixed variety of cclls including the intesting,
sperny, 1L2 nenron, CEM cells, pharyngeal gland, valve and sensory processes in the male
tail (Okamato and Thomson, 1985; Bowerman et @/., 1992). Staining in the intestinal cell
surfaccs can be observed in mid-stage embryos. ICB4 was used 10 estimate the number of
intestinal cells generated during embryogenesis. lin-62(1752) embryos have upwards of 25
intestinal cells (Figure 4.8, E and F). Moreover, the pattern of [CB4 staining illustrated that

these extra cells appear to participatc in (he [ormation of an intestine.

4.5.4. E-Ccll lineage of lin-62(4j52)

To assess whether these extra cells were generated from E or were the result of a
transformation of cell fate from another lineage, E-cell lineage analysis was performed on
lin-62(i/52). Due to a time limit factor, only one lin-62(ij52) embryo was lineaged.
However, it was apparent that extra cells were generated from E and 24 E-cells were
generated in the studied embryo. The E-lincage appears to be wild-type until the 16E-cell
stage (Figure 4.9). Thereafter there are various differences: some cells that do not divide in
wild-type, divide in lin-62(ij52) and conversely, one cell that would divide in the wild-
type, did not divide in lin-62(ij52) embryo observed. This pattern of divisions may
contribute to the observation that the phenotype of /in-62(i/52) is most severe in the
anterior of the intestine; many of the extra cells are generated from divisions of cells,
which are positioned in the anterior of the intestine. It is clear that /in-62(ij52) has
additional intestinal cells but it is unknown whether the E-cell lineage varies between
different animals. Additional divisions in E may have occurred later, but could not be

detected with the Biocell software

4.5.5. Germline of lin-62(ij52)

{in-62(if52) hermaphrodites were cxamined for evidence of a tumerous germline
(Figure 4.10). The germline cells exit proliferative mitosis appropriately and proceed
through meiosis, indicating that they are responsive to the anti-proliferative functions of
the gld genes (Francis et al., 1995; Kadyk and Kimbie, 1998). Thus there is no evidence

for any proliferative defect in the germline,
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Figure 4.9
E-cell lineage of lin-62(ij52)
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Figure 4.9 E-cell lineage of /in-62(ij52). 'L'his is the raw data for one linecaged /in-62(ij52)
embryo. (A, right) is a Nomarski image of the lineaged /in-62(i752) embryo. The green
dots represent the positions of the intestinal cell nuclei. (B) is the 3-dimensional
representation of the intestine. The red “spheres™ represent E-cells born and terminating
with a wild type lineage; grey “spheres” represent cells derived from a mutant lineage. (C)
is the lineage tree; the red dots were used as an aid to trace the cells in the Biocell
programme, the green dots represent a cell division or the end of the recording, Twenty-
four E-derived cells were generated in this embryo, the wild type number is 20. The green

crosses represent the cells that would divide in wild type at 16E-stage.
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Figure 4.10 lin-62(ij52) gonads. (A) is wild type and (B) is lin-
62(ij52). Some developing oocytes are marked with black arrows.
The syncytial arm of the gonad is labelled ‘s’; this region contains
several hundred germline nuclei in both wild type and mutant. The
turn of the gonad is marked ‘t’. These images demonstrate that
lin-62(ij52) mutants do not display excessive germline
proliferation
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4.6. STS mapping of lin-62(if52)

lin-62(ij52) was placed onto chromosome IV by STS mapping (Chapter 3). These
initial crosses showed that the 7752 allele is recessive to wild-type and thus STS mapping
was also used for fine mapping of lin-62(ij52) (Figure 4.11 and 4.12). From the analysis of
17 recombinants from 81 PCR reactions, /in-6.2 was found to be very tightly linked to the
polymorphism stP44, This data however did not distinguish whether /in-62 lay to the left
or right of s¢tP44. To further map /in-62, classical genetics and deficiency mapping were

used. A genetic map of the region is shown in Figure 4.13 (p130).

4.7. Three-factor mapping of lin-62(ij52)

Few cloned genes with easily scored phenotypes were present in this region of
chromosome IV, The most useful marker was b7i-6. Although this gene was not cloned, its
map posilivn was well defined at position +3.18. To determine whether 4in-62 lay to the
left or right of &/i-6, lwo crosscs were set up with strains carrying wrc markers to the left or
right of b/i-6: The strains lin-02(ij52)/unc-5(e53) bli-6(sc16) and lin-62(ij52)/bli-G(sc16)

unc-24(el 38) were constructed.

4.7.1. tin-62(ij52)/unc-5{(e53) bli-6(sc16)
Using the strain fin-62(1j52)/unc-5(e53) bli-6(sci6), Unc-non-Bli and Bli-non-Unc
recombinants were sclcoted and scored for the presence or absence of lin-62(ij52) (Table

4.23). From this data I concladed that /in-62 mapped very close, to or to the right of bi-6.

Recombinant class | Recombinants Recombinants not | Total number of
carrying lin- carrying lin- recombinants
62(ij52) 62(if52)

Bli-non- Unc 0 19 19

Unc-non-Bli 5 0 5

Table 4,23 Three-factor data for lin-62(ij52)/ unc-5(e53) bli-6(sc16)

4,7.2. lin-62(ij52)/bli-6(scl 6 ) unc-24(c138)

Using the strain lin-62(ij52)/bli-0(sc16) unc-24(e]38), Unc-non-Bli and Bli-non-
Une recombinants were selceted and scored for the presence or absence of /in-62(ii52)
(Table 4.24). From this data it was concluded that lin-02 mapped between bli-6 and unc-
24, approximately in the middle. /-6 maps to position +3.18 and une-24 maps to position

-+3.55. 1 did not focus on obtaining many recombinants as such a small map distance
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Figure 4,11 Representative gel of STS mapping of fin-62(ij52). Lane (1) is S0bp ladder
{arrow points to 350bp), lane (2) is N2 negative control and lane (3} is RW7000 control,
showing the bands corresponding to STS markers seP51, stP3, stPl13, stP44, sP4 and
5tP35, positioned along chromosome IV. All other lanes are PCR reactions, each
performed with DNA from an individual F2 /in-62(ij52) homozygotes produced by self-
fertilisation of a Bristol/Bergerac hybrid. A total of 81 lin-62(ij52) homozygotes were
tested. (A), (B), (C), (ID) and (E) represcnt recombination events illustrated in Figure 4.12.

The remaining mutants tested negative for all chromosome IV STSs.

Figure 4,12 Proposed recombination events between [in-62(ij52) and RwW7000. Top
line is the Bergerac chromosome and the bottom line is the Bristol chromosome. (A), (B),
(C), (D) and (E) represent the recombination events between the Bristol and Bergerac
chromosomes of the F1 hybrids. The total number of recombinants from each class is
shown in Table 4.21. This data places [in-62(ij52) to the right of s¢P57 and to the left of
stP3, and very close to stP44.

Table 4.22 Tabulated data of recombination events between lin-62(ij52) and RW7000.
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separated bli-6 and wunc-24. My data, however, placed /in-62 to approximately position
+3.37. This was in agreement with the STS mapping data, which placed /in-62 at position
+3.29. Since recombination was achieved from boih sides of fin-62, it seemed likely (hat
only one mutant gene was responsible for the Lin phenotype obseryved, or if a second

mutation was involved, it must be very tightty linked to the 752 lesion.

Recombinant class | Recombinants Recombinants not | Total number of
carrying lin- carrying fin- recombinants
62(ij52) 62(ij52)

Bli-non- Unc 2 2 4

Unc-non-Bli 1 2 3

Table 4.24 Three-factor data for lin-62(ij52)/bli-6(sci6} une-24(e138)

4.8. Characterisation of lin-62(if52)/Df

To further characterisc and map the #52 allele, it was placed over deficiencies
predicted to cover this region of the genetic map. These crosses were sel up in such a way
as to enable identification of outcrossed F1 animals and determine whether they were
covered by the test deficiency without the requirement of the analysis of the outcrossed F1
broods. To do this, hermaphrodites bearing the deficiency, and cultured until cxhausted for
sperm, were mated with fin-62 /+ males.

To set up the cross, lin-62(1752) in an ijls!0(cpr-5.:GFP) background, was crossed
with wild-type N2 males. The F1 males, genotype ln-62(ij52)/+ ijIs10/+, were crossed
with hermaphrodites cartying the deficiencies siDf7, stDf8, eDfI8 or eDfi9. Only
outcrossed worms can carry 47510, thus it was possible to differentiale between selfed and
outcrossed progeny. If 752 was a loss-of-function allele and covered by a deficiency,
approximately 25% of the outcrossed Il brood, genotype lin-62(ij52)/Df, would display
the mutant phenotype. If {752 was a partial-loss-of-function allele, it was posstble that this
class of progeny would display a more severe phenotype than lin-62(ij52). It lin-62(ij52)
was not covered by the test deficiency, all F1 progeny would be wild-type. The genotype
of each F1 was determined by examining its progeny.

The only problem with these crosses was that only 50% of F1 progeny contained
the GFP transgene (as the mating males were heterozygous for GFP). Moreover, although
GI'P is dominant, it was often difficuit to determine the phenotype of the heterozygotes, as
the GFP fluorescence is substantially lower than in homozygotes. In addition, 50% of the

ouicrossed progeny contained the wild-type allele from the /Xin-62(i752)/+ males.
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Theretore, only one-quarter of Il progeny from a mated hermaphrodite were suitable for

scoring,

4.8.1. lin-62(ij52)/s¢tDf7

sthf7 is a small deficiency covering the region +2.48 to +3.40 in chromosome 1V.
lin-62(ij52)/+ males were mated into the strain RW1324, genolype fem-1{el991) unc-
24(el38) unc-22(si2/stDf7. Ouicrossed GFP positive progeny were expected to have
genotypes +/fem-1(el991) unc-24(ei38) wunc-22(s12), lin-62(ij52)ifem-1{el991) unc-
24(el38) unc-22(s12), +/stDf7 or lin-62(1j52)/stDf7 in the ratios 1:1:1:1. On analysis of F1
progeny of the cross described above, onc outcrossed worm displayed the Zin-02(ij52)
mutant phenotype, suggesting that its genotype was fin-62(ij52)/stDf7 and that lin-62(ij32)
was covered by this deficiency. I'he outcome of the cross is tabulated in Table 4.25. In
additton to the Lin F1, a small proportion of larvae arrested during development. It was not
possible to ascertain whether these larvae were Lin or wild-type. However the gut did not
appear normal in these larvae. This suggests that /752 may not be a true null allelc.

The phenotypes generated in the F2 gencration were examined to determine the
genotype of each F1. From the lin-62(ij52)/stDf7 strain oblained, grcater than 25% F2s

arrest as embryos or larvae, indicating heterozygotic death. All heterozygotes displaycd the

Lin phenotype.

Genotype of outerossed F1 | Nuinber of outerossed Fls | Phenotype of outcrossed k1
lin-62(ij52)/fen-1(e1991) 3 wild-type

unc-24(el38) unc-22(s12)

lin-02(if52)/stDf7 1 Lin

+/fem-1(el991) unc- 6 wild-type

24(el38) unc-22(s12)

+/5tDf7 0 -

Table 4.25 Analysis of progeny from /in-62(ij52) X RW1324
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4.8.2. lin-62(ij52)/stDf8

The deficiency stDf3 overlaps with szDf7 and has been assigned to cover the region
+2.48 to +3.39. Like stDf7, the physical breakpoints of this deficiency have not been
delermined. The following cross was set up: /in-62 /+ males were mated into the strain
RW1333, genotype fem-I(el991) unc-24(el38) unc-22(s12)/stDf3. Similar to the results
obtained with stDf7, 4 F1 progeny with Lin phenotype were obtained, suggesting that lin-
02 is covered by the defiviency stDf8 (Table 4.26). As with stDf7, in addition to Lin Els, a
small proportion of larvae arrested during development. Again, it was not possible to
ascertain whether these larvae were T.in or wild-type. However, the gut did not appear
normal in these larvae. This again suggested that 752 may not be a null allele.

The phenotypes generated in the F2 generation were examined to determine the
genotype of each F1. From each F1 of genotype lin-62(1j52)/stD8, greater than 25% F2s
arrested as embryos or larvae indicating heterozygotic death. All helerozygotes displayed

the Lin phenotype.

Genotype of outcrossed FI | Number of outcrossed Fl1s | Phenotype of outerossed
F1

lin-62/fem-1(el 99 Nunc- 9 wild-type

24(el38)unc-22(s12)

lin-62 /stDf8 4 Lin

+/fem-1(e1991) unc- 11 wild-type

24(el38)unc-22(s12)

+/stDfS 7 wild-type

Table 4.26 Analysis of progeny from lin-62(ij52) X RW1333
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4.8.3. lin-62(ij52)/eDf18

The deficiency e)f18 deletes the region from +3.63 (o +4.25. [in-62(ij52)/+ males
wore maled with deficiency-bearing hermaphrodites from the strain CB3823, genotype
unc24(el38) dpy20(el282)/eDf18. The progeny from each F1 was examined to determine
its genotype. lin-62(ij52)/eDfI8 animals were phenotypically wild-type (Tablc 4.27)
suggesting that lin-62(ij52} is not covered by eDf!8.

Genotype of outcrossed F1 | Number of oufcrossed Fls | Phenotype of outerossed Fi
lin-62 /unc-24(el38)dpy- 3 wild-type

20(el1282)

lin-62 /eDf18 2 wild-type

+/ unc-24(el38)dpy- 3 wild-type

20(e1282)

+eDf18 1 wild-type

Table 4.27 Analysis of progeny from lin-62(ij52) X CB3823

4.84. lin-62(ij52)/eDf19

The deficiency eDf19 overlaps with eDf78 and delctes the region +3.6 to +4.6.
Males of genotype lin-62/+ were mated with deficiency-bearing hermaphrodites ol the
strain CB3824, genotype unc-24(el38)dpy-20(ei282)/eDf19. The progeny from each F1
was examined to determine its genotype. As with the deficiency eDf18, lin-62(ij52)/eDf19
is phenotypically wild type, suggesting that lin-62(;/52) is not covered by eDfI9 (Tablc
4.28).

rGenotype of outcrossed F1 | Number of outcrossed Fls Phenotype of outcrossed F1
lin-62 func-24(e138)dpy- 0 -
20(el282)
lin-62 /eDf19 2 wild-type
+/ unc-24(el 38)dpy- 3 wild-type
20(el282)
+/eDf19 2 wild-type

Table 4.28 Analysis of progeny from lin-62(ij52) X CB3824

4.8.5. Conclusion on the genetics of lin-62(ij52)
In contrast with /in-60(ij48), the genetic data for /in-62{ij52) suggests that the 52
allele is recessive to wild-type and /in-62 is a zygotic gene. It maps to position +3.3 on

chromosome IV, between b/i-0 and unc-24 (Figure 4,13). It is covered by the deficiencics
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seDf7 and stDfS, but not eDfI8 and eDf19. Animals of genotype lin-62(ij52)/stDf7 and lin-
G2(ij52)/stDf8 genotype display the Lin-62 phenatype or arrest as embryos or larvae. This
suggests that /52 is not a null allele.
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Figure 4.13 Map position of lin-62(ij52). Genes highlighted in yellow have been
cloned. Genes highlighted in blue have been used for mapping. Using multi-factor
data, lin-62 was shown to map to the right of bli-6 and to the left of unc-24. No
recombination was obtained between lin-62 and stP44, suggesting that lin-62
maps very close to this polymorphism. /in-62 is covered by the deficiencies stDf7
and szDf8 but not eDf18 and eDf19. Figure extrapolated from ACeDB.
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4.9, Discussion

In this chapter 1 have characterised two mutants, /in-60(ij48) and lin-62(ij52) which
both have an increased number of intestinal cells. Certainty with the case of lin-60(ij48),
the defect appears to be specific o the E-ccll lincage whereas the mutation in lin-62
identified by 752, may also disrupt other lincages.

The map positions of /in-60(ij48) and lin-62(3j52) have been refined. [in-60¢ij48)
maps to chromosome I, between Jes-602 and {et-607, This interval spans approximaiely 17
cosmids. lin-62(ij52) maps o chromosome 1V, between b/i-6 and unc-24, which is a region
spanning approximately 40 cosmids. Thercfore, 748 and 52 identify two independent
genes. Howcver, what is interesting is that in E-cell development, loss of one gene appears
to give the same phenotype as gain of the other. Moreovet, /in-60 identifies a maternal
gene whereas /in-62 identifies a zygotic gene. An area of futwre interest will therefore be to
ascertain whether both these genes function in the same developmental pathway, and
analysc the phenotype of the double mutant. The cloning of /in-60(748) is described in
Chapter 5. Since fin-62(3/52) is a zygotic loss-of-function allele, the cloning of this gene
should be relatively straightforward and is an arca of future interest.

The cell lineage pattern of lin-60(ij48) is consistent with a hyperplasia of the
intestine. Mutants have been identified that cause hyperplasia of all post-embryonic blast
cells, for example cul-7 (Kipreos et al., 1996). Loss ol another gene, chi-1, results in extra
cell divisions in numerous lineages causing abnormalities in the organogenesis of the
vulva, the somatic gonad and the hypodermis (Ilong er al., 1998). However, these other
mutations are not tissue specific and to date, the mutation identified by ;48 is the only
hyperplasia associated exclusively with the intestine.

The process of morphogenesis of the C. elegans intestine has previously been well
described (Leung ef ., 1999). [ have not determined how similar the actual process of
morphogenesis of the intestines in fin-60(ij48) or lin-62(if32) mutants are to wild-type,
although clearly, this may be an area of futurc interest. The apparent healthy nature of
these animals indicates that their intestines are functional. Many of the extra cells
generaled are incorporated into the intestine, as judged by the complex boundaries shown
with immuno(luorescence studies with MH27 [[in-60¢ij48)] and ICB4 [/lin-62(ij52)]. This
is significant with respect to lissuc morphogenesis in C. elegans. Although the
morphogenesis process has evolved in the nematode to assemble tissues and organs from
an effectively invariant cell lincagc, and hence invariant number of cells, I have shown that

it has the flexibility to deal successfully with many cxtra cells, at least as far as
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morphogenesis of the intestine is concerned. In wild-type C. elegans, some embryos hatch
with 21L-derived cells (Sulston ef af, 1983). The intestine may therefore be a tissue that
can accommodate a varying number of cells: using e/+-2::GFP and by lineage analysis,
between 23 and 45 intestinal cells were counted as being produced during embryogenesis
in the /in-60(1j48) mutant.

One interesting observation is that in all /in-60(ij48) and [in-62(ij52) embryos
lineaged, they all proveeded to fhe 16E stage with the correct pattern of divisions (although
16E cells were born in in-60 more rapidly than in wild-type). In wild-type at 16E, certain
morphogenic movements occur in the intestine: the intestinal cells intercalate and the
intestinal (wist is initiated (Leung et af., 1999). Therefore, it may be that a class of mutant
where 16E-cells are not generated at approximately the same time would not be viabte,

The mutant screen performed (Chapter 3) uncovered mutants that generated extra
cells derived from the E blastomere. The screen however failed lo identity a mutant with a
polarity defect in E, such as equivalence of all E-derived cells at the 8E stage (and thus all
cells at the 16E-cell stage would divide generating precisely 32 intestinal cells). The basis
for the difference in lineage behaviour among the intestinal cells has not been elucidated. It
is not known whether the characteristic division patterns of each intestinal cell are due to
intrinsic differences between the gut cells or whether it results from intercellular signalling.
This lack of data conirasts with the specification of E where the early embryo is known to
contain asymmetrically localised, maternally provided factors that promote or, prevent the
intestinal cell fate (Wood W.B., 1988;Bowerman, 1998;Labouesse and Mango, 1999).
Further cell specification occurs through the Wnt-signalling pathway (Lin e af.,
1995, Thorpe ef al.. 1997;Rocheleau et al., 1997) and MAPK-kinasc cascade (Rocheleau et
al., 1999). In responsc to these early events, the E blastomere expresses zygotic genes such
as the GATA-like transcription factors emd-I and e/i-2 that promote inicstinal
differentiation (Zhu er al., 1997;Fukushige ef af, 1998;Newman-Smith and Rothman,
1998). In lin-60 (ij48) and lin-62(if52) mtants, the extra cells gencrated bchave as
terminally differentiated intestinal cells.

The questions whether the /in-60(ij48) or lin-62(j52) defects of the E-cell lineage
act in a cell aulonomous manner, or whether signals from surrounding blastomeres are
required, have not been addressed. Laser ablating all blastomeres apart from E following
the division of EMS, and allowing E to develop would investigate this. If signalling from
other blastomeres is required, the wild-type number of cells might be generated. If

signalling from other blastomeres is not required, the number of E-derived cells in the
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cultured E blastomeres may be the samc as the amount of E-derived cells from lin-00(ij48)
and /in-62((j52) animals, or at least greater than wild-type cultured E. Conversely, it would
be interesting to investigatc whether any gut cells are derived from other lineages.
Although lineage amalysis of /in-60(;j48) and lin-62(ij52) has demongirated that the
nuraber of cells that are generated from E are sufficient to explain the number of intestinal
cells counted using terminally differentiated markers, it does not rule out the possibility
that some intestinal cells are derived from other lineages. This would be an imporiant
experiment to perform with /in-60(ij48), where E divides at a faster pace than wild-type, as
it has been postulated that abnormal cell division timing can cause cell fate transformations
during vulval development (Ambros 1999).

Although the results reported here indicate that extra cells are generated from the E
blastomere, I have not tested whether once a cell is specified as B, it would be susceptible
to the 48 and 752 mutations and conversely, il E was specified as another hlastomere,
whether it would no longer be susceptible to 748 and i752. Crossing #48 and 752 alleles,
into mom-2 (E transformed to MS) or pop-I (MS transformed to E) mutant backgrounds
would investigate these possibilities.

One candidate for a factor that may be involved in generating the asymmetric
patterns of divisions in the E-cell lineage is POP-1. Immunostaining with POP-1 antibody
revealed that it is present in many cells throughout development (Lin ef ¢/, 1995;Lin et al.,
1998b). In many sister cells arising from cell division along the anterior-posterior axis,
POP-1 immunostaining is detectable at higher levels in the anterior compared with
posterior nuclei (Lin e al, 1998a). Immunostaining of POP-1 is asymmetrically
distribufed beiween the anterior posterior sisters at the 8L and 1612 cell stage (Lin et al.,
1998h). It may therefore be postulated that a class of mutation in POP-1 could be obtained
that would render the daughters of the cells al 8E to divide symmetrically, generating 32
cells. Most work to date studying POP-1 function has been concerned with the role of
POP-1 in EMS polarity. ITowever, roles [or zygotic POP-1 have recently been discovered.
For example, POP-1 is distributed asymmetrically to the deseendents of the precursors of
the somatic gonad, Z1 and Z4 and mutations in pop-/ have been identified that render the
Z1/Z4 divisions symmetrical (Siegfried and Kimble, 2002).

POP-1 belongs to the TCF/LEF-1 family of transcription factors, which are
controlled by Wnt signalling (Wodarz and Nusse, 1998). Components of the Wnt-
signalling pathway, when mutated, have been shown o reverse or obliterate the polarities

of asymmetric cell divisions in both embryonic and post-embryonic development in many
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tissues. This pathway may therefore be involved in generating the asymmetry in the E-
lineage. Diffcrent constituents of Wat signalling may function in different tissues to either
facilitate or antagonise POP-1 activity. During embryonic development, Wat signalting has
been implicated in cstablishing the polarity of BMS (refer to introduction). During post-
embryonic development, Wnt signalling has been implicated in controlling polarity in
many cel! types including T-blast cells (Herman, 2001) and Pn.p cells (Sawa et al., 1996,
Sternberg and Horvitz, 1988). Wnt signalling also controls the cell polarities in the tail of
developing C. elegans larvae, Mutations in the Wnt gene /in-44 cause the polarities of
certain cells that divide asymmetrically in the tail of the animal, the B, TL and TR cells, to
be reversed. Mulations in the putative receptor for fin-44, lin-17 also displays a phenotype
reminiscent of a polarity defect; the affected cell divisions are asymmetric in wild-type but
symmetric in /in-17 animals, producing sister cells with similar fates.

In characterising /748, an interesting phenomenon was discovered; lin-60(ij48)
behaves differently when hemizygous over two scparate deficiencies. The basis for this
difference is not simple: the Lin phenotype produced by the 7748 lesion is suppressed to a
greater extent over the small deficiency ADfS, than over the large deficiency, ¢Df76. This
rules out the possibility of other genes removed by the large deficiency acting in co-
operation to give rise to increased suppression. As stated in Scction 4.3.3, strains carrying
the ADf8 are sicker than those bearing the gDf/¢ deficiency, possibly indicative of
cxtraneous rearrangements. This may be the cause of the heightencd suppression.
However, the left breakpoint of 2D/8 was mapped and the gene identitied by 48 cloned
{Chapter 5). These were found to be separated by only 3 cosmids. The effcet of the
chromosome siructure when the end points of deficicuvies are fused is not known,; it may
generate regions of heterochromatic DNA, which exists as euchromatic DNA in wild-type
chromosomes. This is a possible explanation for the cxaggerated suppression over AD/S, as
the levels of gene expression from the {48 chromosome may be reduced. This
phenomenon of position-effect varigation (PEV) is an epigenctic phenomenon associated
with heterochromatic regions of the genome. It is generally used to describe transcriptional
silencing in cis, following chromosomal rearrangements, with one breakpoint within
heterochromatin (Grewal and Elgin, 2002). However, there is an example in Drosophila
where variegated inactivation of the wild-type copy of the gene occurs in the homologous
chromosome, This ‘trans-inactivation’ is induced by a dominant mutation of the brown
allele (bw”), which is a null mutation caused by an insertion of a large block of

heterochromatin into the coding sequence of the gene (Slatis, 1955). The dominance of this
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allele is dependent on the pairing between the »w” chromosome and the wild-type
homologue, where the inserted helerochromatin in mulant &w, drags the wild-type copy to
an abnormal nuclear position, where transcription is repressed (Henikoff, 1996). However,
the strength of trans-repression by the hw?” allele is stongly influenced by its chromosomal
position; its effect can be suppressed by chromosomal rearrangements that move the region
containing bw” to a position more distant from centric heterochromatin (Talbert ef al.,
1994) whereas translocation to a more centromere-proximal position strengthens its
silencing ability (Henikoff ef af., 1995).

‘l'o summarise, two mutant alleles generating an intestinal lineage defect have been
characterised. The remaindcer of this thesis concenirates on the etforts to clone the gene
identified by the allele #48.
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Chapter S.
The cloning of lin-60(ij48)

5.1. Introduction

The C. elegans physical map consists of overlapping bacterial cosmid clones and
veast artificial chromosomes (YACUs). The classical method of cloning loss-of-function
alleles is to inject cosmids or YACs surrounding the area to which a mutant allele maps,
and in effect rescue the mutant phenotype. Once a cosmid capable of rescue is identified,
using information available from ACeDB, cach predicted gene can be subcloned from the
cosmid/YAC and tested for rescue. Due to the completion of the genome project, the
sequence of the wild-type copy of the gene is available. Sequencing the putative mulant
allele and identifying a mutation provides confirmation that the fragment generating rescuc
is the wild-type copy of the mutant allele,

lin-60 1s a maternal gene and 48 is a dominant lesion (refer to Chapter 4). There
arc two complicalions when considering cloning a genc of this nature. Firstly, a gene
identified by an allele that is dominant over wild-type cannot be cloned by rescue of
mutant phenotype with the wild type copy. Genes are rarely cloned from dominant alleles.
The cloning of genes identificd by dominant alleles generally involves complex
approaches that are very specific to the particular gene. For example, to clone the gene rol-
6 from the dominant allcle su/006, the genetics of rol-6 were studicd and from its
behaviour, it was postulated that it might be a collagen gene (Kramer ef al., 1990).
Cosmids spanning the area to which rol-6 mapped were probed with the collagen gene col-
2 and rol-6 was identified. Clearly this was a highly specific approach that could not be
generally applicd. Sceondly, transgenic arrays of maternal genes may be poorly expressed
in the germline. For example, it is often difficult to rescue maternal-effect lethal mutations
with cosmids. The use of genomic DNA as a carrier to promote the promotion of complex
arrays can assist with the expression of maieroal genes (refer to Chapter 3), but it is not
always eftective.

lin-60 maps to position +1.1 in the centre of chromosome [ (Chapler 4). This area
has been the subject of saturation screens of lethal mutations (McDowall and Rose, 1997a).
Many of these lethal mutations have been rescued with cosmids, resulting in a very good
alignment of the physical and genetic maps in this area. Moreover, with such screens, there

arc many genetic markers with lethal or sterile phenotypes. This allowed detailed
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positional mapping to be carried out for lin-60(if48) (Chapter 4). Recombination
frequencies vary between chromosomes and arms ranging from, for example 1¢M/50kb on
the right arm of chromosome IV to 1eM/300kb on the left atm of chromosome V. fin-60
maps to an arca of chromosome I where the recombination frequency is approximately
1cM/1100kb (Barnes et al., 1995).

My first aim was to reduce the size of this arca to a small number of cosmids, and
thus predicted genes. in-00(i748) lies between two cloned genes, Jet 602 and let-607. This
area is covered by around 17 cosmids (Figure 5.1). To reduce this number of cosmids, the
left breakpoint of AD/8, a deficiency that contains /in-60(ij48) (Chapter 4), was mapped.
lin-60(ij48) also maps very close to ler-604. Although good positiona! information was
available for let-604 (J.S. McDowall, ACeDB), this gene had not been cloned. I therefore
decided to place this gene onto the physical map by cloning it. Together, these approaches
dramatically reduced the number of cosmids within the /in-60(ij48) interval. The
penetrance ot the /in-60(ij48) phenotype is greatly reduced when lin-60(ij48) is placed over
a deficiency. I therefore decided to use an RNAi based approach to clone lin-60ij48). My
aim was to mimic the deficiency effect by injecting dsRNA corresponding to genes in the
lin-60({j48) interval, and identify a gene that, when subject to RNAI, partially reduces the
amount of matcrmal /in-60(1j48), causing suppression of the Lin phenotype in the Tl
progeny of treated mothers.

I found that the intestinal hyperplasia displayed by lin-60(ij48) mutants is caused
by a mutation in the general cell cycle gene cde2$. I found that RNAi can reduce the
oncogenic nature of this mutant whereas introduction of a mutant copy of this gene by

transgenesis can create the intestinal hyperplasia.
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5.2. Mapping the Ieft breakpoint ol /1.Df3

The left breakpoint of 2Df8 was previously assigned to the cosmid C44D11 by
restriction analysis (Thacker ef af, 1995). This cosmid has not been sequenced. Iin-
60(ij48) is covered by the deficiency 2.D/8 (Chapter 4). To reduce the number of predicted
genes in the /in-60 interval and to conflirm that the breakpoint of ADf8 was in the area
suggested by Thacker ef af., (1995), T decided to assign the physical breakpoint of ADfS to
a sequenced cosmid. To do this, T used a PCR-based approach where homozygous mutant
deficiency embryos were tested with primers specific to a predicted genc present in
cosmids surrounding C44D11 (Cosmid Sequence Markers, CSMs) (Figure 5.2 and Section
2.13). Each homozygous deficiency embiyo was tested with a positive control, a negative
control and two test primer sets, The mutant /e-381 is rescued with F26B1. Since let~361
is not deleted by 2D/, T used this as a positive control for PCR. The mutant fei-607 is
deleted by #D/8 and is rescued with the cosmid FA8A9 and hence F48A9 should be
covered by this defictency. I therefore used the cosmid F48A9 as a negative contiol. A
negative control was essential to allow the identification of any heterozygotic death. By
detecting for the presence or absence of amplified products, I was able to determine that
the left breakpoint of 2Df8 was present in the cosmid R10ALQ and lies in or between the
predicied genes R10A10.1 and R10A10.2 (Figure 5.2). Since R10A10.1 is the first gene
not covered by ADfS, lin-60(ij48) (which is deleted by 2Df8) must fie to the right of
R10A10.1. This reduced the number of candidate genes in the /in-60¢i748) interval to 50
(Table 5.1). This figure includes genes present in cosmids F57B10 and F48A9. However,
since recombination occurs between lin-60(ij48) and let-607(h402) (Section 4.4.2.3), with
let-607 being rescucd with FABA9, the aumber of candidatc genes could be reduced to

around 36.

Name of Cosmiq Number of predicted genes

RI10A10 2(%)

F37E3 3

‘123112 5

KOGAS 6

C55B7 12

TI0OE9 9

F57R10 11 *“
F48A9 3

Total 51

Table 5.1, Number of predicted genes in /in-60 interval, (*) One of these genes
(R10A10.2) is deleted by AD/S.
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Figure 5.2 Mapping lcft-hand breakpoint of 2Df8

A. Positions of cosmids tested with CSMs. let-381 is not deleted by 2Df8 and was
uscd as positive control for the PCR reactions. /et-607 is deleted by AD/S and is
rescued by the cosmid FA8A9. F48A9 was therefore used as a negative control

for the PCR reactions.

B. Agarose gels of PCR products. Wild type N2 embryos or homozygous 2DfS
dead cmbryos were used as DNA template, and tested with appropriate CSM
primers. In each gel, the ladder is 50bp (Gibeo). ‘The first four lanes from the
left in gels for F26B1, F48A9, ZC328, T23H2, and T10E9 arc N2 embryos. The
first two lanes from the left in R10A10.1 and R10A10.2 are N2 embryos. In all
gels, the first four lanes from the right (denoted by white asterix) are ADfS
embryos. Since R10A10.1 is deleted by 2Df8 whereas R10A10.2 is not dcleted
by A2Df8, the left breakpoint must lie either between, or in R10A10.1 and
R10A10.2.
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5.3. Positioning of let-604(1293} onto the C. efegans physical map

lin-60(ij48) was found to map very close to the slerile mutant let-604(/293)
(Chapter 4). Using genetic data regarding the fee duplications ADp36, 1Dp39 and hDp54
{ACeDB), I was able 1o place fet-604 between other uncloned mutants, lef-608 and let-382
(Figure 5.3). The right breakpoint of the free duplication £Dp39 has been deduced to lie in
KO06AS (8. Clark-Maguire, ACeDB). Since let-604(h293) is covered by the deficiency
D8, where the left breakpoint is in R10A10 (see above), let-604/A293) must lie in the
cosmids R10A10, F37E3, T23H2 or KOGAS. DNA from cosmids R10A10, F37E3, T23H2,
KO6AS and C55B7 was isolated and cxamined by restriction digest for the presence of
deletions. Clones that appeared, as judged by the expected sizes ot digested products intact
were included in the injection mix (Figure 5.4). As a marker of transgencsis, I used a
plasmid (pMWO002) containing the cuticular collagen gene promoter of dpy-7 (fohnsione e¢
al, 1994) fused with GFP. Transformed progeny could therefore be screened using a UV
stereomicroscope. The plasmid pTag was also present in the injection mix. pTag contains
both the ampicillin and kanamycin resistance genes, thus providing DNA homology for
array formation with the ampicillin (R10A 10, C55B7) and kanamycin (F37E3, KOGAS and
T23H2) resistant cosmids.

The strain containing /ez-604, KR637, was available as homozygous dpy-5(c61) let-
604(h293) wunc-13(e450), balanced with the free duplication sDp2. To remove any
complications from the free duplication, KR637 was outcrossed by mating with wild-type
males, and crossing the generated F1 males with N2 hermaphrodites. Progeny containing
the genotype dpy-5(e6l) let-604(h293) unc-13(e450)/ 11 were isolated and maintaincd
from the second cross. Phenotypically wild-type progeny from this strain were injected
with the cosmid mixture,

Previous studies had indicated that let-604(1293) was not rescued with an
extrachromosomal array (2E£x35) containing the cosmid T23H2 and marker plasmid pRE4
(McDowall and Rose, 1997h). This array did not contain the left~ or right- hand neighbour
of 'I23H2 and it has been documented previously that loci that are split over two cosmids
can often reform a wild-type locus during array formation. T23H2 was therefore included
in the injection mix.

Rescue was observed in one line by the appearance of fertile DpyUnc progeny,
which also showed dpy-7::GFP expression under the UV stereomicroscope. In this line,
worms that were GFP negative, and hence had lost the free arrays, were sterile. Thus, the

mapping information available in ACeDIB for let-604 was correct, and let-604(h293) is
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rescued with a cosmid mixture containing R10A10, F37K3, KO6AS, 123H2 and C55B7.
Since no recombination was achicved beiween let-604(1h293) and lin-60(ij48) (Section
4.4.2.7.), it seemed likely that the gene identified by /in-60(ij48) was present in this group

of cosmids,
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Figure 5,3 Positional infoermation for let-604(h293)

Using genetic data regarding the free duplications 2Dp56, hDp39 and 4Dp54 (ACeDB), 1
was able to place ler-604 between two uncloned mutants, lez-608 and let-382. let-608 1is
covered by the free duplication 2Dp5¢ but not 2Dp39, or hDp54. let-604 is not covered by
#Dp56 but is present in 2Dp39 and 2Dp54, so must lie to the right of let~608. let-382 is not
covered by iDp56 or ADp39, but is covered by 2Dp54, so must lie to the right of let-604.
let-607 is not present in 2DpS56, hDp39 or hDp54, so must lie to the right of le£-382. All
four genes are deleted by the deficiency 2Df8. The right breakpoint of the free duplication
1Dp39 has been deduced to lic in KO6AS (8. Clark-Maguire, ACcDB). Since let-604 is
covered by the deficiency 1078, where the left breakpoint is in R10A10 (see Figure 5.2},
let-604 must lie in the cosmids R10A 10, F37E3, T23H2 or KO6AS.
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Cosmid Enzyme | Expected sizes of fragments

R10A10 | Xbal At time of experimentation, only draft sequence
was available and start and end points were not
defined

F37E3 Xbal 14466, 6078, 5098, 4520, 3577, 2908, 2640, 1356,
1287, 471, 64, 12.

T23H2 Xbal 12808, 6078, 4520, 3577, 2909, 2633, 1977, 1818,
1543, 1356, 1287, 471.

KO06AS Xbal 8670, 7623, 6811, 6664, 3130, 3001, 2633, 1543,
839, 704, 354, 168, 88, 57, 32

C55B7 Pstl 9433, 9181, 7992, 6474, 2702, 1586, 1117,

923, 437, 86.

Table 5.2. Restiction enzymes and predicted sizes of digested products of
cosmids used to rescue let-604

R10A10 F37E3 T23H2 KO06AS5 C55B7

[T

—

Figure 5.4 Restriction digests of cosmids used in positioning let-604 onto
physical map.

The cosmids R10A10, KO6AS, F37E3, T23H2 and C55B7 were digested with
the restriction enzymes stated in Table 5.2. The expected sizes of fragments are
also shown in Table 5.2. In all gels, the 1* lane from left is 1kb DNA ladder, the
black arrow points to the 2kb band. Two digested cosmid DNA samples are
shown for all except KO6AS, where one digest is shown. These gels show that
the expected sizes of digested cosmids were obtained, thus these cosmids were
not deleted.
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5.4. RNA interference of genes in the /in-60(ij48) intcrval to suppress the lin-60(ij48)
phenotype

5.4.1. Background to RNA interference

RNA interference (RNAi) is a relatively new reverse genetics {ool that can
specifically inhibit the function of a gene under study. Tt is therefore a very powerful tool
in understanding the function of a particular gene. Firc et al (1991) reported that antisensc
RNA expressed from a transgene could mimic a mull mutation. Sense transeripts were also
found to be effective. This interference effect was further demonstrated by Guo and
Kemphues (1995), who showed that both sense and antisense RNA could be used to block
gene expression in the maternal germline. Since then, it has been established that double-
stranded RNA (dsRNA) is subslantially more effective at inducing interference than either
singjc strand (Fire et al., 1998). These authors also suggested that it was the iiny amounts
of dsRNA present in the single strand preparations thal aitributed to the interference
observed.

Following dsRNA {reatment, the corrcsponding gene products are reduced from the
somatic cells of the organism as well as the Il progeny (Fire ef af,, 1998). RNAI has heen
shown to be very specific with a varicty of genes, when comparisons are made between the
generic null and corresponding RNAi-induced phenotype. Moreover, both matemal and
zygolic gencs can be targeted. dsRNA can be administered by injection inio the intestine or
gonad, or by soaking the worms in thc dsRNA preparation (Tabara ef al., 1998,Fire et al.,
1998). dsRNA can also be infroduced into the worms by feeding the worms with bactesia
that express dsRNA (Timmons and Fire, 1998). It is therefore clear that dsSRNA can cross
from the lumen into the intestinal cclls and that the RNAi effect can be transmitted
between cells. These observations with RNAIi suggest the existence of transport and
pethaps amplification of the interfering agent. The notion that an amplifying agent may be
involved also stems from mutants in a gene vequired for germline development in C.
elegans, ego-1 (enhancer of glp-1). The EGO-1 protein is a member of the RNA-dirceted
RNA polymerase family. Interestingly, ego-7 mutants are defective for RNA1 of maternal
genes but not zygotic genes (Smardon et al., 2000),

The mechanism by which RNAi produces its effect is currently under investigation.
This work has focusscd on four areas of gene expression in order to find the exact nature of
the RNAI target: whether the gene itself is a target for mutagenesis, if initiation or

elongation of transcription of the targel gene is prevented, if the {ranscript of the target
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gene is targeted for degradation or whether translation of the target gene is inhibited. Initial
investigations indicated the gene itself is not mutated (Montgomery et al., 1998) and that
the prevention of initiation of transcription is not the mechanism for RNAi (Fire et al.,
1998; Montgomery ef af, 1998), The observation that the steady-state level of transeripts
from reporter comstructs is reduced in the nucleus whereas in the cytoplasm, these
transcripts are virfually eliminated has led io the hypothesis that the endogenous mRNA is
the target for RNAL (Montgomery et af., 1998). Smdies of dsRNA-induced interference in
plants and trypanosomes have led to similar conclusions (Ngo ef al., 1998; Waterhouse et
al., 1998)

Interestingly, investigations with iranscriptional operons have also provided evidence
that RNA is the target for RNAI. The genes lin-15a and lin- {55 together form a standard
operon. Deletions in the 5' end of the upstream gene, fin-75b, lead to a loss of function of
hoth genes, producing a multi-vulval (Muv) phenetype (Clark er af,, 1994; Huang et af.,
1994). However, RNAI of the upstream gene docs not produce the Muv phenotype: this
phenotype was only cvident when both /in-15a and lin-15h were targeted by RNAI. This
observation argues against an effect on initiation or clongation of transcription. Moreover,
Bosher et al (1999) demonstrated that pre~-mRNA can be (he target for RNAL. In contrast
with the results generated by RNAI of the [fu-15 operon, with the /lir-1/lin-20 operon,
inactivation of the upsiream gene produces a phenotype identical to the genetic null of the
downstream genc. A genetic null of the upstream gene was phenotypically wild-type.
These results by Bosher ef ¢, (1999), also enhance the idea that although RNAI can be a
very effective tool for analysing gene function, care must be taken when analysing the
phenotype produced. The structure of a gene must therefore also be considered.

Classical genetic screens have identified mmtants that are resistant to the effects of
RNAIi (Tabara ef af,, 1999; Ketting e¢ af.,, 1999). One gene (rde-{) was found to encade a
member of the piwilstinglargonaute/ewille/elF2C pene family (Tabara et al, 1999).
Interestingly, a subset of these genes, including mutants of rde-2, rde-3 and mut-7, have
been found to permit the mabilisation of transposons in the germline and it has been
speculated that one natural function of RNAI is transpason silencing. Twao other mutants
for RNAI, rde-/ and rde-4 do not show transposon silencing. These gencs are however
required for inheritable RNAi (Grishok et «l., 2000). It has been proposed that rde-7 and
rde-4 act as initiators of RNAI, producing a secondary extragenic agent, which acts on the
downstream effector genes, rde-2 and mut-7, to target specific mRNA for post-

transcriptional genc silencing These authors also speculate that other reported situations
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that can lead to gene silencing, such as repetitive DNA on some transgenes, act as injtiators
that may produce the same secondary extragenic agent as rde-1 and rde-4.

Using a Drosophila in vitro system, it has been shown that RNA1 is an ATP-dependent
mechanism which does not require the recognilion of the 7-methyl-guanosine cap of the
targeted mRNA or mRNA translation (Zamore et al., 2000). Rathet, both the dsRNA and
mRNA are cleaved at identical 21-23 nucleotide intervals, suggesting that the fragments
from the dsRNA are targeting the cleavage of the mRNA.

When {in-60(;j48} 1is hemizygous over a deficiency, most animals arc
phenotypically wild-type. From this observation I decided to use an RNAi based approach
with the intention of partially reducing the penctrance of the /in-60(ij48) phenotype. As
stated above, mapping ol {in-60 positioned it to within approximately 36 predicted genes.
Some of these genes could reasonably be excluded as they encaded, for example, tRNAs
and general metabolism gencs. Given the specific developmental phenotype of the lin-
60(ij48) mutant, I focussed on gencs that 1 thought were more likely to be developmental

control genes.

5.4.2 RNA interference of genes in the lin-60(ij48) region
Primers were designed to amplify a specific region within cach predicted gene. As a
general rule, a fragment containing at least 500bp of exonic sequence was chosen for
amplification. Where possible, cosmid DNA was uscd as a template for PCR. Since the
sense and antisense primers had the promoters of T3 or ‘I'7 engineered onto their 3' ends,
the amplified DNA was purified and used directly as a template for in vitre transcription.
An example of a gel showing the single-stranded RNA products produced by in vitro
transcription and annealed dsRNA is shown in Figure 5.5.

dsRNA was injected into young adult hermaphrodites using the method described
in Section 2.14. Following injection, the worms were left to recover for at least five hours
before being picked clonally onte 3.5cm plates. 24 hours post-injection, each worm was
fransferred onto a fresh plate. Over the following days, in addition to suppression of fin-
00(ij48) phenotype, cach plale was scored for other visible effects such as death, sterility,
uncoordination and changes to body shape morphology. The results for RNAI are shown in

Tables 5.3, 5.4 and 5.5.
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Figure 5.5 Agarose gel of RNA products from in vitro transcription. Example of
an ethidium bromide stained gel showing RNA that was produced by in-vitro
transcription. The promoter for T3 polymerase was added to the 5' end of the sense
primer and the promoter of T7 polymerase was added to the 5' end of the antisense
primer. (Lane 2) 1 pl of single-stranded T3 product. (Lane 3), 1 ul of single-stranded
T7 product. (Lane 4) 500ng double stranded RNA produced by annealing the T3 and
T7 single strands. Lane 1 is 1kb DNA ladder. Arrow points to 1kb.
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The percentage suppression of the Jin-60(ij48) phenotype following RNAI with 14
genes varicd from 0.3% to 34.8% (Table 5.3). The suppression cbtained for most genes
was from 0.3 to 7.5%. One exception however was with RNAG of KOGAS.7a, where 34.8%
suppression was achicved (see below). Out of the 12 genes tested for suppression, only 2

genes gave a visible phenotype (Lables 5.4 and 5.5): RNAi of F57B10.1 and KOGAS.74.

Name Similarity Total no. F1s | Total no. | % Suppression
analyzed wild-types
Injection - 1394 12 0.3
buffer conirol
R10A10.2 Zinc finger protein 1935 16 0.83
F37E3.2 Leucine rich proteing 1041 78 7.49
F37E3.3 - 2201 129 5.86
T23H2.1 Integral membrane 561 21 3.74
protein
T23H2.2 C2 domain protein
T23H2.4 - 2091 11 0.53
T23H2.5 RAS 1598 5 0.31
KO06AS.7A CDC25 phosphatase 184 04 34,78
KOGAS.8 - 1547 27 1.75
C55R7.2 Alpha-1,3(6)- 1941 6 0.31
mannosylglycoprotein
beta-1,6-N-acetyl-
glucosaminyltransferase
C55B7.3 Protein-tyrosine 1696 89 5.25
phosphatase
C55B7.10 Cascin kinase 1490 9 0.60
C55B7.12 Zinc finger protein 1049 27 2.57
F57B10.1 contains similarity to | 919 19 2.07
bZip proteins

Table 5.3. Suppression of the /in-60(ij48) phenotype following injection with dsRNA
corresponding to genes in the lin-60¢ij48) area. Bold denotes genes that gave a visible
phenotype with RNAI. In these cases, it is the total number of viable progeny that were
analysed for suppression.
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T57B10.1 is predicted to encode a transcription faclor confaining basic-leucine
zipper (bZIP) and tyrosinase domains. RNAi with F57B10.1 gave an embryonic lethal or
Dpy phenotype. (Table 5.4, Figure 5.6). The dead embryos appear to elongate to around
three-fold then retract, suggesting a possible defect in cuticle synthesis or secretion. This
idea is enhanced with the ovbservation of Dpy survivors. To show that this was not a
synthetic phenotype in the /in-60(;j48) background, RNAi ol F57B10.1 was also
performed in the wild-type N2 and in the #ls/Ofcpr-5::GFPlacZ) (strain 1A109, see
Chapter 3) backgrounds. Since the phenotype produced by RNAi of FS7B10.1 was
suggestive of’ a cuticle defect, T also performed RNAi of F57810.1 i the strain IA105.
This strain is an integrated line containing the collagen gene promoter dpy-7 fused with
GFPlacZ. The dead embryos and Dpys produced had the wild-type expression profile of
dpy-7 (data not shown).

The percenlage of embryonic lethal and Dpy phenotypes varied between the
progeny of cach injected hermaphrodite and strain. For example, RNAI of ¥57810.1 in the
strain JA105 produced a low amount of embryonic lethality, whereas a high level of
embryonic lethality was observed in the TA109 background. I also obscrved a variation
with regards to the level of Dpy phenotype between each F1 animal. In some cases, the I'1
was severely shorter than wild-type length and looked very unhealthy whereas in other
examples, the F1 was only slightly smaller than wild-type length. Due to these notable
variations, RNAi of F57B10.1 needs to be repcated in all backgrounds. One cause of the

observed differences may be that the RNA was degraded in some preparations.

% Total Progeny
Strain Total K1 Decad embryos | Dpy wild-type
injected with | Progeny
F578B10.1 analyzed
dsRNA
1A123 (fin- 1138 19.24 26.80 53.95
60(1j43),
ijfs10)
N2 504 35.9] 63.29 0.79
TA105 1187 2.52 57.79 39.68
TA 109 943 79.22. 19.94 0.85

Table 5.4 % of Dpy and Let phenotype following injection with FS7B10.1 dsRNA.
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KO06A5.7a encodes a CDC25 protein phosphatase (CDC-25.1) (Ashcroft ef al,
1998). This gene is an essential regulator ol the cell cycle. One of its best-known roles of
this gene is the dephosphorylation and activation of CDC2, required for thc progression
into M-phase of the cell cycle.

RNAi of ecde-25.1 in a wild-type background produces an embryonic lethal
phenotype (85%) or sterile phenotype (5%) (Ashcroft et al,, 1999) in the I'1 progeny. RNAi
with cde-25.1 in the lin-60(ij48) background also resulted in an embryonic lethal (93%) or
sterile phenotype (6%). 1 examined the relationship between the sterile and Fin phenotypes
(Table 5.5). Intcrestingly, a proportion of the sterile worms (36/86, 42%) were suppressed
for the /in-60(ij48) phenotype (Table 5.5). T assumed that RNAi did not have an observable
effect on the Il survivors that were not sterile. However, since substantial suppression of

the Lin phenotype was obtained, the possibility that jj48 was an allele of cde-25.7 was

investigated.

% Total Progeny % Viable progeny
Total F1 | Dead Viable Lin Lin WT WT
Progeny | eggs Progeny | Fertile Sterile fertile sterile
anulyzed
743 93.3 6.7 14 S0 0 36

Table 5.5 Analysis of dead embryos and survivors following injection with cdc-25.1
dsRNA. This sample was taken from the progeny of 6 injected hermaphrodites and is part
of the samplc included in Table 5.3.
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Figure 5.6 Dead embryo from F57B10.1 RNAi injections in lin-
60(ij48) background. Black arrow points to grinder structure. White
arrowhead points to pharynx. White arrow points to buccal cavity.

Figure 5.7 Dead embryo from K06AS.7a (cdc-25.1)
RNAI injections in lin-60(ij48) background.
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5.5. Sequencing of cdc-25.1 from the Ln-60(ij48), wild-type and 1A109 backgrounds

5.5.1. Sequencing of cde-25.1 from the lin-60(ij48) background

Genomic DNA was preparcd from Zin-00(i748) worms. Primers were designed for
sequencing the genomic copy of cde-25. 1. The positions ol these oligos are shown in Table
2.8 and Figure 5.8. Primers were designed such that around 400 bases could be sequenced
from a given sequencing primer (Table 5.6). I attempted o sequence PCR tragments
directly. This was successful for most of the gene; however, the first 800 bases gave very
poor sequence. A fragment containing this sequence was cloned into the vectors pGEM
(Promega) and I'CRscript (Stratagene). Sequencing reactions were repeated with an
independent PCR product if an ambiguous peak was observed in the sequencing trace. For
region 450 to 800bp, iwo independent cloned PCR-fragments were sequenced. For region
41 to +450bp, a total of four indepcn{lently cloned PCR fragments were sequenced.
Sequencing more than onc clone, with each cloned fragment derived from a separate PCR
reaction, allowed confirmation thal any detected mutations were indeed present in genomic
DNA, and not mutations caused by misincorporation of a basc during PCR reactions. In all
four sequencing runs from bascs +1 1o +450, a C—T point mutation was detected at base
+137, relative to the ATG of cde-25. 1. This mutation appeared as an nnambiguous peak on
the scquencing trace (Figure 5.9). In all cases, the sequence data was compared with the
wild-type copy of ede-25.1 (Accession No. AF(039038).
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Seql(-100) SeqA(-2) Seq2(312)  Seq3(711) Exon3Anti(898) Seq4(1104) Seq7(1401) Seq6(1868) Seq5(2221)

ATG

Figure 5.8 Schematic diagram of cdc-25.1 coding sequence showing positions and
directions of sequencing primers. The red arrow denotes the cdc-25.1 coding sequence
and the black arrows show the position and direction of sequencing primers. The position

of the sequencing primers (in brackets) are relative to the ATG of cdc-25.1.

Readable Primer Primer used for | PCR fragment | Change in

sequence combination | sequencing or clone sequence

(relative to | for PCR sequenced

ATG) product

-100 to +598 | seql & seq7 | T3, T7 or SP6 Clone C—T (Base
+137)

462 to 993 seql & seq7 | seq2 Clone None

781to 1121 | seql & seqb | seq3 PCR None

1104 to 1374 | seq4 & seqS | seq? PCR None

1350 to 1826 | seq4 & seq5S | segb PCR None

1800 to 2200 | seq4 & seqS | seqS PCR None

Table 5.6 Combinations of DNA fragments and primers used for sequencing cdc-25.1.
The relative positions of these primers on the coding sequence are shown in Figure 5.8.
‘Readable sequence’ denotes good sequences obtained from the trace from sequencing
gels.
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5.5.2. Sequencing of cde-25.7 in wild type and IA109 backgrounds

To confirm the published sequence, cde-25./ was sequenced in the wild type N2
background, over the arca of the mutation detected in lin-60(j48). Wild-type sequence was
obtaincd by cloning a PCR-generated fragment, as described above, into pGEM and
sequencing using the primer SPO. The cosmid KO6AS5 was used aus a template for
amplification. The sequence obtained agreed with the published sequence (Figure 5.9).

The strain IA109 contains 1kb of the ¢pr-5 promoter fused with GFPlacZ, and is
integrated into the genome (Chapter 3). This was the strain used for screening intestinal
mutants (Chapter 3). To check that the C—T point mutation was not present prior to
mutagenesis, strain IA109 was also sequenced across the region where the mutation was
present. Genomic DNA prepared from single worms was used for PCR amplification. Two
independent clones conlaining DNA from two separate PCR reactions were sequenced
across this region and no sequencing errors were identificd. This demonstrated that this

mutation was not present in IA109 prior to mutagenesis.

5.6. A HinFY polymorphism is present in lr-60(ij48)

The Dbasc change present in ede-25.7 in lin-60(ij48) animals creates a HinFl
polymorphism. HirFI cuts the sequence 5'...GYANTC...3". Thus, the mutation present at
base 137 would remove a HinFl site. PCR amplified fragments, using singlc worms as
template and primers seql and Exon3Anti (Figure 5.8), were generated using strains N2,
TIA109 and TA123[lin-60(ij48); ijIs10] and digested with HinFI (Figures 5.10 and 5.11).
The expected sizes of the PCR-generated fragments following digestion with HinF1l of
wild-type, IA109 and IA123 are shown in Table 5.7. A total of 8 scparate reaciions from
each strain were set up. Agarose gels showing the digested products from 2 samples Fom
N2 and 4 samples from IA109 and 1A123 are shown in Figure 5.11. This confirms the
sequencing data, that the C—T point mutation is present in the coding sequence of cde-

25/ mIA123 and 1ot TAT109 or N2.
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Figure 5.10 HinF1 polymorphism present in cdc-25.1 in lin-60(ij48) DNA.
Positions of HinFlI restriction sites are shown from a PCR-amplified fragment
from (A) wild type genomic DNA and (B) 1A123 (lin-60(ij48)). The HinFlI site,
present at +233, relative to the first base of the PCR product in N2 is lost in IA123
DNA.

Expected sizes of fragments (bp)
N2 wild-type, IA109 423, 190, 187, 126, 43, 42
1A 123 (lin-60(ij48)) 423, 190, 187, 168, 43

Table 5.7 Predicted sizes of fragments from a PCR-amplified fragment containing cdc-
25.1 genomic sequence from N2, IA109 and IA123 DNA, following digestion with HinFI

B c

Figure 5.11 HinFI restriction analysis. Agarose gels of the PCR-amplified DNA
products digested with HinFI. DNA from single worms was used as a template for
PCR from (A) N2 wild type (B) IA109 and (C) IA123 (lin-60(ij48)). The first lane
from the left in all gels is SObp ladder, the arrow points to 150bp. 2 samples are
shown for N2 and 4 samples are shown for IA109 and IA123. The 168bp band
present in IA123 has been digested to produce a 126bp and a 42bp band (not
visible) in wild type and IA109.
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5.7. Substitution of C—T at base 137 creates a predicted Ser—>Phe amino acid change
The full length cDNA of ede-25.1 has been cloned and sequenced (Ashcroft ef al,
1998). Thus, thc intron/cxon structures have been determined experimentally. cde-25.1
consists of scven exons and is trans-spliced to SL1. Based on the predicted amine acid
sequences from the cde-25.1 ¢DNA, substitution of C—T at base 137 (relative 1o ATG)
creates a predicted Ser—Phe change at amino acid position 46 (Figurc 5.12).
The mutation is therefore present in the first exon of ede-23.1. The N-terminus of
CDC25 has been shown to be involved in the regulation of CDC25 phosphatases in

Xenopus (Kumagai and Dunphy, 1992).

5.8. Seryg is contained within a conserved domain

There are four CDC25 homologues in C. elegans (Asherofl et al., 1998). Only one
CDC25 from C.briggsae (CBCDC25.1) was obtained from a blast search of the C. briggsae
genomic sequence. However, the sequencing project of C.briggsae is not complete and it is
likely that there are more CDC25s in C briggsae. Aligmments were made with the CDC25s
of C. elegans and C. briggsae. From the alignments it is clear that there is a large amount of
conservalion in onc domain (the phosphatase domain) towards the C-terminal region. This
domain is conscrved when aligning CDC25s from other specics (Asheroft et @l., 1998),

n contrast with the phosphatase domain, the N-terminal region is not highly
conserved between the CDC2S homologues. Interestingly, the N-terminal region of
CBCDC-25 and CECDC-25.1 are conserved whercas the N-terminal region between the
CDC25s of (. elegans are not highly conserved. However, one obvious region of
conservation that exists between CECDC-25.1, CECDC-25.2 and CBCDC-25 is an
SRDSG domain (Figure 5.12). Furthermore, the Serys—>Pheyg is at position +4 within this
domain. The N-terminus has been shown to be involved in the negative regulation of
CDC25 in Xenopus (Kumagai and Dunphy, 1992). Negative regulation of CDC25 is
essential as CDC25 (and thus Cdk1-CyclinB) must only be active for a brief period during
the cell cycle, since it plays a crucial role as a mitotic induccr. The Xeropus Cde25 is
virtually inactive during interphase but undergoes a strong actlivation at mitosis due to
phosphorylation of its N-terminal regulatory domain (Izumi ef al, 1992; Kumangi and
Dunphy, 1992). This SRDSG domain found in the N-terminus of CBCDC-25, CECDC-
25.1 and CECDC-25.2 may therefore be involved in the regulation of these molecules.
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Moreover, this motif may be crucial for the site of intestine specific regulation of CECDC-
25.1.

* 50

CDC-25.1 (1) MATT@EKAIYEDONNVNIIENWVDVANGENESPKTEFEERCSERBEEY S
CB-CDC-25.1 (1) MTTAREHPIYIDQGNV DNEVWVHSEQTY-(SASEErFESBRDERBEEY M
CDC-25.2 (1) ========mmx MNRPSQ 1 SOD¥~QPLSNQHERAMMS SDEDSMERDSET £

Consensus (1) M T AE IY DQ NVNI E VV N I ESA IIFEEDA SRDSGVSM

51 100

CDC-25.1 (51) TSCS-DKSDASPER-DVDFSKLESGRVALEDESNFVEIEERNSSVSESES
CB-CDC-25.1 (50) TSCSGDKKDEMESSGIVDFSKTEP-REALEDESNFVEKEKRNSSVSESES
CDC-25.2 (40) LMDE--NEPYCFSS----- MOTESTTVQWEEEM: | DEDENLE PG PVEREC

Consensus (51) TSCS DKSDI SS VDFSKTES RVALSDCSNFVA LNRNSSVSSSRS

Figure 5.12. Sequence comparison of the amino terminal regions of CDC-25.1 and CDC-25.2 of C.
elegans and CDC-25.1 of C.briggsae. Alignments were performed using AlignX, a component of Vector
NTI suite 6.0. Residues shared between two of the three proteins are indicated in blue, those shared between
all three are boxed in grey. Serine 46 of CDC-25.1, which would be substituted to phenylalanine by the ij48
lesion, is marked with * and is present in a conserved domain SRDSG.

5.9. DNA transformations with mutant cdc-25.1(ij48)

The evidence collected so far to show that lin-60(ij48) is cdc-25.1, is suppression of the
lin-60(ij48) phenotype by RNAI of cdc-25.1 and the identification of a predicted Ser—Phe
amino acid substitution in the cdc-25.1 coding sequence of lin-60(ij48). However to show
that the C—T mutation in cdc-25.1, present in /in-60(ij48) was sufficient to produce extra
gut cells, I PCR-amplified a 6.6kb fragment containing cdc-25.1, using lin-60(ij48)
genomic DNA as a template. The amplified fragment [referred herein after as cdc-
25.1(ij48)] includes approximately 3.5kb of upstream sequence, all the coding sequence
and 0.96 kb of downstream sequence. This size of promoter fragment has been shown to
drive the correct expression pattern of a cdc-25.1::GFPlacZ fusion protein (Ashcroft et al.,
1999). The polyadenylation signal of cdc-25.1, (AAUGAA) is located 403nt downstream
of the stop codon (Ashcroft et al., 1998).

Cloning this fragment into commercially available PCR-cloning vectors was
unsuccessful: only deleted inserts were obtained. I therefore decided to inject the cdc-
25.1(ij48) fragment as a linear molecule, using N2 genomic DNA as a carrier for
transgenesis. The pRF4 plasmid (containing the dominant s/006 allele of rol-6) was also
linearised and used as a marker of transgenesis. I injected the cdc-25.1(ij48) fragment,
linearised pRF4 and Pvull cut genomic DNA into the integrated cpr-5::GFPlacZ strain,
IA109. Both Fls and lines were examined for Lin phenotype. 3/12 Fls obtained displayed
the Lin phenotype (Table 5.8). Two lines were obtained, but neither displayed the Lin
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phenotype. Both of these lines originated from Fls which did not display the Lin
phenotype.

As an alternative test, I attempted rescue of a deletion mutant of cde-25.1, cde-
25.1(nr2036), with the cdc-23.1(ij48) fragment. cde-25.1(nr2030) homozygotes are sterile
(a gift from Neville Ashcroft). The hypothosis was that if in-60(ij48) 18 cde-25.1 and
rescue was achicved, the rescued worm should be Lin. With these injeclions, I used
linearised pCC7 (containing cpr-5.:GFPlacZ), or pIMG7 (containing elt-2::GFPlac’) as a
marker of transgenesis. Heterazypotes of the balanced strain AG82 [unc-40(e271) edc-
25.1(nr2030)/dpy-5(eG{) unc-13(e450)] were injected. Transtormed F1 progeny (GFP
positive seen under stercomicroscope) were examined for the lin-60(ij48) phenolype. If
lines with strong GFP fluorescence were identified, the Uncs were subsequently picked to
a separate plate and examined for rescue of sterility and if achieved, their progeny were
examined for the /in-60(ij48) phenotype (Tables 5.8).

The cde-25.1(ij48) fragment was injected into AG82 at 2, 5 or 10ng/ul (Table 5.8). A
proportion of the fransgenic Fls were Lin and lines were obtained. However, out of a total
of 6 lines, only one transmitted the Lin phenolype (injection round 7, line C) (Figure 5.13),
In this line, transgenic ede-25.7(nr2036) heterozygotes and homozygotes both show the
lin-60(ij48) phenotype. GFP-positive Uncs (cdc-25.7 homozygotes) from this line are
fertile whereas GFP negative worms are sterile, thus the cde-25.1(ij48) tragment is
finctional. However, the fertile GFP-positive Uncs, had a low brood size, indicative of
partial rescue.

Nevertheless, it has been shown that transformations with a ede-25.7 PCR-fragment,
amplified from /in-60(ij48) genomic DNA, containing cde-25./ coding sequence and
necessary upstream and downstream sequences is functional (due to observation of partial
rescue) and can synthesise the /in-60(1748) phenotype. This evidencc together with the
mapping, RNAI and sequencing data suggests that the Sera—>Phesg substitution in CDC-

25.1, present in 748, is sufficient to produce extra gut cells.
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Figure 5.13 Microscopy of rescued lines. Intestinal cells in wild-type (A) and
(B) and in a cdc-25.1(nr2036) rescued line (C) and (D). (A) and (C) are
Nomarski images with respective elt-2::GFP fluorescence counterparts (B) and
(D). Rescue was obtained from injections with a PCR-amplified fragment from
lin-60(ij48) genomic DNA, containing the cdc-25.1 coding sequence and
untranslated regions. Although rescue was achieved, the rescued animals also
displayed the lin-60(ij48) phenotype.
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5.10. Charucterisation of RNAI of cde-25.1

The RNAI phenotype of ede-25.1 in wild-type C. elegans has recently been studied
(Asheroft er af., 1999). It was shown that CECDC-25.1 was an essential maternal gene and
disruption with RNAI resulted in an embryonic lethal phenotype. The embryos suffered
from anuploidy, resulting from a defect in meiosis. This was due to an aberrant cortical
membrane, whereby excessive cortical membrane contractions resulted in defects with
meiotic spindle attachment, and polar body extrusion. The cleavage furtow of the first
mitosis was mispositioned, resulting in a Par phenotype. However, distuption of ede-25. 1
by RNAI did not alter the anterior-postcrior polarity of the mitotic spindle at the first
mitotic division, which occurs as wild-type, along the anterior/posterior axis. This was not
true for subsequent divisions where cleavage planes wore aberrant. The timing of all
mitotic divisions was abnormal and incomplete furrow formation was observed in these
Jethal embryos.

To investigate whether reduction of wild-lypc ede-25. 7 had the opposite effect from
the {748 gain-of-function allele witht respect to cellular proliferation, RNAi was performed
on lransgenic strains containing GF# fused to promoters of gut or hypodermal terminal
differentiation markers. 'Vhis allowed me to count the number of intestinal or hypodermal
cells generated in the F1 lethal embryos,

Instcad ol administering RNAi by microinjection, [ used the bacterial feeding
method (Timmons e al, 2001). A genomic fragment of cde-25.1, amplified using Taq
DNA polymerase and primors Seql and SeqS, (Table 2.17) was cloned into pGEM
(Promega Corporation). digested with Spel and Neol and ligated with a similarly digested
14440 vector (Timmons and Fire, 1998). The L4440 vcetor is the vector used to clone
inserts for RNAI feeding and contains two T7 polymerase promoters oriented in opposing
directions. The cde-25.1/14440 lgated product (pCC54) was transformed into the
HT115(DE3) bacterial strain using standard procedures. This E. cofi. strain is RNAse IT1
deficient and thus will not degrade any foreign RNAs. T7 polymerasc cxpression can be
induced by the addition of IPTG.

For some genes it has been found that RNA{ administered by bacterial feeding can
be used to gencrale a speetrum of sevetity of RINAI effects that probably represents varying
degrees of reduction of gene products in the treated animal (I. Johnstone, personal
communication). When L4 animals were placed on the bacterial RNAi lawns, most of the
F1 progeny failed to hatch, The embryonic lethal class displayed a broad spectrum of

effects generating variable numbers of cells belore death, probably the result of varying
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degrees of reduction of cde-25.1 activity by incomplete RNAi, However, if embryos or L1s
were placed on the ede-25.1 RNAI lawn and permitted to grow, they developed into sterile
adults. The embryonic lethal class presumably resulted from perturbation of maternal

CD(-25.1 protein whereas the sterile adults resulted from loss of zygotic CDC-25.1.

5.10.1. Analysis of intestinal and hypodermal ccll number from cdc-25.1 RINAI lethal
cmbryos

1.4 hermaphrodites from integrated lines, marking gut (JR1838) or hypodermal
nuclei (JA105) were transferred to plates expressing cdc-25.1 dsRNA. These
hermaphrodites were allowed to egg-lay and after 24 hours transferred onto fresh plates.
The original plates were scorcd for embryonic lethality and sterile phenotypes. Like the
RNAI cffect observed with the injection mcthod, the first 5% of embryos that were laid
hatched and developed as sterile adults whereas the remainder arresied as cggs.

JR1838 conlains an integrated elt-2::GFPlacZ plasmid. GFP can be visualised
when the gut has only two cells (Fukushige et «l.,1998). RNAIi with this strain also
produced stexile aduits and dead cggs. 1 observed a spectrum of timing of arrest as some
embryos arrcsted ecarly with no morphogenesis whereas others arrested later in
development during the process af clongation. A range of counts of intestinal cell nuclei
was also observed. Some embryos arrested with the notmal complement of 20 gut nuclet
whereas others arrested with no gut nuclei being bom (Table 5.9 and Figure 5.14). The
average from 17 embryos was 11 intestinal nuclei. As described above, the probable reason

for such a spectrum of effects is varying degrees of knockdown by the RNAI process.

Embryo Number of intestinal cells | Embryo Number of intestinal
cells

1 13 10 0

2 0 11 0

3 18 12 16

4 10 13 20

5 0 14 16

¢ 18 15 16

7 4 16 18

8 10 17 20

9 13 Average 11

Table 5.9. Number of intestinal eells following cde-25.1 RNAi

164




Figure 5.14 Intestinal cells in embryos of wild-type, lin-
60(ij48) and cdc-25.1 RNAi. (A), (C), (E) and (G) are
Nomarski images with respective elt-2::GFP counterparts (B),
(D), (F) and (H). (A) and (B) are wild type, (C) and (D) are lin-
60(ij48), showing that additional intestinal nuclei expressing
this marker are present in this mutant (Chapter 4). (E), (F), (G)
and (H) are F1 embryos derived from a mother treated as an
adult with cdc-25.1 RNAI by bacterial feeding. In embryo (E),
7 cells are expressing elt-2::GFP whereas no expression of elz-
2::GFP is observed in (G).
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RNAi with the integrated dpy-7:.GFP line, 1A105, produced a similar effect. In
wild-type, 85 hypodermal cells are born during cmbryogencsis and many of these are
visible with the TA105 strain (I. Johnstone personal communication). RNAi of cde-25.7 in
this dpy-7::GFP background strain reduced the number of hypodermal cells born (Table
5.10 and Figure 5.15). From 20 embryos analysed, the average count was 25 hypodermal
cells.

Thus, reduction of ¢dc-25.1 activity by RNAI can cause a reduction in the number
of cells expressing intestinal fate in the developing embryo. However, this effect is not

restricted to intestinal cells, as indicated by the effect seen on hypodermal cells.

Embiryo | Number of hypodermal cells | Embryo Number of hypodermal cells
| 25 12 24
2 23 13 26
3 13 14 8
4 32 15 30
5 18 16 36
6 23 17 32
7 29 13 27
8 33 19 30
9 34 20 7
10 17 Average |25
11 30

Table 5.10. Number of hypodermal cells following cde-25. 1 RNAI
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Figure 5.15 Hypodermal cells in embryos of wild-type and cde-25.1
RNAI. (A) and (C) are Nomarski images with respective dpy-7::GFP
counterparts (B) and (D). (A) and (B) are wild type, (C) and (D) are Fl
embryos derived from a mother treated as an adult with cdc-25.1 RNAI
by bacterial feeding. In embryo (D), around 30 cells are expressing
dpy-7::GFP whereas around 85 are observed in wild type. Not all GFP-
positive nuclei can be seen in any given focal plane.
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5.10.2. Analysis of germlince development in cde-25.7 RNAi

Germiine development in fin-60(i48) was characterised in Chapter 4 and found to
be wild type. As stated above, cde-25.1 RNAI results in sterility in some of the F] progeny.,
To test whether the germline proliferation defect was the resuli of inlerference of zygotic
cde-25.1 aclivity, wild-type cmbryos were allowed to develop normally and after hatch,
placed onto cde-25.1 bacterial RNAi lawns and permitted to develop to adults, thus
resiricling the RINAI effect on these animals to post-embryonic development. More than
90% of these animals developed into sterile adulls, indicating that cde-25.1 has zygotic as
well as maternal functions. Removal of zygotic cde-25./ by RNAI severely compronises
germline proliferation (Figure 5.16). There is a severe rednetion in the number of germline
nuclei. This reduction in the nwmber of is varied between different amimals, but the
example shown in Figure 5.16 is typical. Compared to wild-type, the germ line nuclei are
also enlarged, and have a4 rounded appearance. No ococytes were cever obscrved and

cellularisation did not occur. 1 did not examine for the presence of sperm.
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Figure 5.16 Gonads of adult hermaphrodites treated with cde-25.1
RNAi. Wild-type (a) Some developing oocytes are marked with white
arrows, the syncytial arm of the gonad is delineated with black arrows
and labelled *“s”. This region contains several hundred germline nuclei.
The turn of the gonad arm is labelled “t”. A similar region of the
anatomy of a sterile adult generated by post embryonic cdc-25.1 RNAi
by bacterial feeding is shown in (b). Individual germline nuclei are
marked with black arrows. The reduction in number of germline nuclei
by this RNAI is varied in different animals, but the example shown is
typical.
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5.11. Analysis of CDC-25.1 protein distribution on wild-type and lin-60(ij48)

To investigate whether the tissue specific nature of the ij48 lesion could be
explained by differential protein distribution in mutants, I stained /in-60(ij48) mutants with
an anti-CDC-25.1 antibody {Clucas et al.,, 2002). To generate this antibody, two peplide
sequences, peptide A (CRYNGLNNPRDDPFEG) and B (NILYGLDDERRPKWYV), were
coupled to keyhole limpet haemocyanin and used to generate rabbit antibodies reactive to
CDC-25.1. Peptidc scquences A and B are present at the N-tcrminus of the protein. The
antibody generated detected a protein on a western blot of the correct size and staining was
depleted when the antibody was preincubated with the synthetic peptide B, and in lysastes
of worms trealed by ede-25.1 RNAi (Clucas ef al., 2002}, Thus this antibody appears to he
specific to CDC-25.1.

The staining pattern for CDC-25.1 had been described previously (Asheroft ef af.,
1999). However, these authors used a different region of the molecule, where a synthetic
peplide was raised against the C-terminus of edc-25.7. Staining of the antibody generated
by Asheroft ef @l.(1999) was observed in the hermaphrodite germline, the labelling being
strongest in the proximal gonad. Prior to ferfilisation, staining was observed in the
cytoplasm of oocyles. However following fertilisation and completion of meiosis, staining
was observed in both oocyte and sperm pronuclei. Following cleavage, slaining was
observed In a cell cycle dependent manner, with staining ol all nuclei during interphase
and prophase, and cytoplasmic staining cvident following breakdown and cntry into M
phase. This staining pattern persisted until around the initiation of gastrulation (24-28
cells). Labelling was also observed in the cortical membrane at all stages of the ccll cycle.

My aim however was not to characterise CDC-25.1 distribution in wild-type, but to
determine whether there was any difference in the protein distribution between wild-type
and mutant. I first compared the staining of our CDC-25.1 antibody with of Ashcroft et «l.,
(1999). Staining was present in the germline of adults and in oocytes. The protein was also
detected in the nucleus and cortical membranes in embryos until approximately the 100-
cell stage (Figure 5.17). As with the western data {Clucas ef al., 2002), the staining could
be competed with one of the peptides (“peptide B*). This immunolocalisation data is
consistent with that observed by Asheroft e ol, (1999) with the exception that with our
CDC-25.1 antibody, staining persisted in most or all nuclei until around the 100-cell stage,
whereas Asheroft ef al., (1999) observed staining until only the 28 ccll stage. The intensity
of staining observed with our CDC-25.1 antibody clearly declines as the number of

embryonic cclls increase, consistent with its provision as a maternal product. Staining was
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also observed in the developing germline. The detectible presence of the protein in the
embryo is consistent with the timing of the generation of cxtra iniestinal cells in the mutant
and the abundance of the protein in the developing germline is consistent with its essential
role in germiine prolifcration

Anti-CDC-25.1 staining on lin-60(ij48) embryos gave an identical pattern to wild-
type. ‘There was no difference in the pattern or intensity of immunofluorescent deteetion of
the CDC-25.1 protein in the cells of the E lineage that could readily explain the tissue -
specific nature of the fin-60(ij48) phenotype (Figure 5.17). For example, therc was no
difference in the intensity of the staining between E and its sister lineage blastome,MS, at
the level of detection which I could abserve. Also, staining did not persist for longer in the
descendents of E. I therefore concluded that the {n-60 (ij48) phenotype is not explained by
the gross distribution of CDC-25.1 protein.
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Figure 5.17 Detection of the CDC-25.1 protein. (A-D) Immunofluorescent
detection of CDC-25.1 is shown in C.elegans embryos with anti-CDC-25.1
antibody. The embryos in (C) and (D) were co-stained with DAPI to detect all
nuclei, shown in (E) and (F) respectively. (A) is wild type, (B) is lin-60(ij48),
both at 4 cell stage, the embryonic blastomere EMS is marked with a white
arrow (this cell is the parent of the E and MS blastomeres). CDC-25.1 is
detected in the nuclei of all four blastomeres at this stage in wild type and lin-
60(ij48). Staining of the boundaries of the cells is also seen. Both patterns of
staining are competed by peptide B. (C-F) are approximately 40-50 cell stage
embryos, (C) and (E) are wild type, (D) and (F) are lin-60(ij48). The CDC-
25.1 protein is detected in most or all nuclei of both as seen by comparing anti-
CDC-25.1 staining in (C) and (D) with the DAPI co-stained images (E) and
(F).
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5.12. RNAi with wee-1.1 and wee-1.3

CDC25 is a phosphatase that removes inhibitory phosphates, thus activating CDC2.
The inhibitory kinases of CDC2 are members of the Wee-1/Mik-1 family of kinases.
Phosphorylation by these kinascs prevent progression of the cell cycle {rom G2 to M
phase.

There are three wee-/ like kinases in C. elegans (wee-1.1, wee-1.2 and wee-1.3),
although wee-7.2 is thought to be a pseudogene as no cDNAs have been identified (Wilson
et af, 1999). in situ analysis with wee-1.1 gives a staining pattern which is both temporally
and spatially restricted (Wilson e al., 1999). Expression of wee-1.1 was first observed in
the nucleus of the E blastomere in the 12-cell stage embiyo and later in 8 descendents of
the AB blastomere at the 16-cell stage. Staining was not observed before or after these
stages. Since staining was observed in the F blastomere, I decided to perform RNAf with
wee-/.{ to examinc whether it phenocopied the lin-60(3/48) phenotype. dsRNA
corresponding to wee-1./ was injected into TA109 hermaphrodites and the phenolype of the
F1 progeny examined. No F1 progeny displayed the lin-60(:j48) phenotype.

RNAI of wee-1.3 had previously been shown to cause sterility in the Py, due to
premature exit of the most proximal oocytes from diakinesis (A. Golden, personal
communication). 1 also performed RNAI with wee-1.3, and wee-1.3 in combination with
wee-1.1. In both cases, the injected worms became sterile and thus progeny could not be

examined [or the /in-60(1j48) phenotype.
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5.13. Discussion

This chapter has described my attempts to clone fin-60(ij48). It has dealt with the
problems encountered, the most significant being that lin-60 is a matemal gene and the 748
allele is dominant. By multiple crossovers on both chromosomces, it scemed probable that
only one mutant gene was responsible for the phenotype obscrved in [in-G0(ij48)
hermaphrodites. However, the possibility thai closely linked extrancous mutations may
also be present could not be ignored, I mapped the lett breakpoint of the deficiency 2Df8 to
the cosmid R10ALD, in or between the genes R10A10.1 and R10A10.2. Thig data will also
help other researchers whilst attempting to clone other genes in this region, Since mapping
data (Chapter 4) suggested that /in-60(ij48) maps very close to let-604(h283), 1 also
decided to place this gene on the physical map. This data suggested that let-604(h293)
should lic within the cosmids R10A10, F37E3, T23H2, KO6AS or C55137. My RNAI data,
together with data from Fraser et al., 2000, suggests that apart from cde-25.7, the only
other genes from these cosmids, which give a positive RNAi assay, are KOGAS.4, F37E3.1,
C55B7.2 and C55B7.5. All of these genes give embryonic lethality when subject to RNAL
Given the position of let-604(h293) and its sterile phenotype similar to the cde-25.7 null
allele, nr2036, it is possible thai /er-004(h293) is another allele of cde-25.1. Further
investigation such as complementation tests, and if appropriate, sequencing of cde-25.1 in
let-604(h293) background should be carried out. If this is an allele of ede-25. 1, it would be
interesting to detcrmine if le-604(h293) it is a true null (as is the case with the deletion
mutant), A series of alleles ranging from complete loss of function to gain of function
would help both with the characterisation of the gene and the significance of each mutation
present in cach allele. However when mapping with les-604¢(h293), 1 did not observe
suppression of the /in-60(ij48) mutant phenotype when placed over let-604(h293).

As stated in Section 5.1, genes where only a dominant allele exists are rarely
cloned. If an attcmpt is made at cloning these genes, it is usually by a more molecular
approach. However, I have demonstrated that RNAI can be vscd as a tool to clone genes
identified by dominant alleles. Moreover, it can bhe used to modulate the intestinal
hyperplasia of lin-60(ij48).

In chapter 4 and this chapter, T have provided evidence that [/in-60(ij48) is a gain-
of-function allele of the cell cycle phosphatase CDC25 (CD(C-25.1). Since cde-25.1 was a
previously identified gene, | may now refer lin-60(ij48) as cdc-23.1(ij48). 1 have shown
that the gain-of-function allele cdc-25.1(ij48) causes excessive proliferation of intcstinal

cells and its reduction by RINAI causes a failure of proliferation of a variety of cell types
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including intestinal cells. The opposite effects associated with loss and pain demonstrates
that cde-25.7 plays a critical role in the correct control of cell proliferation during C.
elegany development.

Cde25 phosphatase was initially discovered in yeast as a mitosis promoting factor
(Russell and Nurse, 1986). This gene is an essential regulator of the cell cycle (Figure
5.18), Three isoforms have been discovered in mammalian cells, Cdc25A, B and C. One of
the best documented functions of CDC2S5 is the dephosphorylation of Cdk1{Cdc2)/cyclin B
on tyrosine-15 in the fission yeast Schizosaccaromyces pombe, and boih threonine-14 and
tyrosine-15 in higher eukaryotic cells which ultimately drives the cells into mitosis.
Activated Cdkl/cyclinB phosphorylates target molecules, leading to nuclear envelope
breakdown and spindle assembly (Heald and McKeon, 1990; Peter ef /., 1990).

In C. elegans, cde-25.1 is one of four ¢de25 homologues (Ashcroft et «f., 1998).
The phenotype of hyperplasia associated with a hypermorphic gain-of-function allele in
cde-25.1 is consistent with the known function of the CDC25 phosphatase family members
as puosilive regulators of the cukaryotic cell cycle (Russell and Nurse, 1986; Kumagai and
Dunphy, 1991; Draetta and Eckstein, 1997). The human cde254 and cde25B8 genes have
been shown to be capable of co-operating with aclivalied RAS to cause oncogenesis
{(Galaktionov et af,, 1995) and their over-expression has been found in some fumours
(Hemandez et af., 1998).

The mutation identified by cdc-25.1(ij48), present at base 137 relative to ATG
causes a predicted serine to phenylalanine substitution at residue 46 of the encoded protein
CDC-25.1. By injection of cde-25.1(i748) tragment, I contirmed that the cdc-25.1(ij48)
mutant gene was sufficient fo generate the mutant phenotype, and hence directly
responsible for the intestinal hyperplasia. The mutation is present in the N-terminal region
of CDC25, a region which has been shown to be critical for CDC25 regulation and
interaction with other proteins. The regulation of CDC2Ss is achieved by cxteative
phosphorylation in the N-terminal region (Kumagai and Dunphy. 1996; Kumagai ef al.,
1998; Kumagai and Dunphy, 1999; Patra et al., 1999). When aligning CECDC-25.1,
CECDC25.2 and CBCDC-25.1, I found the short motif, SRDSG, to be perfectly congerved.
It is the second serine of this motif that is affected by the S46F substitution. It is plausible
that this serine may identify a site of interaction with protein(s) which negatively regulate
CDC25. The large phenylalanine residue, present in ede-235.7(ij48) may impede binding of

molecules, which may be invelved in the regulation of CDC25, Given the tissue specific
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Figure 5.18 The vertebrate cell cycle.

The central components of the cell cycle are the Cdc2-like cyclin-
dependent kinases and their associated cyclins (Cdc2/cdks). This
figure illustrates the association between cyclin B (red) and cdc 2
(lilac) during the vertebrate cell cycle. Regulators of the Cdc2/cdks
include the negative acting WEEI/MIKlkinase that provides
inhibitory phosphorylation of Cdc2/cdks and Cdc25 phosphatase
that removes negative acting phosphates on Thr,, and Tyr,s from
the Cdc2/cdks, which drives the cells into mitosis. To gain full
activity, the cdk/cyclin complex undergos phosphorylation on a
conserved residue (Thr,g, in cdc2), catalysed by the Cdk-activating
kinases, Cak. Figure adapted from Jessus and Ozon, 1995.
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nature of the phenotype present in cde-25.1(ij48) mmtants, this may identify a site for
intestinal specific tegulation of CDC25.

The hyperplasia caused by the cde-25.1(ij48) lesion is not dependent on mutation
of any other genes as indicated by the ability of the mutant transgene to efficiently produce
the intestinal kyperplasia when transformed into a wild-type strain of C. elegans. This
demonstrates the direct oncogenic potential of this CDC25 family member in C. elegans.
‘The suppression of thc hyperplasia in a cdc-25.71(i748) homozygote by partiai cdc-25.1
RNAi, demonstrates modulation of the oncogenic propertics of this allele by administered
RNAI.

The tissue specific nature of the cde-25.1(ij48) hyperplasia cannot be explained by
the spatial localisation of the protein in the early embrvo. Tt is present in all carly
blastomeres and the 748 lesion does not alter this localisation. That the extra cell divisions
resulting in hyperplasia are temporally restricted to entbryonic development is consistent
with the demonstrated temporal abundance of the protein, being present during early
embryogenesis but rapidly depleting during subsequent embryonic cell divisions. As
discussed in Section 5.11, the protein is also abundant in the developing germline and
continues to be abundant as germline nuclei mature into oocyles and proceed through
fertilisation, The ede-25.1(5748) allele shows a strict maternal pattern of inheritance
consistent with its maternal supply to the developing oocyte and zygote. It therefore ig
probable that all of the CDC-25.1 protein present in thc cmbryo is maternally supplied
cither as protein or mRNA. Thus the timing of extra cell divisions resulting in hyperplasia
in the mutant is consistent with the temporal presence ot the protein in the embryo.

The counteracting kinases of CDC2 are members of the WEE1 [amily of protein
kinases. The mechanism controlling the interplay between CDC25 and WEEI, and how it
is reversed at entry into M-phase is not known. Okumura ¢f «f (2002) speculated that the
switch might be through a pathway involving the kinase Akt (or protein kinase B, PKB),
where PKB was found to phosphorylate and downregulate a member of the Weel family,
Mytl, in oocytes from the starfish Asterina pectinifera. In C. elegans, PKB has been
shown to be involved in the regulation of dauer formation (Paradis and Ruvkin, 1998). In
cde-25.1(j48) mutants, the balance of WEEL and CDC23 may be in favour of CDC25 in
the intestine. Inferestingly, the transcript of wee-1.7 1s induced at the 12 cell stage in the E
blastomere, disappearing when E dividces for the first time (Wilson et al., 1999). Although I
observed no phenotype with RNAIJ of wee-1.1, it is conceivable that it may be acting in a

redundant pathway with another Cdk inhibitor. Inn §. pombe, mutations in weel gene are
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not lethal, due to the presence of the redundant family member mik/. Double mutants wee!
mik! undergo mitotic catasirophe, as these cells attempt mitosis before the completion of S
phasc (Lundgren ef af., 1991). A single weel gene has been found in Drosuphila and
mutations in this have no zygotic defects but weel is required maternally for completing
the embryenic cell cycles (Campbell ¢f «f., 1995). An interesting experiment would be to
perform wee 1.7 RNAI in the ede-25.1(ij48) background. In fission yeast, weel + activity is
required Lo prevent lethal premature mitosis in cells that overproduce ¢dc25+ (Russell and
Nurse, 1986),

To conclude, I have identified a mufation in ede-25.1 present in /lin-60(1j48)
mutanis. I have shown that a PCR-amplificd DNA f{tagment containing the {748 mutant
copy of cdc-25.7 is sufficient to generate the intestinal cell hyperplasia. In contrast,
removal of ecdec-23.] in the cde-25.1(ij48) background suppresses the intestinal cell
hyperplasia. The distribution of the CDC-25.1 protein in the ede-25.71(i/48} mutant does

not explain the intestinal specific hypetplasia.
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Chapter 6.

Final discussion

6.1. Summary of Resulty

The work presented in this thesis has been concerned with the identification and
characterisation of mutanis involved in the execution of the E-lineage in the nemalode
Caenorhabditis elegans. 1 have used a novel genetic screen and identified 4 classes of
viablc mutants with an altered E-cell development, reflecting both embryonic and post-
embryonic development of E. I identified two mutanis with extra intestinal cells, which
were born during embryogenesis. [ have characlerised these two independent loci, /in-
60(ij48) and {in-62(ij52), in detail. The characterisation of lin-00(ij48) and lin-62(ij52)
suggests although C. elegans has evolved to assemble tissucs and organs with an
effectively invariant cell lineage (Sulston and Horvitz, 1977; Sulston ef al., 1983), it has
the flexibility to deal successfully with many extra cells, at least as far as the
morphogenesis of the intestine is concerned. I cloned lin-60(ij48) using a novel RNAI-
based approach and found that it identiftes a C. elegans homologue of the cell cycle controi
gene Cde25. This gene had been previously named cde-25. 1 (Asheroll ef al., 1998).

Two other classes of mutant having phenotypic defects in intestinal post-cmbryonic
nuclear divisions were identified; one class causes a [ailure of post-embryonic nuclear
division in the intestine whereas the other class generates additional post-embryonic
nuclear divisions in the intestine. The final class, identified as having abnormal gut

morphology, may cause a structural defect in the intestine.

6.2. Lincage mutations causing defective E-cell lineage
6.2.1. lin-60(ij48) is a maternal gene and identifies the cell cycle gene CDC-25.1
lin-60(ij48) was identified as a maternal gene and {748 was identificd as being a
partial gain-of-function aflele of cde-25./. E-cell lineage analysis was performed on four
embrvos. Although all four reached 16E cell stage by the same cleavage pattern as wild
type, it was reached at a fastcr pace. Moreover, the lineage following 16E differed between
each embryo and thus the mutation identified by /748 generates a true hyperplasia of the
intestine. In contrast, reduction of cde-25.1 causes a failure of proliferation in a variety of
cell types including intestinal cells. ‘I'hce opposite effects associated with loss and gain

demonstrates that cde-25.1 plays a critical rolc in the correct control of cell proliferation
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during C. elegans development. The phenotype of hyperplasia associated with a
hypermorphic gain-of-function allele in ede-25.1 is consistent with the known function of
the CDC25 phosphatase family members as positive regulators of the eukaryotic cell cycle
(Russell and Nurse, 1986; Kumagai and Dunphy, 1991, Draetta and Eckstein, 1997). The
human cde254 and cde25B genes have been shown to be capable of co-operating with
activated RAS to cause oncogenesis (Galaktionov ef af,, 1995), and their overexpression
has been found in some tumours (Hernandez et af., 1998). Interestingly, mammalian
Cdc25A expression has been shown to be upregulated by ¢-Myc and has been found to
cxhibit oncogenic properties (Galaklionov et al,, 1996), Howevcer, to date, this is the first
description of the direct oncogenic capability of Cdc25.

The hyperplasia caused by the cde-25.1(1748) lesion is not dependent on mutation
of any other genes, as indicated by the ability of the mutant transgene to produce the
intestinal hyperplasia efficiently when transformed into a strain of C. eleguns that was
either wild-type for cde-25.{, or was a null mutant of cde-25.1. This demonstrates the
direct oncogenic potential of this CDC25 family membet in C. elegans. The suppression of
the hyperplasia in a cdc-~25.1(ij48) homozygote by partial CDC-25.1 RNAIi demonstrates
modulation of the oncogenic properties of this allele by administered RNAi. The cde-
25.1(ij48) phenotype could not explained by the distribotion of CTXC-25.1 protein as
identical staining patterns were observed between cdc-25.1(1748) and wild-type animals.
However the detectible presence of the protein in the embryo is consistent with the timing
of the generation of extra intestinal cells in the mutant.

CDC235s are essential regulators of the cell cycle and their classic role is i the
dephosphorylation of CDC2 that promotes entry into M-phase. To avoid cxecution of
mitosis at inappropriate points of the cell cycle, the activity of Cde2/Cyclin B is tightly
regulated. As Cyclin B is synthesised, it binds to Cdc2, which is inactive in its monomeric
form. Although the Cdc2/Cyclin B complex is potentially active at the time of formation, it
is held in check during interphase by phosphorylation on two sites on Cde2, Tyrgs and
Thria (Norbury ef al., 1991; Krek et al., 1992; Solomon ez al., 1992). Weel, a nuclear
enzyme is capable of phosphorylation of both these residues. Mytl, a membrane bound
enzyme, can catalyse only the phosphorylation of Thriq (Atherton-Fessler et al., 1994;
Kornbluth ef al., 1994; Watanabe ef al., 1995; McGowan and Russell, 1995, Mueller et al.,
1995a; Mueller ef al., 1995b; Liu ef al., 1997). At G2/M, Tyris and Thr4 are rapidly
dephosphnrylated by the dual-specific Cdc25 phosphatase (Dunphy and Kumagai, 1991;
Millar and Russell, 1992).
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Four cdc25s have heen identified in C. elegans (Ashcrofi et al, 1998) and the
mutation identified by /48 is present in the N-terminal region of cde-25.1 and generates a
predicied Ser-Phe substitution. The fact that cell types other than those of the E lineage in
ede-25.1(ij48) homozygotes are unaffected indicates that the mutant CDC-25.1(S46F)
protein is performing its role in a manner similar to wild type in other tissues, as far as I
could determine. There is certainly no similar shortening of the cell cycle in cells derived

from blastomeres other than E.

6.2.2. The site of the cdc-25.1{ij48) lesion identifies a conserved motif which may be
involved in its regulation,

The serine affected by the ij48 lesion lies in a conserved domain, SRIDSG, which is
shared by CECDC-25.1, CECDC-25.2 and the C. Briggsae orthalogue of CECDC-25.1,
CBCDC-25.1. Moreover, the N-terminal region of CDC25s has been found to be the
regulatory domain of the molecule, whereas the C-terminus is the catalytic domain. It is
known that CDC25 becomes highly phosphorylated and activated at mitosis. Since serines
can be subject to phosphorvlation, the serine that is mutated in cde-25.1(1j48) may be
subject to phosphorylation and may control protein-protein interactions, Given the lissue
specific nature of the edc-25. 1(ij48) defect, the conserved domain may be a site of binding
of regulatory molecules that gives rise to lineage specific regulation of CDC-25.1. Tt is
probable that this domain identifies 4 site of negative regulation of the molecule wherc E
tissue specific regulators interact and that other regions of CDC-25.1 will be necessary for
its correet regulation in other cell types. Alternatively, the introduction of a phenylalanine
residue may impede the binding of regulatory molecules at another site. A set of
asymmetric cell divisions during early embryogencsis generates five somatic founder cells
from the zygote, AB, MS, E, C and D plus the germlinc founder P4. These blastomeres
then undergo sets of cell divisions {o produce the various tissues of the organism. The
periodicity of the cell division cycles is distinct for the cell lineages derived from each
somatic founder cell (Sulston and Horvitz, 1977; Sulston et «f., 1983) and are achieved at
least in part through tissue-specific regulation of a C. elegans CDC25. Lineage specific
control of CDC25 has been shown in other systems. In leech embryos, there is lineage
speeific regulation of ¢dc25 where the levels of cdec25 RNA remain constant throughout
the cell cycle of some cells, but fluctuate throughout the cell cycles of other cells (Bissen,
1995). Cdc2S also regulates the timing of the asynchronous cell divisions of
posthlastoderm Drosophila embryos (Edgar and O’Farrcll, 1990).
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The identification of molecules that are invelved in the regulation of CDC25 is an
active area of research. It has been shown that activated Cdkl/cyclinB can phosphorylate
Cdc25, creating a positive feedback loop, leading to full activation of Cdk1 and cntry into
mitosis (Kumagai and Dunphy, 1992; Hoffmann e /., 1993).

Other molecules may also be involved in the initiation of this autocatalytic loop.
One such molecule is the peptidyl-prolyl-isomerase Pinl. Overexpression of Pinl in Hel.a
cells causes G2 arrest, implicating Pinl as a negative regulator of mitosis (Lu ef al., 1996).
In Xenopus, it has been demonstrated that Pinl interacts with Cdc25 (Crenshaw e al.,
1998; Shen et al., 1998). Pinl catalyses rotation around the peptide bond preceding proline
residues and binding of Pinl to Cdc25 is dependent upon M-phase specific
phosphorylations on Ser/The-Pro residues of Cde25 (Crenshaw et al., 1998; Shen e «l.,
1998). It has been postulated that Pinl plays a part in mitosis progression via sequence
specific and phosphorylation-dependent proline isomerisation. Pin-1 binds peptides
containing phosphorylated Ser-Pro flanked by hydrophobic residues or Arg (Yaffc er al,
1997a). The SRDSG motif is therefore unlikely to confer a Pinl binding domain.

14-3-3 proteins arc involved in numerous signal transduction pathways. They have
been shown to bind to a critical phosphosering of human Cde25C (Serzis) and Xenopus
Cdc25C (Seray7), and thereby negatively regulate its function (Peng ef al., 1997; Sanchez et
al., 1997). In Xenopus, two 14-3-3 proteins have been shown to bind to the inactive form
of Cdc25 and serve to suppress the activation of Cde25 throughout interphase (Kumagai ef
al., 1998). There are two 14-3-3 genes in C. elegans, fit-1 and fir-2 (Wang and Shakes,
1997). FTT-1 has recently been shiown 1o have a role in determining anterior-posterior celi
polarity (Morton ez al., 2002). Interestingly, in-sifu studics have shown that fi#-2 transcripts
are found in the intestine and gonad in comma stage embryos, although the function of /-2
is not known and no mutants have been identified. Two 14-3-3 motifs have becn reported:
RSXpSXP and RX[Y/FIXpSXP (Yaflfe et al., 1997b), the middle serine residues being
phosphorylated. These motifs are conserved in many proteing such as Raf, Xenopus Cde25
and human Cde25. In C. elegans CDC-25.1, there is a possible FTT binding site at around
residue 290 (Neville Ashcroft, personal communication), however this does not follow the
exact motif reported in the literature. Although 14-3-3 can tolerate a few minor changes to
this motif and still bind, a F1'[' motif is not found at the extreme amino terminal of CDC-
25.1. It is theretore unlikely that the SRDSG domain is a 14-3-3 binding site.

The Polo-like kinases have multiple rolcs during the cell cycle and have also becn

implicated to be mvolved in the activation of Cde25. A Xenopus homologue, Plx1, was
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isolated by virtue of its association with Cdc25 in vitro, where Plx1 was found to bind,
phosphorylate and stimulate the phosphatase activity ol Xenopus Cde25C (Kumagai and
Dunphy, 1996). Recently, human Plk1 has been shown to promote nuclear translocation of
human Cde25C during prophase, which in turn activates the M-phase promoting factor
(Toyoshima-Morimoto ¢ al., 2002). Polo-like kinases have also been shown to be required
for the functional maturation of mitotic centrosomes (Sunkel and Glover, 1988), and
regulation of the activity of the Anaphasc-Promoting Complex (APC), whose activation is
required for entry into anaphase (Kotani ef al., 1998; Shirayama et al., 1998). The APC is
responsible for the targeted destruction of scveral cell cycle regulatory proteins including
Cyclin B and proteins involved in sister chromatid cohesion (Cohen-Fix ef al, 1996)
Members of the Polo-like kinase family have also been shown to play a role in cytokinesis
(Nigg, 1998; Carmena e al, 1998). Using RNAi, a C. elegans Tolo-like kinase
homologue, plk-I, was found to be required for nuclear envelope breakdown and
completion of meiosis (Chase et al., 2000). pli-1 dsRNA trcated hermaphrodites give rise
to a brood of single-celled embryos and although fertilisation occurs, there is a delay in
nuclear envelope breakdown, a defect in polar body [ormation, extrusion, and defccts in
chromosome segregation.

Although the tissue specific nature of the ede-25.1(ij48) hyperplasia could not be
explained by the spatial or tcmporal localisation of the protein in the early embryo, 1
examined whether the SRDSG motif identilies a domain essential for protein turnover. A
human homologue of C. elegeny CDC-25.1, Cdc25A is activated by phosphorylation
(Hoffmann ef al, 1994) and its abundance is regulated Ly the ubiquitin-proteosome
pathway (Mailand e al, 2000). Ubigquitylation and subsequent degradation via the
proteosome represent a fundamental mechanism for regulating protein abundance through
an irreversible mechanism (Pickart, 2001). The system operates by transferring ubiquitin
moieties to protein substrates via a sexies of enzymatic reactions catalysed by E1, E2 and
E3 enzymes, the latter being the determinant for target selectivity and timing of
degradation (Hochstrasser, 1996; Ilershko, 1997). Mutagencsis cxperiments have
demonstrated that substitution of the serine residues in the glycogen synthase kinase 3f3
(GSK3f3) phosphorylation consensus motif in $-~catenin inhibits ubiquitination, and resuits
in stabilisation of the protein (Aberle ef al., 1997). This motif, DSGFXS, where f is a
hydrophobic residue, is similar to the sequence flanking the mulation in cde-23./(5j48).

The scquence SRDSDVSM is mutated to the sequence SRDPGVSM in ede-25.1(ij48).
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There is therefore clear similarity between the DSGVS sequence and  the
GSK3p consensus. A similar motif (DpSGLDpS), where pS represents a phosphoserine is
present in IkB (inhibitor of NF«R), is rcquired for the phosphorylation dependent
degradation of IkB via the ubiquitin-proteosome pathway. Therefore, although I did not
detect a difference in the abundance of CDC-25.1 in ede-23.1(1j48), if the mutated domain
identifies a site that results in inhibition of ubiquitination and stabilisation of the protein, it
is possible that CD(C-23.1 may persist for longer in the mutant. A C. elegans GSK-3
homologue, SGG-1, has been found to act positively in the C. elegans Wnt pathway and
may identify a branch peint in the transduction of the Wnt signal that both reorients the
EMS mitotic spindle and induces cndoderm from EMS (Schlessinger et al., 1999).

To conclude, an SRDSG motif, found in CECD(C-25.1, CECDC-25.2 and CBCDC-
25.1 is mutated to SRDFG in the cde-235. 1(ij48). No conservation of this domain was found
i the sequence of any other Cdc25s present in the cuirent databases, although it does have
a similarity to a GSK3[ and IxB bindding domain. The SRDSG motif is in the N-lcrminal
end of the protein, a region that is involved in the regulation of CDC2S but is divergent

between CD(25s of different organisms.

6.2.3 Other roies and functions of CDC25

In addition to a positive regulatary rolc in promoting mitosis, Cdc25 phosphatases
are the target of megative rcgulation of the cell cycle. In yeast and vertebralc cclls,
inactivation of Cdc25 phosphatases are required for checkpoint controls that mediate cell
cycle arrest in G2 following irradiation (Furnari ef al., 1997; Peng ef «l., 1997; Sanchez et
al., 1997).

It has also been shown that Cdc25 can also play a part in orchestrating other phases
of the cell cycle, other than G,-M phase. Human Cdc25A is necessary for the regulation of
Gy to S-phase where Cdc25A can act as a target of the Cdk2/Cyclin E compiex at the G1/S5
transition, creating a positive autoregulatory feedback loop (Hoffmann et al, 1994,
Blomberg and Hoffmam, 1999). Questions that need to be addressed are thereforc, at
which point of the cell cycle does CINXC-25.1 play its role and whether Cyclin E has a role
in the hyperplasia displayed by the /48 allele.

Other substrates of Cdc2S have alse been identified. Interestingly, in mammalian
proliferating cells, Cdc25A has also been shown to imteract, dephosphorylate (serine

residues) and increase the binding activity of the homcodomain transcription factor Cut
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{Coyueret et al., 1998). Thesc authors showed that Cut acts as a transcriptional yepressor

which downregulates transcription of the CDK inhibitor, p217///FIsbr

in S phase
controlling the G1 to S transition. In Drosophila, Cut has been shown to be involved in the
determination and maintenance of the cell-type specificity of a variety of tissues {(Bodmer
et al., 1987; Blochlinger ef al., 1990; Jack ef al., 1991; Liu et al.,, 1991; Liv and Jack,

1992).

6.2.4. E-cell devclopment of cde-25.1(ij48) and ln-62(1j52) roust be correctly
coordinated with developmental cues.

There must be a molecular basis to the lineage dependent temporal regulation of the
cell cycle such that the central regulators of the cell cycle function at different
periodicities. This aspect of ccll cycle control is clearly defective in the cells generated
from the E blastomere in cdc-25.1(ij48) mutants. When the I-cell lineage is compared
between the wild-type and cdc-25.1(ij48) mutaat, it is evident that the cell cycle is
shortened in the mutant. This shortening of the cell cycle periodicity is specific to E and as
discussed above, it is probable that the /748 lesion identifics a sile on CDC-25.1 necessary
for E-gpecific control of the cell cycle in C. elegans. However, the shorlening of the ccll
cycle in E in edc-25.1(3j48) is not evident until afler gastrulation has commenced. In lin-
62(ij52), extra cells are gemeraled after the |16E stage, at least in the embryo that was
lineaged. Thus all negative regulators ol the celt cycle must function in E at least until after
the initiation of gastrulation in edc-25.1(ij48) and untl 16E in lin-02(3j52).

Gastrulation and morphogenesis in C. elegans is initiated by the decendents of the
E blastomere, Fa and Ep migrating to the centre of the embryo. L'his creates a fissure,
known as the veniral cleft, through which other cells subsequently migrate. Maternal effect
mutations in any of the genes gad-1, emb-5, emb-13, emb-16, emh-23 or emb-31 cause
failure of either the initiation or the later stages of gastrulation (Knight and Wood, 1998;
Nenich et al., 1984; Nishiwaki et al., 1993). In all of these mutants, the Ea and Ep
divisions occur prematurely and often in an antetiot/posterior rather than the normal left-
right orientation. It has also been shown that blocking zygotic transcription by RNAi of
RNA polymerase II, results in premature Ea and Fp divisions (Powell-Coffman ef al,
1996). These embryos arrest with approximately 100 cetls but divide with a normal pattern
of cell divisions until the 26-cell stage. This would suggest that zypotic genes are essential
for the initiation of gastrulation, that these are regulated by maternal effect genes and

zygotic transcription is not required for cycling until the 100 cell stage (Powell-Coffman et

185




Chupter 6. Final discussion

al., 1996; Ldgar ef al., 1994). The CDC-25.1 protein is detectable prior to gastrulation
(Asheroft ef al., 1999; Clucas ef al., 2002). Thus in cde-25.1(ij48) mutants, cell cycle
regulators must be able to suppress cxtra divisions in I prior to the onsct of gastrulation,
up to the second round of cell divisions. in-situ studies have shown that wee 1.7 is
transcribed at this time, suggesting that wee-/.7 may play a role in preventing milotic
chaos in edc-23. 1(ij48) mutants,

The morphogenesis of the intestines of cde-25.1¢5i48) and lin-62(ii52) have not
been studied although antibody staining revealed that the extra intestinal cells are
incorporaied into the intestine, The intestine of C. elegans is asymmetrical, a phenomenon
which becomes cvident during cell intercatation at 16E, where three of the anterior cells in
the right row of the primordium move counterclockwise to the left, as the contralateral
threc left cells move simultancously towards the right (Sulston er al., 1983; Leung ef al.,
1999). This morphogenic movement generates a left-handed twist of around 90°, which
increases to 180° following attachmeni of the intestine to the pharyngeal-intestinal valve,
by the time the larva hatches (Sulston et al., 1977). It has been suggested that this
asymmetry may influence subsequent morphogenesis of the gonad. Formation of the
intestinal twist involves cell-cell interactions between E and cclls from other lineages, and
asymmetric expression of gencs in the E lineage, including molecules that are involved in
the Notch-like signalling pathway (IHermann et af., 2000). The intestinal twist in cdc-
25.1(ij48) and lin-62(ij52) mutants has not been examined. Bowever, if a twist forms in the
intestine of these mutants, the E-derived cells must be able to orient themselves to receive
external cues and differentially express genes in a manner similar to wild type. Regardless
of whether a twist forms, the intestine is functional in cdc-25./(ij48) and lin-62(ij52)

mutants.
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6.3. Future Work

6.3.1. Further genetic screens to identify mutants with an altered E-lineage
As discussed in Chapter 3, the genetic screen I performed did not reach saturation.
Additional genetic screens should therefore be performed. It would also be useful to obtain

additional aljeles of the mulants generated.

6.3.2, Characterisation and cloning of mutants with mononucleate and binucleate
cells

Cloning the wild-type copy of the genes identified by /49, i#50 and 751 would also
be an area of inferest. Since these mutants are altering nuclear number, they probabiy
define genes that are involved in the cell-cycle. These mutants do not display general loss
of/excessive post-cmbryonic cell divisions and thercfore may identify molecules and/or
motifs in molccules that are necessary for post-embryonic E celi cvele controt. The mutant
allcles identified as having additional nuclear divisions in the intestine may identify
intestinal-specific heterochronic genes, such that the L1 nuclear division is repeated during
L2.

The genetics of these mutants should also be studicd. These alleles are recessive to
wild-type. however cach allele should be placed over a deficiency to determine whether it
is a mull. Genetic crosses should be performed to determine whether these genes funclion
in the same genctic pathway. If these genes function in a common pathway, one would
cxpect a degree of epistasis. If however they act in parallel pathways, some cnhancement

would be apparent.

6.3.3. Identification of molecules that bind tv the SRDSG motif in CDC25

It would clearly be of interest to identify molecules that may interact with the
SRDSG motif and cxaminc differences between wild type and cde-25./(i748).Since an
antibody reacting to CDC-25.1 is available, it should be possible to co-precipitate proteins
that bind to CDC-25,1. Comparisons could be made between wild type and cde-25.1¢1j48)
cell extracts to test for differential binding of proteins belween wild~type and mutant,

Alternatively, a suppressor screen may be performed. If {748 prevents binding of a
regulator to CDC-25.1, it may be possible to generate a compensating mutation in that

regulator, thus suppressing i48.
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6.3.4. The role of POP-1 in the E-celf lineage

One mutant 1 would have expected to isolate from the screens was a mulant where
all inlestinal cells are equivalent at 8E cell stage, which would generate 32 intestinal ceils.
As discussed in Chapier 4, 1 did not obtain such a mutant; cde-25.1(ij48) homozygotes
generated worms with varying numbers of infestinal cells and fin-62(3;52) did not display
this pallern of divisions. One molecule that may be involved in generating diversity in the
progenitors of E is POP-1.

POP-1 is present in multiple cells during embryogenesis (Lin ef al, 1998). It has
been postulated that POP-1 may be part of a general mechanism that couples cell division
sequence to different patterns of gene expression in sister cells born from anterior-posterior
cell lineages. Moreover, POP-1 is distributed asymmeitrically between Dxxxa and Exxxp
(i.e. anterior-posterior daughters of the fourth round of E-cell lincage). In the E-cell
lineage, the divisions that occur in the antcrior at the 16E-cell stage (Ealaa and Earaa) are
dorsal-veniral whereas the divisions that occur in the posterior (Eplpp and Eprpp) are
anterior-posterior. The role for zygotic POP-1 has recently been investigated using a novel
technique (Herman, 2001). This author performed POP-1 RNAI in an RNAi-resistant
mufant background, rde-I. The rde-1{ne2i9) mutant (Tabara et al, 1999) is a recessive
loss-of-function mutation that confers maternal and zygotic resistance to RNAi. However,
if RNAi-treated hermaphrodites are crossed with wild type malcs, the propgeny are sensitive
to RNAi of zygotic genes (Herman, 2001). A similar method could therefore be used to
clucidatc the role of zygotic POP-1 in the E-cell lineage. Previous studies have shown that
POP-1 has roles in establishing anterior-posteriot patterning in the intestine: it has a role in
anterior-posterior patterning in differentiating which cells undergo the intestinal twist and
the patterning of a terminally differentiated intestinal gene, ges-7 (Schroeder and McGhee,
1997). Loss of maternal POP-1 results in the MS blastomere adopting an E-like fate. By
using this genetic trick developed by Herman, 2001, il might be possible to examine

whether zygotic POP-1 has a rolc in determining the polarity of the E-lineage.

6.3.5. Cloning the gene identified by /in-62(ij52)

In Chapter 4, T mapped lin-62(ij52) to a defined region on chromosome 1V. This
region spans around 50 cosmids. Since /in-62 identifics a zygolic gene and 7.2 is recesstve
to wild type, cloning of this gene by iransgenesis should be relatively straightforward.
Further screens shonld also be petformed (e.g. non-complementation screens) to identify

additional alleles of this gene.
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