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ABSTRACT

Induction of vulval fates in the C. elegans hermaphrodite is mediated by a
conserved RTK/Ras/MAP kinase signalling pathway, in which the core
components can be placed into a linear genetic and biochemical pathway.
However, the events that occur downstream of this pathway are not yet well
understood. This thesis describes studies on three genes, lin-1, lin-25 and sur-2
that function genetically downstream of the RTK/Ras/MAP kinase pathway in
vulva induction.

lin-1 encodes an ETS protein that appears to be a direct target of the
RTK/Ras/MAP kinase pathway during the induction of vulval fates. To
understand more in detail how Ras signalling in C. elegans affects cell fate
specification we have analysed the effects of lin-1 mutations on various Ras-
mediated cell fate specification events. Our results show that lin-1, besides its
role in vulva induction, functions in most other Ras-mediated cell fate
specification events in C. elegans, and that lin-1 appears to have a negative
function in a majority of these events.

Two other genes, lin-25 and sur-2, also function genetically downstream of
the RTK/Ras/MAP kinase pathway during induction of vulval fates. Previously,
two different models have been proposed for the function of these genes (I) that
they function together with a gene in the homeotic cluster to specify the identity
of the vulval precursor cells or (II) that they constitute components of the
RTK/Ras/MAP kinase signalling pathway. To help clarify the role of lin-25 and
sur-2, we have carried out studies of the effects of lin-25 and sur-2 mutations on
other cells in the worm in which the RTK/Ras/MAP kinase pathway functions.
The results exclude the possibility that lin-25 and sur-2 solely function in vulva
induction and suggest that the two genes are intimately involved in Ras-
mediated signalling. In addition we show that the major focus for lin-25 during
vulval induction is in the vulva precursor cells themselves. Furthermore, results
presented here suggest that LIN-25 and SUR-2 function together in the same
process in the cell. We show here by both genetic and immunological
experiments that LIN-25 is associated with Mediator in C. elegans, a
multiprotein complex required for transcriptional regulation. Taken together,
these results suggest that lin-25 and sur-2 function in regulating transcription of
genes in response to Ras signalling.

Key words: cell signalling / Ras / vulva precursor cells / lin-25 / sur-2 / lin-1 /
cell fate specification / Mediator / vulva induction / transcriptional regulation



8

ABBREVIATIONS

AC Anchor cell
DTC Distal tip cell
EDC Excretory duct cell
EGF Epidermal growth factor
FGF Fibroblast growth factor
GAP GTPase activating protein
GDP Guanosine diphosphate
gf gain-of-function
GFP Green fluorescent protein
GNEF Guanine nucleotide exchange factor
GTP Guanosine triphosphate
lf loss-of-function
MAP kinase Microtubule associated protein kinase, (also, mitogen

activated protein kinase)
Muv Multivulva
PAG Preanal ganglion equivalence group
RNAi RNA mediated interference
RTK Receptor tyrosine kinase
SynMuv Synthetic Multivulva
VPC Vulva precursor cell
Vul Vulvaless
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LIST OF GENES IN THIS THESIS

Genes are listed in alphabetical order of gene names.

Gene Protein
bar-1 ß-catenin/armadillo related protein
daf-2 Insulin-like receptor
dpy-22/sop-1 Homologue of the Mediator component TRAP230
egl-15 FGF receptor homologue
egl-17 FGF homologue
eor-1 Homologue of PLZF BTB zinc finger transcription factor
eor-2 Novel
glp-1 LIN-12/Notch-like receptor
let-23 RTK of EGF family
let-60 Ras
let-341 Guanine nucleotide exchange factor
let-425 Homologue of the Mediator component Med6
lin-1 Putative Ets family transcription factor
lin-3 EGF
lin-12 Receptor of LIN-12/Notch family
lin-15 SynMuv family of proteins
lin-25 Novel
lin-31 Putative HNF3/fork head transcription factor
lin-39 Homeodomain protein
lin-45 Raf
lit-1 Nemo-like protein kinase
mab-5 Homeodomain protein
mek-2 MAP kinase kinase
mpk-1/sur-1 MAP kinase
pry-1 Axin homologue
sem-5 SH3-SH2-SH3 adaptor protein
sur-2 Homologue of Mediator protein
zmp-1 Zinc metalloprotease
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INTRODUCTION

1. The nematode Caenorhabditis elegans

Caenorhabditis elegans is a 1 mm long free-living soil nematode. It exists as
two sexes: hermaphrodites and males (Fig. 1). Hermaphrodites can propagate
either by self-fertilization or by mating; each animal gives rise to about 300
progeny when self-fertilized. Males arise spontaneously at 0.1% of the
population but when mated to hermaphrodites males account for 50% of the
cross progeny produced. During its life cycle C. elegans develops through four
larval stages (L1-L4) and each stage ends with a molt. After the fourth and last
molt the nematode is mature and is fertile for about four days. In total, C.
elegans nematodes live for about two weeks.

Figure 1. The C. elegans hermaphrodite (top) and male (bottom).
Reprinted from Sulston and Horvitz, 1977, with permission from Elsevier.

Several features make C. elegans a suitable organism to study development.
The nematodes are transparent, they have constant cell numbers and constant
cell positions from individual to individual which makes it possible to observe
the birth, development and death of every cell in the living nematode. This has
led to the determination of the complete wild-type cell lineage from fertilized
egg to adult.

C. elegans has a large brood size and a short life cycle (about three days),
which makes it possible rapidly to screen large numbers of nematodes for rare
mutants.
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Laboratory cultivation is easy. C. elegans worms are grown on agar plates
seeded with E. coli, which serves as the food source. Permanent storage of
nematode stocks of different strains is possible since nematodes can be frozen
either in liquid nitrogen or at −80°C and retain viability.

The C. elegans genome has been completely sequenced and consists of just
over 100 million base pairs and 20,000 genes (The C. elegans sequencing
consortium, 1998). The availability of the complete genome has greatly
facilitated gene cloning and characterization.

It is an anatomically simple organism: the hermaphrodite contains 959
somatic nuclei and the male 1031. The complete anatomy of C. elegans is
known, mainly from reconstitutions of electron micrographs of serial sections.

C. elegans is suitable for genetic studies. Mutations can relatively easily be
introduced by using chemical agents, irradiation or transposon insertion.
Because of the hermaphrodite mode of self-fertilization, a heterozygous mutant
can produce homozygous progeny that makes recovery of recessive alleles easy.
Genetic crosses are carried out using males. Different genetic tools have
become available that makes it easier to observe and study mutations: for
example, balancer chromosomes which facilitate maintenance of stocks
harbouring lethal mutations, and unstable duplications which are used for
genetic mosaic analysis to determine the site of action of a specific gene.

All of the properties summarised here make C. elegans suitable for genetic
and developmental studies. Insight has been gained into different aspects of
development such as development of the nervous system, germ line
development, embryogenesis, sex determination and cell death. Many of the
genes that have been found to function in these different processes have
homologues in other organisms such as yeast, Drosophila and mammals.
Therefore many genes in developmental pathways seem to be conserved
throughout evolution. Much of the studies in C. elegans have concerned the
importance of cell interactions and signal transduction for the development of
certain cells and the determination of their fates. One organ that has been
extensively studied regarding cell fate determination and signal transduction is
the hermaphrodite vulva.

2. The C. elegans hermaphrodite vulva

The vulva is located ventrally and is the egg laying organ. In the adult it
consists of seven multinucleate toroidal cells that are stacked on top of each
other to form a tube that connects the uterus of the worm to the exterior (Fig. 2).
This tube functions as the passageway through which sperm enter and eggs are
laid.

The development of the vulva is a process that depends on cell-cell
interactions and cell signalling. At hatching, twelve P cells are present laterally
of the worm, six at each side. During the L1 stage these cells migrate ventrally
to form a row of twelve cells (P1-P12) from the anterior to the posterior of the
worm. Here they divide to give rise to anterior and posterior daughters. The
posterior daughters of P3-P8 are the vulva precursor cells (VPCs) named P3.p-
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P8.p (small p for posterior). The vulval fates of these cells are not specified
until the L3 stage. The remaining six posterior daughters fuse during the L1
stage with a large syncytial cell, hyp7, that surrounds much of the worm. All of
the anterior daughters are neuroblasts.

Figure 2. Schematic view of the C. elegans L4 vulva. Seven multinucleate toroidal cells
are stacked on top of each other. The AC forms an opening on the top of the stack by
squeezing through the uppermost cell. Later, the AC fuses with a uterine cell and the
vulva opens up. In the adult stage it is no longer conical. The cell lineage relationships
are indicated. Modified from Greenwald, 1997.

The vulva is formed from the descendants of three of the VPCs, P5.p, P6.p
and P7.p. Initially all six of the VPCs are developmentally equivalent. They all
have the same potential to adopt one of three fates, 1°, 2° or 3°. Each of these
fates is to give rise to a small cell lineage in which cells divide in a specific way
to give rise to cells of a certain type (Fig. 3). The fates adopted in wild-type
worms are invariant: the cell P6.p adopts the 1° fate and the cells P5.p and P7.p
adopt the 2° fate. These three cells undergo three rounds of division and give
rise to a total of 22 cells that generate the vulva. Therefore the 1° and 2° fates
are called the vulval fates. The remaining VPCs (P3.p, P4.p and P8.p) adopt the
3° fate. They only undergo one round of cell division and the cells generated
fuse with hyp7. The 3° fate is also referred to as the hypodermal or non-vulval
fate.

After the 22 vulval cells have been generated, no further cell divisions occur.
Instead the cells undergo different morphogenetic events. The cells start to
invaginate and then fuse in a stereotypic fashion to form the seven toroidal cells
that constitute the vulva.
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Figure 3. (A) The VPCs P3.p-P8.p are located ventrally and constitute an equivalence
group. (B) In wild-type worms the cells P5.p, P6.p and P7.p adopt vulval fates (1° or
2°). The remaining VPCs adopt the non-vulval fate (3°). (C) Each fate is to generate a
small cell lineage in which cells divide in stereotypic ways. The cells that adopt vulval
fates will give rise to cells that form the vulva. The cells that adopt non-vulval fates
generate cells that fuse with the surrounding hypodermis. Adapted from Tuck and
Greenwald, 1994.

3. VPC fate specification

C. elegans mutants were initially isolated by screening for worms displaying
abnormalities in specific morphological structures. A phenotype that was easily
observed was the inability to lay eggs. Egg laying is not essential for
propagation or viability of the worm since hermaphrodites are internally self-
fertilizing. Eggs can hatch and larvae can develop inside the mother to create a
“bag of worms” from which they then can crawl out. Viable mutants with
defects in egg laying could therefore be studied and in this way mutations that
affected various parts of the egg-laying system such as the vulva, the vulval and
uterine muscles and neurons that innervate these muscles could be isolated.

Mutations affecting the development of the vulva can be divided into two
broad phenotypical classes: Vulvaless (Vul) or Multivulva (Muv). In Vul
mutants the cells that normally adopt vulval fates (1° or 2°) instead adopt the
non-vulval fate (3°). These animals lack a vulva and cannot lay eggs. The eggs
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hatch and the larvae develop inside the mother to give rise to “bags of worms”
(Fig 4B). Conversely, in Muv animals the VPCs that normally adopt the
nonvulval fate (3°) instead adopt vulval fates (1° or 2°). These worms have
excessive vulval tissue and this can be seen as protrusions ventrally of the worm
(Fig. 4C).

Genetic screens for mutations affecting vulva development have revealed
that at least four separate signalling events are required for the proper fate
specification of the VPCs: inductive signalling from a cell in the somatic gonad
called the anchor cell (AC) to the cell P6.p, WNT signalling which is needed for
proper induction, lateral signalling from the induced P6.p to its neighbours and
inhibitory signalling from the surrounding hyp7 that inhibits the VPCs from
adopting vulval fates.

Figure 4. Vulval mutants. (A) Wild-type. (B) Vulvaless. The mother is unable to lay
eggs and the eggs hatch inside the mother. (C) Multivulva. The worm has excessive
vulval tissue, which can be seen as ventral protrusions. Bar represents 0.1 mm.
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3.1 Inductive signalling

Laser ablation experiments have shown that the AC is necessary for vulva
fate specification. When the AC is ablated, the cells P5.p, P6.p and P7.p do not
adopt the normal vulval fates but instead adopt the hypodermal (3°) fate
(Kimble, 1981). Furthermore, when all the cells in the somatic gonad are
ablated except for the AC, the cells P5.p, P6.p and P7.p adopt normal vulval
fates. This demonstrates that the AC induces these cells to adopt vulval fates.

Several genetic screens have been performed looking for Muv and Vul
phenotypes and thereby many genes involved in the inductive signalling process
have been identified. Genetic epistasis experiments have placed these genes in a
genetic pathway and together with other experiments it has been shown that the
inductive signalling event from the AC to P6.p is mediated through a conserved
RTK/Ras/MAP kinase signalling pathway.

3.1.1 The RTK/Ras/MAP kinase signalling pathway

The Ras protein belongs to the ras superfamily of GTP binding proteins and
it was first identified as an oncogene, since mutations in the ras gene caused
tumor growth in mammalian cells. Therefore, Ras has been studied in several
different organisms such as yeast, Drosophila, C. elegans and mammals. Ras
has been found to function in signal transduction pathways that have been
remarkably conserved throughout evolution among these different organisms.
Genetic studies in C. elegans and Drosophila have given an understanding
about how the RTK/Ras/MAP kinase pathway functions in different
developmental events. In particular, genetic epistasis experiments allowed the
order in which different proteins functioned to be determined. A lot of the
studies concerning the biochemical mechanisms in the RTK/Ras/MAP kinase
pathway have come from studies in mammalian cell cultures.

The RTK (receptor tyrosine kinase) is a single-pass transmembrane protein,
which becomes activated by the binding of a ligand, usually a growth factor, to
the extracellular part of the receptor. This binding leads to a dimerisation of the
receptor and cross-phosphorylation of tyrosine residues on the cytoplasmic
domains of the dimer (Lemmon and Schlessinger, 1994). An adaptor protein
containing certain conserved domains, src homology regions 2 and 3 (SH2 and
SH3), binds to phosphotyrosines on the receptor and transfers the signal to
downstream mediators such as Ras (Pawson, 1995).

Ras mediates the signals from the activated receptor to the nucleus and it
functions as a switch that can exist either in an active or inactive state. When
bound to GTP it is active and when bound to GDP it is inactive (Barbacid,
1987). Two families of proteins have been found that help to regulate the
transitions between active and inactive states of Ras (Boguski and McCormick,
1993). GTPase activating proteins (GAPs) stimulate the hydrolysis of GTP
bound to Ras and thereby inactivate it. Guanine nucleotide exchange factors
(GNEFs) stimulate the loss of GDP bound to Ras. Since the concentration of
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GTP in the cytosol is much higher than that of GDP, the lost GDP will usually
be replaced by GTP. Therefore GNEFs activate Ras.

The activation of RTKs and the switches of the Ras protein are rapid
processes. These signals are converted to more persistent signals with the help
of a cascade of serine/threonine phosphorylations. The family of proteins that
are responsible for this phosphorylation cascade are called microtubule
associated protein (and also mitogen activated protein) (MAP) kinases.
Activated Ras is thought to recruit the Raf protein (a MAP kinase kinase kinase)
(Van Aelst et al., 1993) to the plasma membrane and thereby activate it. Raf
then phosphorylates MAP kinase kinase (MEK) (Dent et al., 1992), which
becomes activated and in turn phosphorylates MAP kinase (Ahn et al., 1992).
Activated MAP kinase translocates to the nucleus and phosphorylates various
transcription factors that presumably account for the changes in gene expression
that the signal instructs (Gutman and Wasylyk, 1991).

3.1.2 Core components of the C. elegans inductive signalling pathway

A number of genetic screens in C. elegans have identified genes that
function in the inductive signalling pathway during VPC fate specification.
Genetic epistasis experiments were used to establish the order in which the
different proteins function. Subsequent molecular characterization of the genes
revealed that many of the genes encode components of the RTK/Ras/MAP
kinase pathway, which has been found to be highly conserved throughout
development (Fig. 5).

lin-3 encodes the inductive signal from the AC (Hill and Sternberg, 1992). It
was identified as a partial loss-of-function mutation, giving rise to a Vul
phenotype. Over-expression of wild-type LIN-3 gives rise to a Muv phenotype.
LIN-3 is expressed in the anchor cell during the time when signalling occurs. It
is a member of the EGF family of proteins and contains an EGF homology
domain, which binds to receptor proteins.

LET-23 is the presumed receptor of LIN-3 and is a tyrosine kinase of the
EGF receptor subfamily (Aroian et al., 1990). Its function in vulva induction
was deduced from the fact that partial loss-of-function mutations gave rise to
Vul phenotypes (Ferguson and Horvitz, 1985). Dominant mutations cause a
Muv phenotype. Genetic mosaic analysis has shown that LET-23 acts in the
VPCs themselves for vulval induction (Koga and Ohshima, 1995; Simske and
Kim, 1995). LET-23 acts via an adaptor protein, SEM-5 (Clark et al., 1992),
that contains two SH3 domains and an SH2 domain, which is thought to bind to
phosphorylated tyrosines on LET-23.

let-341 encodes a guanine nucleotide exchange factor that is the C. elegans
homologue of Drosophila SOS (Son of Sevenless). It acts downstream of let-23
and is required for activation of let-60 Ras (Chang et al., 2000).

let-60 is the C. elegans homologue of Ras and acts downstream of sem-5 and
let-341 (Beitel et al., 1990; Chang et al., 2000; Han et al., 1990; Han and
Sternberg, 1990). Partial loss-of-function and dominant negative alleles in let-
60 Ras give Vul phenotypes. Gain-of-function mutations cause the worms to be
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Muv. In order to identify genes acting downstream of let-60, screens were
performed for mutations that were able to suppress the Muv phenotype of
activated let-60 Ras. In this way a MAP kinase cascade of proteins has been
identified.

lin-45 Raf acts downstream of let-60 Ras and is thought to bind and become
activated by let-60 Ras (Han et al., 1993). l in-45  Raf is thought to
phosphorylate MEK-2 (MAP kinase kinase) (Kornfeld et al., 1995; Wu et al.,
1995), which in turn activates MPK-1 (MAP kinase) (Lackner et al., 1994; Wu
and Han, 1994). MPK-1 is thought to translocate into the nucleus where it is
presumed to phosphorylate transcription factors.

Figure 5. The RTK/Ras/MAP kinase signalling pathway in vulval induction. The order
in which the genes are placed is based partly on genetic epistasis experiments and partly
on biochemical experiments.
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The genes described here constitute the core molecules of the
RTK/Ras/MAP kinase pathway in vulva induction. Other genes have been
identified that affect vulva induction that have not as yet been placed in this
linear pathway. These genes can either function as positive or negative
modulators of this pathway.

3.1.3 Genes downstream of the RTK/Ras/MAP kinase pathway

Several genes have now been identified that function genetically
downstream of the RTK/Ras/MAP kinase pathway, such as lin-1, lin-31, lin-25,
sur-2, eor-1, eor-2 and lin-39 (See sections 3.1.3.1 - 3.1.3.4). It is striking that
the genes upstream of mpk-1 are essential genes required for viability whereas
the downstream components are not. One possibility might be that redundancy
exists between genes downstream of mpk-1.

3.1.3.1 The genes lin-1 and lin-31

Null mutations in lin-1 cause a Muv phenotype even in the absence of the
activity of the Ras/MAP kinase signalling pathway, suggesting that lin-1
functions as a negative regulator of the 1° and 2° vulval fates (Beitel et al.,
1995). lin-1 encodes a protein containing an Ets DNA binding domain and
presumably acts as a transcription factor. Besides the Ets domain, lin-1 does not
share homologies with other proteins. LIN-1 can be phosphorylated by rat and
mouse ERK MAP kinase in vitro and rat ERK MAP kinase in vivo suggesting
that it is a direct target of the MAP kinase mpk-1 (Jacobs et al., 1998; Tan et al.,
1998).

lin-31 encodes a winged helix transcription factor. Mutations in lin-31 give
rise to complicated phenotypes. Null mutations cause both partially penetrant
Vul and Muv phenotypes and it has been suggested that lin-31 acts both in
promoting and inhibiting vulval fates (Miller et al., 1993). It has been suggested
that LIN-1 and LIN-31 form a complex that inhibits vulval induction.
Phosphorylation of LIN-31 by MPK-1 disassociates the complex and relieves
vulval inhibition (Tan et al., 1998).

3.1.3.2 The genes lin-25 and sur-2

lin-25 and sur-2 are both required for proper vulva induction (Ferguson et
al., 1987; Singh and Han, 1995; Tuck and Greenwald, 1995) and both function
downstream of let-60 and mpk-1 in the genetic pathway for vulva induction.
Mutations in either gene are able to suppress the Muv phenotype in animals
with an activated form of let-60 Ras. They are also able to suppress a Muv
phenotype associated with expression of a gain-of-function mutation of
Drosophila mek-2 and a gain-of-function mutation of mpk-1 (Lackner and Kim,
1998).

Mutations in either lin-25 or sur-2 give rise to very similar Vul phenotypes
(Fig. 6). In the majority of animals the cells P5.p and P7.p adopt 3° fates instead
of the normal 2° fate, and the cell P6.p is induced but usually displays a hybrid
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cell lineage. All of the animals are completely unable to lay eggs and this egg-
laying deficient phenotype is stronger than expected from the Vul phenotype in
both of the genes. Both mutants also show similarities in other more subtle
phenotypes. A small percentage of the animals are sterile. Null mutations in
either gene cause partially penetrant lethality; about 6 % of the larvae die at the
L1 stage with a rod-shaped fluid-filled morphology (which is the phenotype of
many lethal mutations in the Ras signalling pathway). Also, both mutants
display a phenotype where a Pn.p cell divides precociously to generate two
daughters that subsequently both become VPCs. Thus, in hermaphrodites
mutant for lin-25 or sur-2 seven VPCs are often generated instead of the normal
six.

lin-25 encodes a protein of the predicted size 130 kD that contains four
potential MAP kinase phosphorylation sites and one putative nuclear
localisation signal. The SUR-2 protein is 180 kD in size. The biochemical
functions of neither LIN-25 nor SUR-2 are known.

Figure 6. Fates adopted by the VPCs in (A) wild-type worms, or (B) worms harbouring
null mutations in either lin-25 or sur-2.

3.1.3.3 The genes eor-1 and eor-2

Recently two genes termed eor-1 and eor-2 have been identified in a screen
for enhancement of egg laying defects and lethal defects of a hypomorphic
allele of lin-45 Raf (Rocheleau et al., 2002). eor-1 and eor-2 function positively
downstream of or in parallel to the Ras signalling pathway. Mutations in either
eor-1 or eor-2 partially suppress the Muv phenotype associated with gain-of-
function mutations in let-60 Ras or mpk-1 MAP kinase. Single mutations in
either eor-1 or eor-2 have on their own no vulval phenotype but they show
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partly penetrant phenotypes that resemble Ras pathway mutants such as: rod-
shaped larval lethality and a 2 P11.p phenotype (See section 4). Furthermore,
eor-1 and eor-2 show strong genetic interactions with other Ras pathway
components, for example lin-1, lin-25 and sur-2 (Howard and Sundaram, 2002).
eor-1 and eor-2 appear to function together since mutations in either gene give
rise to similar phenotypes and an eor-1; eor-2 double mutant shows the same
phenotype as each of the single mutants. Besides their function in Ras
signalling, eor-1 and eor-2 appear to function positively to promote Wnt
signalling as well (Howard and Sundaram, 2002).

eor-1 encodes an orthologue to human PLZF, a BTB zinc finger
transcription factor whereas eor-2 encodes a novel protein. Both of the proteins
are nuclearly localized, consistent with a role in transcriptional regulation.

3.1.3.4 The gene lin-39

lin-39 encodes a homeobox protein that functions in the midbody of the
worm and has been shown to function at different stages during vulva
development. Early in vulva development lin-39 is required for the VPCs to be
generated. In lin-39 mutant worms the cells P3.p-P8.p, instead of adopting the
fates characteristic of the VPCs, adopt the same fates as their neighbours, which
is to fuse with hyp7 at the L1 stage. Thus, one role of lin-39 in the P3.p-P8.p
cells is to allow them to develop differently from cells lying anterior or
posterior of them and to allow them to assume a VPC identity (Clark et al.,
1993; Wang et al., 1993). Besides this role, lin-39 also functions at later stages
during vulva development and is required for the VPCs to adopt vulval (1° and
2°) fates (Clandinin et al., 1997; Maloof and Kenyon, 1998). Ras signalling has
been shown to up-regulate lin-39 expression and if lin-39 is absent during this
time, no vulval cell divisions will occur (Maloof and Kenyon, 1998). Thus, lin-
39 acts both upstream and downstream of the Ras/MAP kinase pathway in
regulating the fates of the VPCs.

Besides being regulated by the Ras/MAP kinase signalling pathway, it has
been reported that a WNT signalling pathway also regulates lin-39 expression
(see section 3.2), and that a Muv phenotype caused by hyperactivated WNT
signalling is dependent on lin-39 (Eisenmann et al., 1998; Gleason et al., 2002).
Furthermore, the SynMuv pathway which antagonizes Ras/MAP kinase
signalling during vulva development (see section 3.4) has also been suggested
to regulate lin-39 activity (Chen and Han, 2001a; Chen and Han, 2001b).

Thus it appears as if lin-39 acts as a target of several signalling pathways and
that it integrates many signalling inputs to define a specific developmental
outcome. However, it is still largely unknown how this outcome is executed and
what targets lin-39 affects. Two GATA-type transcription factors, EGL-18
(ELT-5) and ELT-6 have been suggested to be direct transcriptional targets of
LIN-39 and to be essential regulators of cell fates and cell fusion in the
developing vulva (Koh et al., 2002). In addition, another effector of cell fusion,
eff-1, appears to be regulated by lin-39 and thereby prevent fusion of the VPCs
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to the hypodermal syncytium (Mohler et al., 2002; Shemer and Podbilewicz,
2002).

3.2 WNT signalling in VPC fate specification

Besides the RTK/Ras/MAP kinase signalling pathway, components of the
WNT signalling pathway have also been shown to function in VPC fate
specification (Eisenmann et al., 1998; Gleason et al., 2002; Korswagen et al.,
2002). The WNT signalling pathway is a highly evolutionarily conserved
signalling pathway that functions in many developmental processes (for review
see Cadigan and Nusse, 1997). In its simplest form, activation of the WNT
signalling pathway occurs when a ligand of the WNT family binds a receptor of
the Frizzled protein family. This leads to the inhibition of a protein complex
consisting of the proteins APC, Axin and the serine/threonine kinase GSK3-ß.
In the absence of WNT signalling this protein complex phosphorylates the ß-
catenin protein causing it to be degraded. When WNT signalling is activated,
inhibition of the "degradation complex" occurs, ß-catenin does not become
phosphorylated, is stabilized and translocates to the nucleus where it interacts
with the TCF/LEF family of transcription factors to activate transcription of
WNT responsive genes. Although some differences exist in WNT signalling
between different species and between certain processes, it appears as if WNT
signalling has been highly conserved throughout evolution.

In C. elegans vulva development, it has been suggested that WNT signalling
together with Ras signalling cooperate to control vulval cell fate specification.
This is thought to occur by regulation of the Hox gene lin-39 (Eisenmann et al.,
1998). bar-1 encodes a ß-catenin/Armadillo-related protein that is expressed in
the VPCs. Loss-of-function mutations in bar-1 cause defects in vulva
development. bar-1 is required for the correct specification of the 1°, 2° and 3°
fates of the VPCs during the L3 stage. Null mutations in bar-1 resemble partial
reduction-of-function mutations of positively acting genes in the Ras/MAP
kinase signalling pathway. Furthermore, null mutations in bar-1 lead to
reduction of lin-39 Hox expression, and forced expression of lin-39 can rescue
the bar-1 mutant phenotype suggesting that bar-1 is involved in maintaining
expression of lin-39 in the VPCs. It has been shown that the Ras signalling
pathway also regulates lin-39 expression in the cells P5.p, P6.p and P7.p
(Maloof and Kenyon, 1998). Genetic analysis has shown that the bar-1 mutant
phenotype is enhanced by reduced activity of core components of the Ras/MAP
kinase signalling pathway, suggesting that both WNT signalling via BAR-1 and
the Ras/MAP kinase signalling pathway cooperate to regulate VPC fate
specification by regulating the expression of lin-39 Hox.

Loss-of-function mutations in the Axin homologue pry-1 give rise to a Muv
phenotype that is dependent on the activities of bar-1 and the TCF/LEF
homologue pop-1 (Gleason et al., 2002; Korswagen et al., 2002). This suggests
that pry-1 is a negative regulator of WNT signalling in the VPCs. The Muv
phenotype resulting from loss-of-function mutations in pry-1 is dependent on
lin-39 Hox since taking away lin-39 Hox activity suppresses the Muv phenotype
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of pry-1(lf). An activated form of BAR-1 also gives rise to a Muv phenotype
(Gleason et al., 2002). Likewise, as in pry-1(lf) mutants this Muv phenotype is
also dependent on lin-39 Hox. Surprisingly, the Muv phenotype caused by
hyperactivated WNT signalling is not dependent on the Ras signalling pathway
which might indicate that WNT signalling plays an important role in specifying
VPCs during vulval induction (Gleason et al., 2002).

3.3 Lateral signalling

A lateral signalling event between VPCs was suggested to exist since in lin-
15 (see section 3.4) Muv mutant worms (where all VPCs adopted vulval fates
(1° or 2°)), no cases were observed in which two adjacent VPCs both adopted
the 1° cell fate. Instead the VPCs exhibited an alternating 1°-2° fate pattern.
Laser ablation experiments on these lin-15 Muv mutants where the AC and all
but one VPC were killed, demonstrated that this one VPC adopted a 1° fate.
When the AC and all but two VPCs were killed one VPC adopted a 1° fate and
the other a 2° fate. This suggested that there is a signalling event occurring
between adjacent VPCs that either inhibits a VPC from adopting the 1° fate or
instructs a VPC to adopt the 2° fate (Sternberg, 1988).

Worms mutant for the gene l in-12  show defects in the VPC fate
specifications. In mutants that lack lin-12 activity, the VPCs never adopt 2°
fates and in mutants that have excessive levels of lin-12 all VPCs adopt the 2°
fate (Greenwald et al., 1983). This suggests that lin-12 is required for the
specification of the 2° fate. LIN-12 is a founding member of the LIN-12/Notch
family of proteins and it is thought that LIN-12 acts as a receptor for the lateral
signalling event (Yochem et al., 1988). The ligand for LIN-12 in VPC fate
specification has not yet been identified.

3.4 Inhibitory signalling

Genetic mosaic experiments with the gene lin-15 suggest that a signal from
the hypoderm inhibits the expression of vulval fates. Reduction of lin-15
activity in hyp7 in animals where the VPCs were wild-type led to a Muv
phenotype (Herman and Hedgecock, 1990). The lin-15 locus contains two genes
that belong to the SynMuv family (Clark et al., 1994). In this family of genes a
Muv phenotype is only visible if mutations in two different genes are combined.
Several SynMuv mutants have now been identified and these fall into either of
two classes: A or B. It is only a combination between class A and class B
mutants that give rise to a Muv phenotype. Several of the class B SynMuv
genes have been identified to be counterparts of the Rb tumor suppressor and
the NuRD (nucleosome remodeling and histone deacetylation) complex, which
have been implicated in transcriptional repression (Brehm et al., 1998; Luo et
al., 1998). It has therefore been suggested that the C. elegans SynMuv B genes
might have a function in repressing vulva specific gene transcription (For
review see Fay and Han, 2000).



24

3.5 A model for the order of signalling events in vulva induction

At least four separate signalling events have now been suggested to occur
during VPC fate specification. Somehow these signalling events must interplay
for the proper fates to be specified. A model is proposed for how this occurs
(Fig. 7). Presently however, a detailed understanding of how these different
signalling pathways interact is lacking.

Figure 7. Cell signalling events during wild-type vulval development. Inductive
signalling: The AC signals to the cell P6.p (and possibly P5.p and P7.p) and induces it
(them) to adopt vulval fates. The signal is mediated by the RTK/Ras/MAP kinase
pathway. Lateral signalling: Induction causes P6.p (and possibly P5.p and P7.p) to
express a ligand for LIN-12/Notch. Inhibitory signalling: An inhibitory signal from
hyp7 is thought to inhibit the VPCs from adopting vulval fates. WNT signalling is
involved in inducing vulval fates but is not included in the figure since how the
signalling is placed in a model is not presently very well understood.

A signal from hyp7 is thought to inhibit the VPCs from adopting vulval
fates. The inductive signal, LIN-3, from the AC allows P6.p (and perhaps P5.p
and P7.p) to overcome this inhibitory signal and induces it to adopt the 1° fate.
The lateral signal is required for the specification of the 2° fate that P5.p and
P7.p adopt. It has also been shown that the WNT signalling pathway is involved
in inducing vulval fates but exactly how WNT signalling is placed in a model is
not very clear.

It is still not known whether the induction from the AC occurs in a graded or
sequential manner. In the graded model it has been proposed that the LIN-3
signal acts as a morphogen and induces VPCs depending on the level of LIN-3
they receive. This model suggests that the cell P6.p that is closest to the AC
receives most of the LIN-3 signal and adopts the 1° fate. The cells P5.p and
P7.p are located further away from the AC. They receive less signal and
therefore adopt 2° fates. The cells P3.p, P4.p and P8.p are too far from the AC
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to receive enough signal to be induced and therefore adopt 3° fates (Sternberg
and Horvitz, 1986).

The sequential model of induction suggests that the AC signals only to P6.p
and induces it to adopt a 1° fate. This induced cell is then capable of inducing
its neighbouring cells to adopt 2° fates via the lateral signalling pathway (Koga
and Ohshima, 1995; Simske and Kim, 1995).

It is not known which model most accurately describes the events in wild-
type worms. However, it is possible that a combination of these two models
reflects the situation in vivo. Perhaps there is a basal secretion of the AC signal
to the cells P5.p, P6.p and P7.p, but for the correct cell fates to be specified the
cell P6.p needs to be specifically induced to adopt the 1° fate in order in turn, to
induce its neighbours to adopt the 2° fate.

4. Other roles for let-60 Ras in C. elegans development

Ras has been extensively studied in a variety of model organisms and found
to be involved in several developmental processes including cell proliferation,
cell differentiation, cell migration and cell fate specification. Interestingly, in C.
elegans let-60 Ras has not been found to have a function in cell proliferation.
Instead it plays a major role in specific cell fate determination events.

As mentioned, the most extensively studied process involving let-60 Ras in
C. elegans is the induction of the vulva. Besides this role, let-60 Ras has also
been found to participate in several other processes in C. elegans, for example
P12 cell fate specification (Jiang and Sternberg, 1998) and excretory duct cell
fate specification (Yochem et al., 1997). In males, let-60 Ras has been shown to
be required for the generation of the tail (Chamberlin and Sternberg, 1994) and
for the correct fate specification of cells in the preanal equivalence group (P.
Sternberg, personal communication).

Besides these cell fate specification events, let-60 Ras is also required for
exit of germ cells from pachytene stage of meiosis (Church et al., 1995), and
positioning of the sex myoblasts, which are the progenitors of the sex muscles
in the C. elegans hermaphrodite (Sundaram et al., 1996).

Some of these Ras-mediated events will be described more thoroughly here
below, since this thesis describes the analysis of the effects that mutations in the
genes lin-25, sur-2 and lin-1 have on these events.

4.1 P12 cell fate specification

The cells P11 and P12 are the two most posterior ventral cord precursor
cells. During the early L1 stage, before the P cells have migrated to the ventral
cord, these two cells form a small equivalence group. Both of the cells have the
potential to adopt the P12 cell fate. If one of these cells is ablated the remaining
one always adopts the P12 fate and therefore it is considered to be the 1° fate
and P11 the 2° fate. In wild-type worms the anterior cell adopts the P11 fate and
the posterior the P12 fate. These fates differ in their cell lineages.



26

Loss-of-function mutations in let-60 and other positive regulators of the
RTK/Ras/MAP kinase pathway give rise to defects in the P12 cell fate
specification (Jiang and Sternberg, 1998). A cell fate transformation occurs
such that both cells adopt the P11 cell fate. Conversely, some mutations that
cause a Muv phenotype in vulva induction, such as loss-of-function mutations
in lin-15 and gain-of-function mutations in let-60, cause the opposite fate
transformations: both cells adopt the P11 fate.

4.2 Excretory duct cell fate specification

Null mutations in let-60 and other genes functioning upstream of MAP
kinase in the RTK/Ras/MAP kinase pathway lead to lethality. The larvae die at
an early larval stage with a fluid-filled rod-like morphology. Mosaic analysis
has shown that the focus of let-60 lethality is in progenitors of a single cell
involved in the osmotic regulation of the worm (Yochem et al., 1997), the
excretory duct cell (EDC). Two cells in the worm are capable of adopting the
EDC fate although in wild-type worms only one does so (Fig. 8). In worms
harbouring a null mutation in let-60, neither of these cells adopt the EDC fate,
the excretory duct is not generated and the larvae die. Conversely, in let-60
gain-of-function mutants both of these cells adopt the EDC fate resulting in two
duct cells, which do not affect the viability of the worm.

Figure 8. Requirement of let-60 Ras for the generation of the duct cell. (A) In wild-type
worms two cells are capable of adopting the EDC fate, although only one normally does
so. (B) In worms lacking let-60 no EDC is generated and the worm dies. Instead two G1
cells are formed. (C) In worms over-expressing let-60 Ras two EDCs are formed.

4.3 Germ cell development

The gonad in hermaphrodites consists of two U-shaped arms that exhibit a
distal to proximal polarity (Fig. 9). Oocyte maturation occurs all along the
gonad arm. The distal part of the gonad is the mitotic region where the germ
cells divide mitotically. A cell at the most distal part of the gonad, the distal tip
cell (DTC), is responsible for this mitotic division. When cells move more
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proximal, further away from the DTC, they enter meiosis and thereafter remain
in the pachytene stage of meiotic prophase I for an extended period. When the
cells reach the gonadal flexure they exit the pachytene stage and progress to
diakinesis. The oocytes do not complete their meiotic divisions until after
ovulation and fertilization have occurred.

Three genes in the RTK/Ras/MAP kinase pathway, let-60, mek-2 and mpk-1,
have been shown to be required for germ cells to exit the pachytene stage
(Church et al., 1995). Mutations in these genes result in a pachytene arrest
phenotype and sterility. Sterility is defined as the inability to produce embryos.
The signal, the receptor as well as targets downstream of mpk-1 are presently
unknown.

Figure 9. Schematic drawing of germ cell development in the C. elegans
hermaphrodite. The gonad consists of two U-shaped arms that exhibit a distal to
proximal polarity. The oocyte maturation occurs all along the gonad arm. At the most
distal part of the gonad the DTC is located. It signals to the oocytes to divide
mitotically. When the oocytes move further away they enter meiosis. They remain in the
pachytene stage of meiosis until the gonad flexure and eventually arrest at diakinesis. At
the most proximal part of the gonad the spermathica is located. It contains the sperm
that fertilize the oocytes.

4.4 Ras-mediated cell fate specifications in the C. elegans male

C. elegans males have at their tail structures called spicules that are used for
mating. They localise, and transfer sperm to the hermaphrodite vulva. A male
specific cell, B, is the progenitor of the cells that form the spicules. The anterior
daughter of the B cell gives rise to four pairs of cells, aa, pp, ap and pa (Fig.
10). For each of these four pairs of cells, in wild-type, there is an anterior and a
posterior fate. Two other cells, F and U have been shown, by laser ablation
experiments, to promote the anterior fates (Chamberlin and Sternberg, 1993).
Several genes in the RTK/Ras/Map kinase pathway are involved in the
development of the spicules. Mutations in these genes cause the spicules to be
defective and this is due to a cell fate transformation where the fates of the
anterior cells are incorrectly specified. Sometimes the anterior cells adopt the
posterior fates. It is thought that a signal from the F and U cells promotes the
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anterior fates by activating the RTK/Ras/MAP kinase pathway (Chamberlin and
Sternberg, 1994).

Another equivalence group involving let-60 Ras exists at the posterior part
of the male ventral cord and consists of three cells in the preanal ganglion
(PAG). In wild-type worms these cells, P9.p, P10.p and P11.p, adopt different
fates: 3°, 2° and 1° fates, respectively (these fates are different from the fates in
the vulva). P10.p generates cells that form the hook, a structure used in mating;
P11.p generates the hook hypodermis and neurons; P9.p divides once (or
sometimes not at all) to generate cells that become part of the ventral
hypodermis. let-60 Ras is involved in the fate specification of these cells. A
gain-of-function mutation in let-60 causes the cell P9.p, which normally is not
induced, to be so. It either adopts a 1° or a 2°  fate (P. Sternberg, personal
communication).

Figure 10. Schematic view of the positions of the four B cell descendant pairs of cells
aa, ap, pa, pp in the male tail. Half of the cells adopt anterior fates and half of the cells
adopt posterior fates. Anterior is to the left and posterior to the right. The signals from
the cells F and U, which are thought to promote anterior fates are indicated by arrows.
Modified from Chamberlin and Sternberg, 1994.

5. The Mediator complex

Mediator is a multiprotein complex required for transcription. Mediator was
first identified in extracts from the yeast Saccaromyces cerevisiae. In vitro
analysis of a yeast transcription system containing RNA polymerase II, general
transcription factors and activators revealed that these components were not
sufficient to activate transcription. However, addition of crude yeast extract
activated transcription and the activity was termed Mediator (Flanagan et al.,
1991; Kelleher et al., 1990). Mediator was purified and shown to consist of
about 20 proteins (with the precise number depending on purification method).
The complex can either associate with RNA polymerase II, referred to as a
holoenzyme, or can also remain unassociated to the RNA polymerase II (Kim et
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al., 1994; Myers et al., 1998). Many of the proteins in the Mediator complex
had previously been identified in several genetic screens for mutations affecting
yeast RNA polymerase II transcription. The Mediator complex plays an
important role both for activation and repression of transcription. It regulates
transcription by binding to the C-terminal domain of RNA polymerase II to
form a holoenzyme, where it mediates signals from transcriptional effectors to
the basal transcription machinery (For review see Bjorklund et al., 2001;
Gustafsson and Samuelsson, 2001; Myers and Kornberg, 2000). Mediator has
now been identified in many eukaryotes, such as C. elegans, Drosophila, mouse
and human (Jiang et al., 1998; Kwon et al., 1999; Park et al., 2001; for review
see Boube et al., 2002; Rachez and Freedman, 2001). Most of the proteins in
these Mediator complexes have been found to have homologues in the yeast
Mediator, although in many cases the sequence homology is very weak. Thus,
the Mediator complex appears to be evolutionary conserved suggesting that the
mechanisms of transcriptional regulation are similar between yeast and man
(Boube et al., 2002). In C. elegans around 18 homologues to the yeast Mediator
subunits have been identified (Boube et al., 2002; Han et al., 1999; Kwon et al.,
1999; Ryu et al., 1999; Zhang and Emmons, 2000).

RATIONAL FOR THE EXPERIMENTS

As a step towards understanding the events occurring downstream of the
RTK/Ras/MAP kinase pathway, we have studied three genes, lin-25, sur-2 and
lin-1, that function genetically downstream of let-60 and mpk-1 during vulva
induction. We have analysed the effects of mutations of these genes on various
Ras-mediated cell fate specification events. Furthermore, we have investigated
the relationship between lin-25 and sur-2 since they display very similar mutant
phenotypes (Ferguson et al., 1987; Singh and Han, 1995; Tuck and Greenwald,
1995). Based on these similarities, and the finding that a human homologue of
sur-2 exists that associates with the transcriptional regulator Mediator (Boyer et
al., 1999; Wang et al., 2001), we have investigated the connection between
LIN-25, SUR-2, Ras signalling and the Mediator complex in C. elegans.
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RESULTS

Summary

The major part of this thesis concerns work on the gene lin-25. Results
presented here, show that lin-25 functions in the VPCs themselves for proper
vulva induction (Paper I). Besides its function in vulva induction lin-25 is also
shown to function in several other Ras-mediated events in C. elegans (Paper II).
The gene sur-2 has previously been found to display a similar mutant phenotype
during vulva induction as lin-25 (Ferguson et al., 1987; Singh and Han, 1995;
Tuck and Greenwald, 1995). sur-2 is also shown to display similar mutant
phenotypes as lin-25 in other Ras-mediated cell fate specification events (Paper
II). Genetic and immunological experiments reveal that LIN-25 and SUR-2
most likely function together in the same process in the cell (Paper I, II and III).

LIN-25 is shown to associate with Mediator. Furthermore, LIN-25 protein-
levels are shown to be reduced in certain Mediator mutants (Paper III). These
results raise the possibility that LIN-25 is involved in transcriptional regulation.
Investigation of the function of lin-25 in other signalling pathways such as:
LIN-12/Notch, WNT and Insulin-like signalling, suggest that lin-25 functions
predominantly in Ras signalling (Paper III). lin-25 is not involved in
transcription in general, instead lin-25 might function to regulate transcription
of Ras-responsive genes (Paper III).

Investigation of the gene lin-1 demonstrate that it functions in several of the
Ras-mediated events in C. elegans, and the spectrum of events affected by lin-1
mutations are similar to those affected by mutations in lin-25 and sur-2 (Paper
IV) .

Furthermore, investigation of how specificity is generated in different
equivalence groups, suggest that the RTK/Ras/MAP kinase signalling pathway
functions to a large extent indirectly to specify different cell fates (Paper IV).

These results, upon which this thesis is based on, are described more in
detail and then discussed below.

6. lin-25 has a major focus in the VPCs

lin-25 is required for proper vulva induction. To investigate whether lin-25
functions in the VPCs themselves or if lin-25 functions in other cells that could
affect vulval fate specification, a genetic mosaic analysis was performed. A
strain was used in which both chromosomal copies of lin-25 were mutant. The
mutations were balanced by a chromosomal duplication containing a wild-type
copy of the gene. Occasionally, during mitosis this duplication is lost and the
cells that have lost the duplication are mutant for lin-25. By using different
genetic markers it is possible to establish in which cells the duplication has been
lost. The vulva lineages were analysed in worms that had lost the duplication in
different embryonic founder cells and their descendants (Paper I. Table 2 and
Fig 2). The only worms that had abnormal vulva lineages were those that had
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lost the duplication in AB or ABp, progenitors of the VPCs. This suggests that a
major focus for lin-25 is in the VPCs.

AB and ABp also give rise to several other cells and to examine further if
lin-25 functions in the VPCs, lin-25 was expressed in the VPCs prior and during
vulva induction using a tissue-specific promoter from the lin-12 gene. The only
cells from AB that express lin-12 after the L1 stage are the VPCs. Expression of
the lin-12::lin-25 transgene in worms mutant for lin-25 efficiently rescued the
vulva lineage defects, which suggest that expression of lin-25 in the VPCs only,
is sufficient for wild-type VPC fate specification (Paper I).

Taken together, lin-25 has a major focus in the VPCs although lin-25 in
other cells might also contribute to VPC fate specification.

7. Effects of lin-25 mutations in other let-60 Ras-mediated events

Two models have been proposed for how lin-25 might function during vulva
fate specification. In one model lin-25 is suggested to be required early for the
specification of VPC identity, for example by acting as a cofactor for LIN-39.
Reduction-of-function mutations in lin-39 cause a vulval phenotype similar to
that caused by lin-25 mutations, indicating that lin-39 and lin-25 might function
together in this process. In the other model lin-25 is suggested to be required in
the VPCs as a target of, or as part of the RTK/Ras/MAP kinase signalling
pathway.

As mentioned in the introduction, let-60 Ras is involved in several different
signalling events during C. elegans development. To be able to distinguish
between the two models proposed for lin-25 and to understand the function of
lin-25 better, we investigated if lin-25 also had a role in these other Ras-
mediated processes. If lin-25 had a function in other let-60 Ras-mediated events
that do not require lin-39 then it could be excluded that the only function for lin-
25 was to act as a co-factor for LIN-39 in the specification of the VPCs. To
investigate if this were the case, we examined the effects that mutations in lin-
25 had on various cell fate specification events requiring let-60 Ras but that do
not require lin-39 (see sections 4.1-4.4).

A null mutation in lin-25 caused a P12 to P11 cell fate transformation at a
low penetrance. lin-25(0) also suppressed the opposite cell fate transformation
(P11 to P12) observed in worms mutant for lin-15 (Paper II. Table 1 and Fig.
1A and B). Furthermore, non-null alleles of lin-25, which cause no P12 to P11
cell fate transformations on their own, enhanced the penetrance of the P12 to
P11 cell fate transformations caused by weak hypomorphic let-23 mutations.
These results demonstrate that lin-25 is involved in the specification of the P12
cell fate.

It was also found that a null mutation in lin-25 is able to suppress the two
duct cell phenotype of let-60(n1046gf) suggesting that lin-25 is required for the
induction of the duct cell fate. Furthermore, mutations in lin-25 were able to
enhance the penetrance of lethality in worms harbouring weak reduction-of-
function mutations in let-23 and let-60. The worms died in the L1 stage with a
fluid-filled morphology, characteristic of the let-60 and let-23 mutant
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phenotypes, suggesting that lin-25 functions in the EDC fate specification
(Paper II).

It has been observed that lin-25 mutant males sometimes have defects in
their spicules (H. Chamberlin, P. Sternberg, personal communication). They
appear to be short and crumpled, similar to those seen in mutants where the
RTK/Ras/MAP kinase pathway is compromised. The spicules in lin-25 null
mutant males were analysed and it was found that the spicules were short and
crumpled in 74% of the animals (Paper II. Fig. 1C and D). Furthermore, the
lineages of the cells Bα  and Bγ (anterior daughters of the cells Baa and Bpp
respectively), which form parts of the spicule, were analysed in lin-25 null
mutant worms. Null mutations in lin-25 gave rise to a partial cell fate
transformation towards the posterior fate. This is consistent with the defects
seen in mutants that partially reduce the RTK/Ras/MAP kinase pathway
(Chamberlin and Sternberg, 1994). The results demonstrate that lin-25 is
involved in the specification of the anterior fates of at least some descendants
from the B cell.

The effects of lin-25 mutations on the fates of the cells in the preanal
ganglion equivalence group were examined. lin-25 null mutations had on their
own no effect on the fates of the cells in the PAG. However, the null mutation
in lin-25 was able to suppress the induction of P9.p seen in a lin-15 loss-of-
function mutant.

In a non-null allele of let-60, s1155, the germ cells are delayed in their exit
from the pachytene stage of prophase I but not completely blocked. We wanted
to examine if a null mutation in lin-25(ar90) could enhance this phenotype and
prevent germ cells from exiting the pachytene stage at all. This is what happens
in strong loss-of-function mutations of let-60 (Church et al., 1995). A null
mutation in lin-25 was not able to cause this block in germ cell development.
The lin-25(ar90); let-60(s1155) double mutant exhibited the same phenotype as
the let-60(s1155) single mutant (Paper II). Thus, lin-25 may not function in exit
of germ cells from pachytene.

Taken together, it appears as if lin-25 functions in a majority of Ras-
mediated events in C. elegans, but perhaps not in all.

8. LIN-25 and SUR-2 probably function in the same process in the cell

Mutations in lin-25 or sur-2 give rise to strikingly similar phenotypes during
vulva development (Singh and Han, 1995; Tuck and Greenwald, 1995).
Therefore we were interested in further investigating the relationships between
these genes to better understand their functions. This was done by performing
both genetic and biochemical experiments.

8.1 lin-25 and sur-2 are not functionally redundant

Analysis of the vulva lineages of a double mutant harbouring null mutations
in both lin-25 and sur-2 revealed that the phenotype of the double mutant sur-
2(ku9); lin-25 (ar90) is similar to those in each of the single mutants (Paper I.
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Table 1). As in the single mutants, the cell P6.p is induced but adopts a hybrid
cell fate and the cells P5.p and P7.p usually fail to be induced and instead adopt
the 3° fate. Also, there are similarities between the double mutant and the single
mutants regarding the less penetrant phenotypes seen in the single mutants, such
as lethality, sterility and precocious Pn.p division. The fact that there is no
enhancement of the phenotypes in the double mutant compared to each of the
single mutants suggest that there is no partial redundancy between the genes
which might otherwise have explained the incomplete expressivity of the Vul
phenotype in lin-25 and sur-2 null mutants. The simplest interpretation of the
double mutant phenotype is that lin-25 and sur-2 function on the same branch of
the genetic pathway.

8.2 LIN-25 protein levels are reduced in sur-2 mutant worms

Western blot analysis with antisera against LIN-25 shows that LIN-25
protein levels are reduced in worms mutant for sur-2 compared to LIN-25 levels
in wild-type worms (Paper I. Fig. 3; Paper III. Fig. 1). This reduction is
observed in all the sur-2 alleles examined, showing that the reduction is not
allele specific. However, the reduction of LIN-25 protein levels is not observed
in other mutants of the Ras/MAP kinase signalling pathway, suggesting that the
reduction observed is not due to the lack of cells that express LIN-25 (worms
harbouring mutations in sur-2 and worms harbouring loss-of-function mutations
in other positive regulators of the Ras/MAP kinase pathway contain fewer vulva
cells). Furthermore, Western blot analysis of sur-2 mutant worms at stages
before the VPCs had divided showed reduced LIN-25 protein levels, which
supports the idea that it is not the absence of VPC descendants that cause the
reduction of LIN-25 protein levels. Instead it appears as if this is an effect of
sur-2 mutations on LIN-25 protein accumulation in some or all cells.

One explanation for these results could be that sur-2 is required for the
efficient transcription of lin-25. Northern blot analysis was performed on sur-2
mutant worms and wild-type worms using lin-25 as a probe. The result suggests
that SUR-2 is not required for transcription of lin-25, since lin-25 mRNA levels
are the same in worms mutant for sur-2 as those in wild-type (Paper I. Fig. 4B).
Another possibility could be that sur-2 is required for the translation or the
stability of LIN-25.

8.3 LIN-25 cannot bypass the need for SUR-2

If LIN-25 and SUR-2 are part of a protein complex or depend in some other
way on each other, then over-expression of LIN-25 would not substitute for the
absence of SUR-2. Over-expression of lin-25 from a full-length lin-25 cDNA
under the control of a heat-shock promoter, or over-expression of lin-25 from an
integrated array was not able to rescue the sur-2 mutant phenotype. The heat-
shock lin-25 construct is able to rescue both the vulva lineage defects and the
egg-laying defects of the majority of lin-25 null mutant worms and the strain
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over-expressing lin-25 (svIs1) has wild-type vulva lineages (Paper I. Tables 1
and 3).

These results demonstrate that over-expression of LIN-25 cannot bypass the
need for SUR-2. Together with the other results, this suggests that LIN-25 and
SUR-2 function in the same process in the cell.

8.4 Mutations in sur-2 affect the same Ras-mediated events as mutations in
lin-25

We wanted to investigate if null mutations in sur-2 could give rise to the
same spectrum of phenotypes as that seen in lin-25 mutants.

A null mutation in sur-2 caused a defect in the specification of the P12 cell
in hermaphrodites such that a cell fate transformation occurred from the P12
cell fate to the P11 fate (Paper II. Table 1). Similar to that seen in lin-25 null
mutants, this cell fate transformation was only seen at a low penetrance.

53% of the sur-2 mutant worms had crumpled spicules (Paper II), and from
experiments carried out by others it is known that sur-2 mutants exhibit partial
cell fate transformations of cells in the male tail that will give rise to part of the
spicules (Chamberlin and Sternberg unpublished results, cited in Singh and
Han, 1995).

Furthermore, sur-2 mutants are able to suppress the phenotype of having two
excretory duct cells, observed in worms harbouring a let-60(gf) mutation.
Similar to lin-25 mutants, no effect on germs cells exiting the pachytene stage
of prophase in meiosis I was observed in sur-2 mutants (Paper II).

Clearly, mutations in sur-2 have effects in the same cell fate specification
events as do mutations in lin-25. Interestingly, it appears as if the penetrances of
the defects in each of the mutants are approximately the same for the two genes,
both regarding vulva induction and the other cell fate specification events.
Taken together, these experiments further support the idea that LIN-25 and
SUR-2 function together in C. elegans development.

9. LIN-25 associates with the Mediator complex

A human homologue of sur-2 has been identified and found to associate with
the Mediator complex (Boyer et al., 1999; Wang et al., 2001). Because of our
results concerning LIN-25 and SUR-2 in C. elegans, and the finding that the
human homologue of SUR-2 associates with the Mediator complex, we were
interested in investigating the connection between lin-25 and the Mediator
complex in C. elegans. We investigated the LIN-25 protein levels in certain
Mediator mutants and found that LIN-25 protein levels are reduced in worms
mutant for dpy-22/sop-1 and let-425 (Paper III, Fig. 2A and B). dpy-22/sop-1 is
homologous to the human Mediator component TRAP230; let-425 is
homologous to Med6, one of the core Mediator components. To investigate if
this reduction was at the transcriptional level, Northern blot analysis was
performed to compare lin-25 mRNA levels between wild-type worms and
worms mutant for dpy-22/sop-1. The results indicate that there are no great
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differences in lin-25 mRNA levels between wild-type worms and dpy-22
mutant worms suggesting that the reduction observed is not due to less
transcription of lin-25 in dpy-22 mutant worms (Paper III. Fig. 2C) Rather, we
think that it is the stability of the LIN-25 protein that is affected in these mutant
worms.

These results raise the possibility that LIN-25 associates with the Mediator
complex. To test this idea, immunoprecipitation experiments using antibodies
against the C. elegans Mediator proteins Med6, Med7, Med10 and Srb7 (a kind
gift from Y.J. Kim, Sungkyunkwan University School of Medicine, Korea)
were performed. LIN-25 was found to co-precipitate with Med6 and Med10
showing that LIN-25 associates with the Mediator complex. No LIN-25 protein
was observed in the control samples, which lacked precipitating antibodies,
showing that the precipitation with Med6 and Med10 is specific (Paper III. Fig.
3).

10. Effects of lin-25 mutations on various signalling events

The results described above demonstrate that LIN-25 associates with the
Mediator complex. Since the Mediator complex in yeast is required for
transcription, one hypothesis is that LIN-25 is involved in regulating
transcription together with the Mediator complex in C. elegans. Mediator in
yeast has been suggested to be required for all regulated transcription. Results
presented here show that lin-25 functions in several cell fate specification
events requiring Ras signalling (Section 7). This might indicate that lin-25 is not
involved in transcription in general. Instead lin-25 might function to regulate
transcription of genes responsive to Ras-signalling. To further investigate this
possibility, we examined if lin-25 has a function in other signalling pathways
such as LIN-12/Notch, WNT and Insulin-like signalling, by analysing if
mutations in lin-25 could enhance the phenotypes of hypomorphic mutations in
genes encoding components of the different pathways. (Paper III. Tables 1 and
2).

glp-1 encodes a transmembrane receptor closely related to LIN-12/Notch
that functions in signalling in the early blastomeres in the C. elegans embryos
(Priess et al., 1987). Loss-of-function mutations in glp-1 cause embryonic
lethality. Mutations in lin-25 were not able to enhance the lethal phenotype
associated with a temperature sensitive allele of glp-1, e2142ts, at semi-
permissive temperatures (15°C or 20°C) (Paper III. Table 1).

One of the components mediating WNT signalling that specifies anterior-
posterior fates between sister cells in the embryo is encoded by lit-1 (Kaletta et
al., 1997). Embryos lacking lit-1 activity fail to hatch. The partially penetrant
lethal phenotype of the temperature sensitive allele lit-1(t1512ts), was at the
semi-permissive temperature (15°C) not enhanced by mutations in lin-25 (Paper
III . Table 1). Furthermore, analysis of the vulva lineages in a double mutant
between lin-25(0) and bar-1(0) (bar-1 encodes a ß-catenin related protein,
functioning in WNT signalling (Eisenmann et al., 1998)), revealed that there
was an enhancement of the vulval phenotype in the double mutant compared to
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the single mutants (Paper III. Table 3). This is consistent with the two genes
functioning separately in vulval induction.

The insulin receptor homologue in C. elegans is encoded by daf-2 (Kimura
et al., 1997). When food supply is limited or when population density is high, C.
elegans enters the dauer state, which is characterised by thinness and growth
arrest. daf-2 has been shown to be involved in the decision to enter dauer. daf-
2(e1370ts) is a temperature sensitive mutation; at 25°C all mutants enter dauer
but at 20°C only 6% do so. Mutations in lin-25 did not significantly enhance the
dauer phenotype of daf-2(e1370ts) mutant worms at 20°C (Paper III. Table 2).

Taken together, these results suggest that lin-25 does not function in LIN-
12/Notch, WNT or Insulin-like signalling (Paper III).

To further investigate if lin-25 is involved in transcription more generally,
the expression patterns of various GFP-markers were investigated in lin-25 (and
sur-2) mutant backgrounds. These markers are expressed in various tissues and
cell types in C. elegans including seam cells, neurons, germ cells and vulval
cells (Paper III. Table 4). The only differences in expression intensity that was
observed was with the zmp-1::gfp marker which is expressed in certain cells of
the vulva (Inoue et al., 2002), as well as in many other cells. In lin-25 and sur-2
mutant backgrounds the expression was significantly reduced in the vulva cells,
but not the other cells, which is consistent with the requirement of lin-25 and
sur-2 in vulva induction.

11. Effects of lin-1 mutations in several let-60 Ras-mediated events

lin-1 is a downstream target of the Ras signalling pathway during vulva
induction and is a negative regulator of vulval fates (Beitel et al., 1995; Jacobs
et al., 1998; Tan et al., 1998). It has been suggested that lin-1 functions
downstream of let-60 Ras in several Ras-mediated cell fate specification events
besides vulva induction. However, a more detailed investigation of the function
of lin-1 in the different Ras mediated cell fate specification events has been
missing. Interestingly, it has been reported that in mouse embryonic stem cells a
sur-2 knock-out prevents activation by the MAP kinase-regulated Ets
transcription factor Elk-1, but not by several other transcription factors,
suggesting that activation by Elk-1 requires sur-2 in order to recruit Mediator
(Stevens et al., 2002). Therefore, in the light of our results regarding Mediator,
we were interested in analysing the effects that mutations in the Ets-gene lin-1
have on various Ras-mediated cell fate specification events in C. elegans, in
order to learn more about the events occurring downstream of the Ras/MAP
kinase pathway.

The effect on the P12 cell fate specification was examined in different
homozygous lin-1 mutations. Presumed null alleles, temperature sensitive
alleles or gain-of-function alleles of lin-1 did not have any effects on the P12
fate specification (Paper IV. Table 1). However, although these mutations on
their own were not sufficient to cause cell fate transformations it appears as if
lin-1 has a function in these cells. A hypomorphic mutation in lin-1, e1275, is
able to suppress the 2 P11 phenotype seen in a loss-of-function mutation in let-
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23 RTK. Furthermore, a lin-1 gain-of-function mutation, n1790, is able to
suppress the 2 P12 phenotype observed in lin-15 loss-of-function mutants
(Paper IV. Table 1). These results are consistent with a negative function for
lin-1 in the P12 cell fate specification.

lin-1 loss-of-function mutations are able to suppress the lethality associated
with let-60 Ras loss-of-function mutations, suggesting that lin-1 functions
negatively downstream of let-60 in specifying the EDC (Paper IV. See section
4.2). Consistent with these findings, lin-1 loss-of-function mutations often
displayed a 2 EDC phenotype similar to a let-60(gf) mutation (Paper IV. Table
2). Furthermore, a gain-of-function mutation in lin-1, n1790, is able to suppress
the 2 EDC phenotype in let-60(gf) mutant worms (Paper IV. Table 2). These
results suggest that lin-1 functions downstream of let-60 Ras in EDC fate
specification and that lin-1 functions negatively to regulate this fate.

Since the let-60 Ras pathway appears to have a function in specifying the
fates of the cells in the PAG equivalence group in males (See section 4.4) the
lineages of P9.p, P10.p and P11.p were followed in lin-1(lf) mutant worms. The
lineages of P10.p and P11.p were wild-type whereas P9.p was often induced to
adopt a fate resembling either the P10.p or the P11.p lineage, suggesting that
lin-1 might have a role in negatively regulating the PAG fate specification
(Paper IV).

Taken together, these results demonstrate that lin-1 functions in several Ras-
mediated cell fate specification events and that lin-1 has a negative function in
the events described above, consistent with the negative function of lin-1
previously observed for VPC fate specification. Interestingly, the different
events affected by lin-1 mutations are the same as those in lin-25 and sur-2
mutants, which might suggest that these genes function together.

12. Investigation of the specificity of the let-60 Ras pathway

A major question in animal development is how specificity in response to
cell signalling pathways is generated. In the sections above, several different
specification events have been described that are mediated by the same
signalling pathway. How can the same pathway specify different, distinct cell
fates? One possibility could be that the pathway itself determines the
specificity. That is, the activity of the pathway is responsible for the
specification, for example by phosphorylating different targets in different cells
that then account for the specific outcome. Alternatively, the cell harbours
inborn determinants that function to directly generate specificity, independently
of the activity of the pathway. To investigate this question, we examined
specificity in worms lacking let-23 RTK and let-60 Ras activity. The genetic
mosaic analysis that was performed on let-60 revealed that the lethal focus of
let-60 was in the EDC (Yochem et al., 1997). lin-1(lf) mutations are able to
rescue the lethality of let-60(0) (Paper IV), which suggest that loss-of-function
mutations in lin-1 are able to specify a functional EDC even in the absence of
Ras signalling. Consistent with this suggestion, lin-1(lf) let-60(0) and let-23(0);
lin-1(lf) contains at least one duct cell (Paper IV). Some of the other Ras-
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mediated fates in which lin-1 has a function (Section 11), were investigated in
lin-1(lf); let-60(0) and let-23(0); lin-1(lf) double mutant animals.

The vulval lineages were analysed in lin-1(lf) let-60(0) and let-23(0); lin-
1(lf) double mutants and revealed that P6.p was able to adopt a 1° fate (by
morphological criteria) even in the absence of let-23 RTK or let-60 Ras activity
(Paper IV. Table 4). Furthermore, in the male PAG the cell P9.p was often
induced in lin-1(lf); let-60(0) double mutant animals and generated an ectopic
rudimentary hook (Paper IV. Figure 5). These results suggest that at least for
some Ras-mediated cell fate specification events, let-60 Ras itself is not
required for specification in a lin-1(lf) mutant background. To exclude the
possibility that residual MPK-1 activity present even in the absence of let-60
Ras or let-23 RTK causes the different fates to be specified in lin-1(lf) let-60(0)
double mutants, Ras-mediated fates were examined in lin-1(lf) mutant animals
lacking MPK-1 due to mpk-1(RNAi) (Paper IV). In mpk-1(RNAi); lin-1(lf)
worms the VPC P6.p adopted a 1° fate, an EDC was present in these worms and
in the PAG in males P9.p was often induced and generated an ectopic
rudimentary hook, showing that there is no absolute requirement of MPK-1 in
lin-1(lf) mutant worms to specify fates that in wild-type worms require
Ras/MAP kinase signalling (Paper IV. Table 4. Fig. 5). This suggests that the
model in which MAP kinase functions to phosphorylate different proteins in
order to generate specificity probably is too simple and that other proteins and
mechanisms function to generate specificity.

It has previously been suggested that two Hox genes, lin-39 and mab-5, at
least in part determine the specificity of the vulval (in the hermaphrodite) and
PAG (in the male) equivalence groups, respectively (Clandinin et al., 1997;
Maloof and Kenyon, 1998). Ectopic expression of mab-5 in place of lin-39 in
the VPCs causes P6.p to adopt the fate of P11.p in the PAG (Maloof and
Kenyon, 1998). Conversely, if lin-39 is ectopically expressed in place of mab-5
in the cells of PAG, these cells generate vulval lineages (Maloof and Kenyon,
1998).

Two possibilities for how lin-39 and mab-5 could affect cell fates in the
vulval and PAG equivalence groups could be either that they affect cell fates
directly, by directly regulating genes responsible for the execution of the fates
or indirectly, by regulating expression of genes that are specific targets of MPK-
1 MAP kinase. To further investigate how mab-5 when ectopically expressed in
the VPCs can cause P6.p to adopt a 1° PAG fate, mab-5 was ectopically
expressed in the VPCs in place of l in -39  in a lin-1(lf) let-60(0) mutant
background (Paper IV). mab-5 was expressed by heat shocking worms
containing mab-5 under the control of a heat-shock promoter. In the heat
shocked worms, P6.p adopted a fate that generated a lineage resembling that of
P11.p in males, showing that the absence of let-60 did not have an effect on the
ability of mab-5 to change the fate of P6.p (Paper IV. Figure 6). This result
suggests that mab-5 does not only function to promote expression of targets of
MPK-1.
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DISCUSSION

13. LIN-25 in vulva development

lin-25 functions genetically downstream of the Ras/MAP kinase pathway
during vulva development and encodes a protein of unknown biochemical
function (Ferguson et al., 1987; Tuck and Greenwald, 1995). The results of a
genetic mosaic analysis with lin-25 and experiments in which lin-25 was
expressed under the control of a heterologous promoter, together indicate that
lin-25 has a major focus in the VPCs. This is consistent with the LIN-25
expression pattern. Analysis of the LIN-25 expression pattern using anti-LIN-25
antibodies showed that in worms containing multiple copies of lin-25 under the
control of its own promoter, the LIN-25 protein is expressed in all of the VPCs
before they have divided (Paper I. Fig. 5). After their first division the
expression becomes restricted to the cells P5.p, P6.p and P7.p, the cells giving
rise to the vulva, and remains in the descendants of these cells throughout vulva
development. The expression is strongest in the nucleus of the cells, suggesting
that LIN-25 functions in the nucleus.

Since LIN-25 functions and is expressed in the VPCs where the Ras/MAP
kinase signalling pathway functions, and since the LIN-25 protein contains four
putative phosphorylation sites, one possibility could be that LIN-25 is a direct
target of the MAP-kinase MPK-1. However, a lin-25 construct, lin-25 PhD,
where all four putative phosphorylation sites were mutated was able to rescue
the egg-laying defect in lin-25(ar90) mutant worms with almost wild-type
efficiency (Paper II. Fig. 4B). This suggests that C. elegans LIN-25 is not a
direct target of the MAP kinase MPK-1. Consistent with these results was the
observation that in a lin-25 homologue, cloned from the C. elegans relative C.
briggsae, the four phosphorylation sites are not conserved. However, it is still
possible that LIN-25 might be regulated by another protein that is
phosphorylated by MPK-1.

14. lin-25 functions in several events involving let-60 Ras

The results presented here demonstrate that, besides being required for vulva
induction, lin-25 also functions in several other let-60 Ras-mediated events
outside the vulva. The results exclude the possibility that the only function for
LIN-25 is to act as a co-factor for LIN-39 in the specification of the VPCs. It is
possible that LIN-25 might function together with LIN-39 in the specification of
the VPCs but if so, LIN-25 must function together with other proteins in the
other cells in which it is required. However, the cells in which lin-25 has a
function are not related to one another either in lineage or in spatial localisation.
Therefore, we favour the model in which lin-25 functions more intimately with
the RTK/Ras/MAP kinase pathway. Furthermore, we have investigated the
approximate time-point when lin-25 functions during vulva induction by using a
construct where LIN-25 is expressed under the control of a heat-shock
promoter. Heat-shock experiments in which we expressed lin-25 at different
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time points and analysed the vulva lineages, suggest that lin-25 is required just
prior to and during the time when inductive signalling occurs (T. Tiensuu,
unpublished observations). This would argue against a role for lin-25 in the
specification of VPC identity, which occurs much earlier than vulva induction.

It appears that lin-25 may not be involved in all Ras-mediated processes in
C. elegans. For example, no evidence was found for lin-25 being involved in
the let-60 Ras signalling event that causes germ cells to exit pachytene stage.
Also, no function for lin-25 in establishing proper body morphology was
demonstrated (Paper II). In the latter process, let-60 is thought to act
downstream of the FGF receptor homologue EGL-15.

EGL-15 is also required for the migration of a pair of cells called the sex
myoblasts, which are the progenitors of the sex muscles that function in the
contraction of the uterus so that the vulva opens during egg laying (Stern and
Horvitz, 1991; Sulston and Horvitz, 1977). The final positioning of the sex
myoblasts requires let-60 (Sundaram et al., 1996). Mutations in lin-25 do not
affect the sex myoblast migration (M. Sundaram, personal communication).
This might indicate that lin-25 is not involved in let-60-dependent signalling
events functioning downstream of EGL-15 and might indicate that lin-25
functions only downstream of the pathway activated by let-23 RTK.

Interestingly, the null mutant phenotypes of lin-25 in the different let-60
Ras-mediated events are weaker than the phenotypes associated with mutations
in components upstream of mpk-1. This might suggest that the pathway
branches downstream of mpk-1 and removing lin-25 reduces the outcome of
Ras signalling but does not abolish it.

15. LIN-25, SUR-2 and Mediator

LIN-25 and SUR-2 are shown to most likely function in the same process in
the cell (section 8). Therefore it is of great interest that a human homologue of
SUR-2 was identified and found to associate with the Mediator complex (Boyer
et al., 1999; Wang et al., 2001).

15.1 LIN-25 associates with Mediator

LIN-25 was found to associate with the C. elegans Mediator complex
(Section 9). Furthermore, LIN-25 protein levels were reduced in certain
Mediator mutants suggesting that the LIN-25 protein becomes unstable when
components of the complex are absent. This is consistent with the observations
that LIN-25 protein levels are reduced in sur-2 mutant worms. Similar
experiments have not been performed for SUR-2 since reliable antibodies
against SUR-2 do not yet exist. However, homologues of SUR-2 have been
identified in several eukaryotic Mediator complexes (Boube et al., 2002;
Rachez and Freedman, 2001). Therefore it appears likely that SUR-2 associates
with Mediator in C. elegans as well. Surprisingly, mammalian homologues of
LIN-25 have not yet been identified. The only homologue identified so far is in
the closest living relative, the nematode C. briggsae. Although the proteins only
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show 56% homology, C. briggsae lin-25 efficiently rescues the mutant
phenotype in C. elegans lin-25 mutant worms (Paper II). This suggests that lin-
25 is a rapidly diverging gene. Ordinary BLAST searches do not detect any
other homologues. However, comparison between C. briggsae and C. elegans
LIN-25 sequences has identified at least four conserved domains that are
important for LIN-25 function (Paper II). Interestingly, in the partly purified
Mediator complex from sur-2- / - murine embryonic stem cells, two proteins
identified as TRAP/MED95 and 100 are present at reduced levels compared to
wild-type cells (Stevens et al., 2002). Since we observe reduced levels of LIN-
25 in sur-2 mutant worms, it is possible that one of the two mouse proteins
might be a mammalian homologue of LIN-25. Some weak sequence similarities
have been observed between LIN-25 and TRAP95 (S. Tuck, unpublished
observations). However, further analysis will be necessary to determine if these
similarities are significant.

15.2 lin-25 and sur-2 in transcriptional regulation

Ultimately, the endpoint of signalling pathways must involve either
activation or repression of RNA polymerase II at certain promoters in order to
regulate the outcome of the signal, and this presumably occurs by recruitment of
the Mediator complex to the specific promoters. Studies in yeast have revealed
that Mediator is required for all regulated transcription. lin-25 and sur-2
function genetically downstream of the Ras/MAP kinase pathway in several of
the events that require Ras-signalling (Sections 7 and 8.4). Together with the
results that LIN-25 associates with Mediator, and that LIN-25 protein levels are
reduced in certain Mediator mutants, it is natural to speculate that lin-25 and
sur-2 function to regulate transcription in response to Ras signalling. One
possibility could be that LIN-25 functions as a transcription factor. However, in
vitro experiments suggest that LIN-25 does not bind DNA (L. Nilsson and S.
Tuck, unpublished observations). Furthermore, fusion of the transactivating
domain of the transcriptional activator VP16 to LIN-25 does not give rise to
phenotypes associated with a gain-of-function mutation of let-60 Ras (Paper II).
This dominant phenotype has been observed when fusing the DNA binding
proteins LIN-31 and UNC-86 to the activation domain of VP16. The phenotype
is thought to arise from recruitment of the transcription machinery to promoters
regulated by these DNA binding proteins (Sze et al., 1997; Tan et al., 1998).
Although we cannot exclude that LIN-25 functions as a transcription factor
(perhaps the methods used are not sensitive enough to detect DNA binding) it
appears more likely that LIN-25 might function in some other way to regulate
transcription. Analysis of the function of lin-25 in other signalling pathways
suggest that lin-25 does not function in WNT, LIN-12/Notch or Insulin-like
signalling. Furthermore, no differences in expression of various GFP-markers in
lin-25 or sur-2 mutant backgrounds were observed in the majority of markers
examined, suggesting that lin-25 and sur-2 do not have a general role in
transcription. The only difference on the expression intensity was observed with
the zmp-1::gfp marker. This marker is expressed in several cells in the worm
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but the GFP expression was only reduced in the vulval cells. This is consistent
with the requirement of lin-25 and sur-2 in Ras signalling in these cells.
Furthermore, another marker egl-17::gfp (Burdine et al., 1998), which is
expressed in P6.p and its descendants in response to Ras signalling, is not
expressed in P6.p in 43% of worms harbouring lin-25 mutations, suggesting that
lin-25 is required for the efficient expression of egl-17::gfp (Howard and
Sundaram, 2002; L. Nilsson, personal communication). egl-17 is also expressed
in certain neurons that are not affected by Ras signalling. egl-17::gfp expression
was normal in these neurons in lin-25 mutant worms.

Thus, it appears as if lin-25 and sur-2 do not function in transcriptional
regulation in general, instead we favour a model in which lin-25 and sur-2
function to recruit Mediator to promoters that are regulated in response to Ras
signalling (Fig. 11). The model is consistent with the findings that a knock-out
of sur-2 in mouse embryonic stem cells prevents activation by the MAP kinase
regulated ETS transcription factor Elk-1, but not by many other activators
(Stevens et al., 2002). These results might indicate a conserved role for
metazoan SUR-2 in response to Ras/MAP kinase signalling, suggesting that
certain Mediator subunits function in the activation process by interacting with
specific activators.

16. lin-1 in Ras signalling

LIN-1 is an Ets-protein functioning downstream of the Ras/MAP kinase
signalling pathway in vulva induction. To better understand the events
occurring downstream the Ras pathway, we analysed the effects that lin-1
mutations had on various Ras-mediated cell fate specification events (Paper IV).
It was found that mutations in lin-1 affected the same spectrum of events as
mutations in lin-25 and sur-2 indicating that these genes might function together
in regulating the outcome of Ras signalling. Arguing against this idea is the fact
that lin-1 functions negatively to regulate Ras signalling in the majority of
events examined, whereas lin-25 and sur-2 are positive effectors of the
pathway. It is however not yet known in which cells lin-1 functions. Genetic
mosaic analysis, which would give some further insight about the function of
lin-1 at the cellular level, has not yet been possible for technical reasons.
Further genetic and biochemical experiments will be necessary to give a better
understanding about the function of lin-1.

17. Specificity of the Ras pathway

Results described here show that in lin-1 loss-of-function mutant
backgrounds, let-60, let-23 or mpk-1 are not required for specification of fates
(by morphological criteria) that normally require these genes. These findings
suggest that a model in which MPK-1 phosphorylates different target proteins to
determine the specificity, probably is too simple. Instead it appears as if some
inborn determinants contribute directly to the specificity. The cells examined in
let-60(0) lin-1(lf) and let-23(0); lin-1(lf) double mutant animals appear to have
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adopted the appropriate fates by morphological criteria, and at least in some
cases they are clearly functional (Paper IV).

It appears as if specificity might be generated to a significant extent by lin-1
regulating different target genes in different cells. Candidates for such genes are
those in the homeotic cluster, such as lin-39 and mab-5, which are expressed in
different regions of the worm. Consistent with the idea that these genes play key
roles in establishing specificity, it was found that in a lin-1 mutant background,
mab-5 could alter the fates of the VPCs even in the absence of let-60 Ras
activity (Paper IV). It will be interesting to investigate how lin-1 is able to
regulate different genes in different cells in order to understand how specificity
is generated in response to Ras/MAP kinase signalling.

Figure 11. Schematic model for the function of LIN-25 and SUR-2. LIN-25 and SUR-2
function to regulate transcription of Ras responsive genes by recruiting the Mediator
complex to promoters that become activated in response to Ras/MAP kinase signalling.
This process presumably also involves the action of one or more, yet unknown,
transcription factor(s).
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FUTURE PRESPECTIVES

This thesis describes studies of the genes lin-25, sur-2 and lin-1 that all
function genetically downstream of the RTK/Ras/MAP kinase signalling
pathway in C. elegans. The work presented here has given some further insight
into how these genes might act.

The majority of the studies have concerned lin-25. The findings that LIN-25
associates with Mediator and that lin-25 functions intimately in Ras signalling,
suggest that LIN-25 functions as a link between Ras signalling and the Mediator
complex. It would be of great interest to further investigate more precisely how
LIN-25 functions. Further biochemical analysis will be necessary to address this
question. Purification and characterisation of the Mediator complex from C.
elegans and performing transcriptional assays would give some insight about
how transcription is regulated in C. elegans. It would also be of great interest to
perform microarray analysis to investigate which genes become
transcriptionally up-, or down-regulated in lin-25 mutant worms.

In C. elegans it has not yet been demonstrated that SUR-2 associates with
Mediator. However, the genetic similarities with lin-25 and the findings that
mammalian SUR-2 associates with Mediator, suggest that SUR-2 also
associates with Mediator in C. elegans. Further studies will help in determining
the function of sur-2 and its involvement with the Mediator complex.

LIN-1 is a presumed Ets-transcription factor that is thought to be a direct
target of the Ras pathway in C. elegans. It will be necessary to show that LIN-1
regulates target genes. Investigation of how lin-1 functions together with other
factors will help in understanding how specificity of the Ras pathway is
generated and reveal some further insight into the mechanisms of how gene-
expression is regulated in response to Ras signalling.
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CONCLUDING REMARKS

Mutations in components of the RTK/Ras/MAP kinase signalling pathway
are often linked with human cancers. Therefore this pathway has been studied
intensively in various organisms and systems. This signalling pathway is
required for many processes throughout animal development including; cell
growth, cell differentiation, cell fate specification and cell migration. A lot has
been learnt about the activation of the Ras pathway, whereas how exactly the
pathway affects gene expression is not yet very well understood.

The Mediator complex has been suggested to be required for regulated
transcription and has been identified in several eukaryotes. One model for how
Mediator can integrate all the input for regulated transcription is that different
components of the Mediator complex function in sensing and responding to
specific signalling events. In C. elegans, LIN-25 and SUR-2 might function as
links between Ras signalling and the Mediator complex that regulate the
transcription of Ras-responsive genes. Further analysis of lin-25, sur-2 and lin-1
in C. elegans might help in the understanding of transcriptional regulation in
response to Ras signalling during development.
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