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ABSTRACT

M-Ras isa member of the Ras superfamily of smalblecular weighiGTP binding
proteins. It is a close relative of the oncoprotein p21Ras and shares 50% overall amino
acid sequence identityras-2 is the Caenorhabditis elegansrtholog of the human M

Ras. It showstrong conservation of structure in worms and vertebrates. In mammals,
endogenous MRas acts downstream of the EGF and FGF receptors to activate ERK
(MAPK) signaling. The -Rlas is predominantly expressed in the mammalian central
nervous system and the hga Many human cancers including breast and colonic
cancers exhibit dramatic elevations ofRas mMRNA.

Receptor tyrosine kinase /RasGTPase/ERK signaling pathway is evolutionary conserved.
In C. eleganghis highly conserved signaling pathway controls mbimjogical processes
including vulval inductionC. eleganss a good model system to understand the role of
M-Ras in RTK/Ras/ERK pathway.

To understand the expression patterns RAS2 in C. elegans|, generateda transgenic

C. eleganshat expresse$GFRdriven bythe endogenougas-2 promoter. To investigate

the effect of over expressed or activated RAS alsogenerated transgenic lines over
expressing WT or activated RAS observed thaRAS is expressed in various tissues
and organs ofC. eleganincluding amphid sensory apparatus, proximal myoepithelial
sheaths, sperntheca and in developing gonad®ased on theras2 expression
patterns, | chose and performed appropriate behavioral assays to charactasi2enull
worms. The phenotypic charaarization and behavioral observations oas-2 null
worms revealedseveralphenotypes including smaller body size and faster locomotion.
Furthermore, based on the behavioral assdysund that ras2 mutants have a normal
ability to sen® inputs andreproduce

To investigate the importance of RARSn pathological signaling of activated LT
(EGFR) or activated -0 (p21Ras) which cause multivuly@henotype inC. elegansl,
examinedthe different vulval phenotypes in crosses betweas-2 null wormsand let-

23 or let-60 activated mutants. This revealed thats2 null background do not
suppresss multivulval phenotype caused by activatéet-23 or let-60. However,the
activatedlet-60 exhibitsa higher frequeacy of protruding vulvan the absence afas-2.



PREFACE
| have performed all experiments and generated the data and figures presented in this

thesis with the following exceptions:

1 The microinjection procedure to generate transge@icelegansvas performed
in the lab of Dr. Don Moerman aheé University of British Columbia, by Dr.
Teresa Rogalski.

1 The highthroughput behavioralanalyses using the multi worm tracker were
performed in the lab of Dr. Catherine Rankin at the University of British
Columbia, by Evan Ardiel.

1 The straindM2409¢ [let-60 (n1046) iv; ra® (0k682) iliand DM2411¢ [let-23
(sab2) ii; ra2 (0k682) iiliwere generated in the lab of Dr. Don Moerman at the
University of British Columbia by Drs. Vidhu Sharma and Teresa Rogalski

1 The cloning ofas-2 promoter and cDNA anche site directed mutagenesis were

performed with the help and guidance of Dr. Annette Ehrhardt
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CHAPTER 1: INTRODUCTION

1.1 An overview of the superfamily of Ras proteins

The discogry of Ras proteins dates back to the 1960s when scientists found that some
murine retroviral isolates are able to produce tumors in rodents. First, in 1964, Jennifer
Harvey found that murine leukemia virus, which originated from leukemic rats, rapidly
produced sarcomas when introduced into newborn rats (Harvey, 1964). This
observation was followed by the identification of three other murine retroviruses
namely Kirstermurine sarcoma virus, BAImBurine sarcoma virus and the Rasheed
strain of rat sarcoma wis, that carry transforming viral genes, in the late 1960s and
1970s (Kirsten & Mayer, 1967; Peters et al., 1974; Rasheed et al., 1978). Due to the
oncogenic properties of these viral genes, they were namad sarcoma (Ras)
oncogenes. Nucleotide sequenapalysis revealed that these genes were rat genes that
have orthologs in humans, with single, activating point mutations (Reddy et al., 1982;
Tabin et al., 1982). By the early 1980s, it had been reported that Ras genes encode
~21,000Da polypeptides that r@ guanosine triphosphatases (GTPases) with intrinsic
enzymatic property (Shih et al., 1979). Since then Ras proteins have been extensively
studied in signal transduction and in oncogenesis.

To date, 167 proteins have been identified as members of hunaasRperfamily. They

can be subdivided in to five subfamilies namely Ras, Rho, Rab, Ran and Arf/Sar
(reviewed in Rojas et al., 2012). These small GTPases or guanosine triphosphate (GTP)

binding proteins are involved in regulating a complex and diverseerarigcellular



functions. Ras and Rho proteins are involved in passing extracellular stimuli to the
interior of the cell to regulate fundamental cellular functions. Ras has roles in cell
growth, proliferation, differentiation and cell migration, whereas Rhavolved in actin
organization, cell cycle progression and gene expression. Rab and Arf families are known
to be involved in regulation of intracellular vesicular trafficking. Finally, Ran is implicated
in nucleocytoplasmic transportation (reviewedWennerberg et al., 2005). Ras proteins

are evolutionarily conserved and orthologs are foundQn elegans, .Serevisiae, S.

pombe, Dictyosteliurand in plants (Colicelli, 2004).

1.1.1 Biochemistry and regulation of Ras proteins

The primary biochemicalrpperty of a Ras protein is its ability to act as a molecular
switch by shifting between an active Gh®&und state and an inactive guanosine
diphosphate (GDH)ound state (Vetter & Wittinghofer, 2001). The GBdund inactive

Ras proteins are activated byanine nucleotide exchange factors (GEF) (Lenzen et al.,
1998) which stimulate dissociation of GDP. Upon releasing GDP, Ras proteins bind to
GTRwhich is abundant in the cytosol. Binding to G&sults in conformational changes

in two regions, known aswstch | and switch Il (Milburn et al., 199@)at are highly
conserved and responsible for binding of activators and effectors. Theb@irel Ras
conformation possesses high affinity for effector targets and allows Ras to interact with
and activate downswam effectors. The inactivation of a GB&und Ras protein
requires GTPase activating proteins (GAP), which accelerate the low intrinsic GTPase

activity of Ras proteins (Scheffzek et al., 1998 majority of Ras super family proteins



undergo postiransktional lipid modifications, which anchor them to the cell
membrane, where they exert their function in propagating extracellular signals to the

cell interior (reviewed in Wennerberg et al., 2005).

1.2 The Ras subfamily of proteins

The Ras subfamily, whigs one of the major groups within the Ras superfamily, consists
of 39 members (reviewed in Rojas et al., 2012). This family of proteins comprises the
p21Ras, Ras, Rap and Ral proteins. The "classical", or p21Ras protéias, HRas

and KRas 4A/4Bare the founding and best studied members of the family. These four
proteins are closely related and share about 85% sequence identity. The p21lRas
proteins gained notoriety in 1982 with the discovery that these proteins are highly
implicated in human oncamesis. For example, mutations in p21Ras can be found in
90% of pancreatic, 50% of colonic, 30% lung, 50% thyroid cancers and 30% of myeloid
leukemia (Bos, 1989). A wide variety of extracellular stimuli, such as growth factors;
epidermal growth factor (EGFand nerve growth factor (NGF) (Buday & Downward,
1993; Burchill et al., 1995) and cytokines; interlee®irfil-3) and colonystimulating
factor-1 (CSH)(Duronio et al., 1992), can cause activation of p21Ras proteins through

activation of cell surfacesceptors of these factors.



. . EGF

EGFR Cell membrane

(ﬂﬁ . Cytoplasm
s =
L

g_%h
-~

| d—

m
e
-

o -
- o

Nuclear membrane /

li}

Target gene expression

Figure 1.1 Schematic of RTK/Ras/ERK pathway in mammals including its major
components

Upon binding of growth factors such as EGF, the receptor tyrosine kinase (RTK),
epidermal growth factor receptor (EGFR) dimerizes and@hdsphorylates a tyrosine
residue at its €erminal. This phosphorylated tyrosine residue serves as a docking site
for the adaptor protein, growth factor receptdyound protein 2 (Grb2)which can
recruit the guanine nucleotide exchange factor Sd+Sevaless (SOS). SOStimn
facilitates loading of GTP in to Ras protein causing the activation of Ras.

Activated p21Ras is known to interact with various downstream effectors, including
serine/threonine kinases (R4f ARaf, and BRaf), the p110 catalyticubunit of
phosphatidylinositol (P43 kinase, and Ral guanine nucleotide dissociation stimulator

(RatGDS). In the case of Ratdiated signaling of Ras, Raf then activates mitogen



activated protein/ extracellular signal regulated kinase (MEK), whichrim dativates
extracellular signal regulated kinase (ERKyhich are cytoplasmic kinases.
Phosphorylated ERK translocates to the nucleus where it activates transcription factors.
Ultimately, changes in gene transcription lead to modulation of a varietyetiilar
functions such as cell growth and proliferation, or motility. Thus, p21Ras is a key player
in signalingpathways downstream of many extracellular stimuli.

M-Ras, FRas, TC21 {Ras2) are members of the-FRas subfamily of Ras proteins
(Kimmelman etal., 1997; Ehrhardt et al., 1999). These proteins share-3@% amino

acid sequence identity overall with p21Ras and are virtually identical in effector binding
switch | and switch 1l regions.-Ras is recognized by the monoclonal d&Rais antibody
Y13259, which binds to p21Ras via an epitope in switch Il region (Ehrhardt et al., 1999).
TC21 and fRas are known to function in cell proliferation and survival as well as in actin
cytoskeleton dynamics. There is also evidence that these two proteins haveimoles
oncogenesis. The activating mutations of TC21 have been detected in human ovarian
carcinoma (Chan et al., 1994), leiomayosarcoma (Huang et al., 1995) and in breast
carcinomas (Barker & Crompton, 1998}RRs mutations also reported to promote

cellulartransformation, adhesion and survival (Osada et al., 1999).

1.3 M-Ras
M-Ras was first discovered as a small GTPase that participates in reorganization of actin
cytoskeleton and was cloned from muscle cells, therefore termed as "muscle and

microspike Rasdr M-Ras (Matsumoto et al., 1997; Kimmelman et al., 1997; Ehrhardt et



al., 1999). TheMras gene encodes a protein of 209 amino acids, which is 29kDa in
molecular weight. In mice, NRas is most highly expressed in brain, but lower levels are
found in most issues including heart, liver, lung, pancreas, placenta and kidney
(Ehrhardt et al., 1999). It was also identified aRa&$3 due to high sequence similarity to
subfamily member TC21 with which it shares overall secondary structure in possessing
an Nterminal extension of 10 amino acids which is not common to the p21Ras
(Kimmelman et al., 1997). Moreover, its overall homology witRdd$ and TC21 is 47%
and 52% respectively arttle effector binding switch | region are identical. In the switch

Il region MRasshows only 3 conserved exchang&hrhardt et al., 1999)At the C
terminus, MRas- like p21Ras and-Ras contains a 4 amino acid CAAX motif (a cysteine
residue followed by two aliphatic amino acids and one random amino acid) (Figure 1.2).
This feature auses Ras proteins to be farnesylated at the cysteine residinch
enables anchoring to membranes.-Rbs, like #Ras4B, additionally features a poly
lysine motif at the @erminus. The presence of these positively charged residues causes
M-Ras and #Ras4 to localize to the disordered plasma membranes, whereas other Ras
proteins without them localize to lipid rafts (Ehrhardt et al., 2004).

M-Ras, like p21Ras, can be activated by growth factors like EGF add W8&h are
ligands of receptor tyrosine kiises. Due to unique membrane localization of thdRik

and kRas4B, growth factors like EGF and-C&Ere found to preferentially activate M

Ras and {Ras4B over {Ras or NRas (Ehrhardt et al., 2004). The activation eREk by
NGF and fibroblast growttactor 2 (FGF 2) also been reported (Kimmelman et al., 2002;

Sun et al., 2006). Although there are quantitative differences in the levels of activation,



this data implies that MRas shares activators with p21Ras. In facRa4 is activated by
many GEFs #i activate p21Ras, namely mSOS1, RasGRF, GalEXAGand CalDAG
GEFIIl (Ohba et al., 2000)-Ré4&s also shares negative regulators with classical Ras,
namely p120GAP, NE and Gaglm (Ohba et al., 2000). In addition-RAs is known to
share most downstram effectors with the other Ras subfamily members, although
there are also some specific targets. Two f&&Fs, MIGEF (Rebhun et al., 2000) and
RAGEFII (Gao et al., 2001), were reported to selectively bind teléaded MRas and
hence are potential MRa specific effectors.

Shoe2, in complex with the catalytic subunit of the protein phosphatase 1 (PP1), has
also been reported as an{Ras specific effector in mammals (Rodrigiv@aana et al.,
2006). It was suggested that the-Rs/Sho@/PP1 complex ian important regulatory
element in p21Ras signalings an MRas specific effector, Sh@cand PP1 translocate

to the membrans containingactivated MRas, where PP1 can dephosphorylate the
inhibitory phosphate of S259 residue of Raf (Rodregtieimna etal., 2006). Activated
Raf then acts on its downstream effector Erk to facilitate survival and proliferation.
Thus, activated M-Ras may play an essential role in cancer formation by promoting
primary oncogenic pathways and it will be of great interestltecielate the specific role

of the M-Ras in oncogenic signal transduction of RTK/p21Ras/Erk patiShag2 is
evolutionarily conserved and known as S®IESO) inC. eleganswhere it appears to

be an essential component of Ras signaling (Sieburth,et398).

Protein kinases such as Rafre welknown effectors of Ras proteins. However, the

interaction of MRas with Ral is weak (Ehrhardt et al., 1999; Kimmelman et al., 1997)



which may explain the relatively weak activation of the ERK pathway #asv
Furthermore, a study based on yeast tlvgbrid assayalsoshowedthat interaction of
M-Ras was poor with-Rafl, ARaf, and BRaf (Quilliam et al., 1999). The same study
reported that MRas also weakly binds to another known Ras effector RalGDSmahd R
PI13K is known to be a downstream effector ofRds and its activation by-Kas is GFP
dependent (Kimmelman et al., 2000). Activation of PI3K Hyad results in stimulation
of the serine/threonine kinase Akt to promote cell survival signaling. RPMBR@is
identified as another shared effector of -Ras and HRas. It belongs to the R&DS
family (Ehrhardt et al., 2001). In addition, bothR&s and HRas possess piapoptotic
properties through binding to Norel and regulate cell junction formation tigio AF6

(Ehrhardt et al., 2001; Khokhlatchev et al., 2002)

1.3.1 Significance of NRas as an oncogene

Although mutations inMRASare very rare and no known activating mutations have
been reported in human tumors yet, fRas mMRNA was found to be owxpressed in
many human cancers of the breast, prostate, thyroid, ovary, stomach, rectum, colon
and uterus (Yang et al., 200®).vitro, higher expression of NRas habeen reported to
result in transformation of murine melanocyte lines Meb and gamma3 (Way et al.,
2000). Continuous activity of fRas induced epithelib-mesenchymal transition and
tumorigenesis in murine mammary epithelial cells (Ward et al., 2004). A constitutively
activated mutant of MRas (Q71L NRas) was sufficient to induce factodependent

growth and differentiation of normal murine bone marrow into colonies of



macrophages and neutrophils and immortal mast cells (Guo et al., 2005). These
immortalized mast cells generated fatal mast cell leukemia in mice. Furthermore, the
expressionof activated mutant of MRas in purified hematopoietic stem cells (HSCs)
showed leukemogenic transformation, immortalization and preferential generation of
mast cells. It was concluded that pluripotent HSC generated mast cells throtgasM
dependent sigals and that activated MRas was sufficient to immortalize and transform
hematopoietic stem cells to leukemia stem cells (Guo et al., 2006). Expression of
another constitutively active MRas mutant (G22V MRas) resulted in morphological
transformation andncreased proliferation in NIH3T3 fibroblasts (Ehrhardt et al., 1999).
Furthermore, the expression of this mutant resulted in factor independent growth and
survival in interleukir8 dependent mast cells, indicatinggain, gotential mechanistic

role for M-Ras in oncogenesis.

1.3.2 Other functions of MRas

M-Ras is among the genes identified as aberrantly expressed in induced pluripotent
stem cells derived from schizophrenic individuals, suggesting th&RaM has a
pathological significance in neuronalsdrders (Brennand et al., 2011). Its elevated
expression levels in hippocampal tissues of rats after a food search memory test (Robles
et al., 2003) suggests that-Ras may have a role in hippocampal synaptic plasticity. As
well, M-Ras expression in hygwlamus was found to be induced after both heat and
cold conditioning in &lay old chicks, indicating that 4Ras may function in

hypothalamic synaptic plasticity as well (Labunskay & Meiri, 2006). It is important to



note that M-Ras is highly expressed imalm tissue of mammals (Kimmelman et al.,
2002) and chickens (Labunskay & Meiri, 2006 R&4 was also reported to mediate the
regulation of actin cytoskeleton in dendrites (Tasaka et al., 2012) and was involved in
the normal development of cortical dentis (Saito et al., 2009). In PC12 neuronal cells,
M-Ras was activated by nerve growth factor and exogenous expression of the activated
M-Ras mutant G22W1-Ras resulted in neuronal differentiation and neuritogenesis via

sustained activation of ERK pathw&u( et al., 2006).

1.4 M-Ras is conserved in phylogeny

Ras proteins are evolutionarily conserved and are present in all eukaryotes from yeast
to human. Phylogenetic data analyses indicate thaR&s has orthologs in nematodes

(C. elegans ascidians (. intestinalisand H. roretzj, amphioxus B. floridag and in
zebrafish (Keduka et al., 2009). But there is no reporteRad ortholog in fruit flyQy.
melanogastey. Importantly, in ascidians, which lack p2lRas, the RTK/Ras/MAPK
pathway, which regulatesaural system induction, is mediated by-Ras. This suggests

that M-Ras evolved independently of other Ras family members.

1.4.1 MRas inC. elegansras-2

M-Ras is conserved in the nemato@e elegansand the ortholog is known as R&S
Human and worm MRas/RA& share about 51% overall amino acid identity and are
identical in switch | (shaded light gray in Figure 1.2) region. Even though not identical,

these two proteins display a high degree of homology in switch Il region (shaded dark
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gray in Figure 12). The generas2 encodes 211 amino acids with an estimated

molecular weight of 24KDanifp://www.wormbase.ord. Moreover, the @erminus of

the protein is uniquely conserved among mammals andGhelegangEhrhadt et al.,
1999). In contrast to human p21Ras and other humdRaR subfamily members,-Ras

and its C. elegansorthologue lack the cysteine residues that are necessary for
palmitoylation (highlighted dark yellow in Figure 1.2). Furthermore, human @nd
elegans M-Ras do not contain a proline rich motif known asR& box" which is
common to the RRas group (underlined in Figure 1.2). These conserved features in
mammalian ancC. elegan$1-Ras suggest that it has distinct and unique functions apart
from other Ras family members. Even thougHR¥s is highly conserved@ elegan#s

function in the nematodes has yet to be investigated.
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hH=-Rag —ssccscccccccccccccccccea==— MTEYKLVVVGAGGVGKSALTIQLIQNHFVDHYD? | 34
hN-Ras = ——— e MTEYKLVVVGAGGVGKSALTIQLIONHFVDHYDP| 34
hE-Ras4B = =  —cccmmmmmmmmmmmmmceemmeee MTEYKLVVVGAGGVGKSALTIQLIONHFVDHYD? | 34
CeLET=-60 —cccmccccccccccccccccce——— MTEYKLVVVGDGGVGEKSALTIQLIQNHFVEHYD? | 34
hR-Ras MSSGARSGTGRGRPREGCGPGPCGDPPPSETHRELYVVVGGGEGVGKSALTIQFIQSYFVSHYDE | 60
hTC21 ===MARAG=-===== WRDGSG====== QEEYRLVVVGGGGVGESALTIQFIQSYFVTHYD? | 45
CeRAS-1 - M ————————— RSNSATTAAQONAVLRIVVVGGGGVGESALTIQFIQRYFVOOQYDRP | 48
hM-Ras = = = =  —ccemmmmee MATS--AVPSDN--LPTYKLVVVGDGGVCGESALTIQFFQEIFVPOYDP | 44
CeRAS-2 3 = =  scccmmmee—eo MSNGGKRPPEDDSKLPYYKLVVIGDGGVGKSSLTIQFFQXQFVDYYDP ] 48
:-'it:i iiiiii:tiii::i LA LA A
hH-Ras YREQVVIDGETCLLDILDTALQEEYSAMRDQ TGEGFLCVFAINNTHXSFEDIH 94
hN-Ras YREQVVIDGETCLLDILDTAEQEEYSAMRDO TGEGFLCVFAINNSKSFADIN 94
hE-Ras4B YREQVVIDGETCLLDILDTAEQEEYSAMRDQ TGEGFLCVFAINNTXSFEDIH 94
CeLET-60 YREQVVIDGETCLLDILDTARQEEYSAMRDQ TGEGFLLVFAVNEAXKSFENVA 94
hR-Ras YTEICSVDGIPARLDILDTAEQEEFGAMREQ GHGFLLVFAINDRQSFNEVG 120
hTC21 YTKQCVIDDRAARLDILDTAEQEEFGAMREQ TGEGFLLVFSVTDRGSFEEIY 105
CeRAS-1 YTHQCFVDEDLCKLEILDTABQEEFSTMREQYLRTGSGFLIVFAVTDRNSFEEVK 108
hM-Ras YLEETEIDNQWAILDVLDTAEQOEEF SAMREQ TGDGFLIVYSVTDXASFEEVD 104
CeRAS-2 IEDDYIQHCEIDGNWVIMDVLDTAEQEEF SAMREQYFRGGRGFLLVF SVTERKSFEERH 108
LI - :w B b I H HOEE AL e

hH-Ras QYREQIXRVEDSDDVPMVLVGNKCDLAA-RTVESRQAQDLARSYGIPYIETSAKTR-QGV 152
hN-Ras LYREQIXRVEDSDDVPMVLVGNKCDLPT-RTVDTKQAHELAKSYGIPFIETSAXTR-QGV 152
hE-Ras4B HYREQIXRVEDSEDVPMVLVGNECDLPS-RTVDTEQAQDLARSYGIPFIETSAXTR-QGV 152
CeLET-60 NYREQIRRVEDSDDVPMVLVGNKCDLSS-RSVDFRTVSETAKGYGIPNVDTSAKTR-MGV 152
hR-Ras KLFTQILRVEDRDDFPVVLVGNKADLESQRQVPRSEASAFGASHHVAYFEASAKLR-LNV 179
hTC21 KFQROILEVEDRDEFPMILIGNFADLDHQROVTQEEGQQLARQLEVIYMEASAKIR-MNV 164
CeRAS-1 KLHELICRIKDRDDFPIILVGNKADLENERHVARHEAEELAHRLSIPYLECSAKXIR-ENV 167
hM-Ras RFHOLILRVKDRESFPMILVANKVDLMELRKITREQGKEMATKHNIPYIETSAXDPPLNV 164
CeRAS-2 KLYNQVLRVEDRSEYPVLLVANEKVDLINQRVVSEQEGRELAAQLELMYIETSAKEPEVNV 168
hH-Ras EDAFYTLVREIRQHELRFK---LNPPDESGPGC===== MSCH 189

hN-Ras BD&FYT‘LVREIRQYRHKK———LHSSDDGTQG; ————— MGLH 189

hE-Ras4B DDAFYTLVREIRFHEERKM===SKDGEEEEKKS===== K=TH 188

CeLET-60 DEAFYTLVREIRKHRERH---DNNFPQEEE-========= FCQIMg 184

hR-Ras DEAFEQLVRAVRKYQEQE-LPPSP-PSAPRKK----GGGCH 218

hTC21 DQAFEELVRUIRKFQEQE-CPPSPEPTRKEKD----KKGEF 204

CeRAS-1 DEAFFDIVRLVAKYQHEDERMPIHEPHDDRELESPIELEKKE 212

hM-Ras DXAFHDLVRVIRQQIPEKSQKKKKKTEWRGDRATG-THEKLQLVILY 208

CeRAS=2 DAAFHELVRIVRSFPSDEGDEEASMASVPRTKER=--KEDEGHELIS 211

™
®
L]

EWR W, wos

Figure 1.2FulHength amino acid sequence alignment of classical afh&R subfamily
proteins of human (h) an€.elegans(Ce). Gaps are indicated by a hyphén $witch |

and switch Il regions are boxed in red and hiegpectively. The CAAX motifs are boxed
in black RRas box in human-Ras and TC21 is underlined. Cysteine residues that might
be palmitoylated arelouble underlined.
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1.5C. eleganss a model system

Since 1974, when Sydney Brenner introduced the nematGdeslegansas a model
system for scientific studies, worms have been used widely in the field of science as a
model organism. These frding ®il nematodes are about 1mm in length and easily
grow on agar plates under laboratory conditions. They can be fe&smherichia coli
(E.col), and thus are cost effective to culture, and they can also be easily stored at
80°C. Use of both males and gelftilizing hermaphrodites are ideal for genetic studies
as they can produce both inbred and crossbred progenies. An adult male worm is
comprised of 1031 somatic nuclei while hermaphrodite comprises 959. Its life cpsle is
short as 3 days, whighermitsthe studyof different developmental stages duringvary

short time frame. The sentransparent nature of the bodyalso facilitates in vivo
observations in detail (Brenner, 1974).

More importantly, the fully sequenced genonm(€. elegansSequencing Constium
1998) and practical and convenient forward and reverse genetics make the worms a
powerful tool for a variety of researchstudies Characterization of genes by reverse
genetics can be done very easily and efficiently by microinjection of DNAhmtgerm

line cellsof the C. elegangMello et al., 1991). The injected DNA is stably maintained as
an extrachromosomal array, which can be transferred through generations and allows
us to analyze the function of a gene over generations after a single oijecti
Mutagenesis of genes is a fundamental feature in genetic analysis and is very practical in
C. elegansChemical mutagens, ionizing radiation and transposon hopping are some of

the methods for mutagenesis. Using chemical reagents or double strandedgeN&,
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expression can be specifically reduced or removed (Fire et al., 1998) in worms. Among
available protein sequences about 83% of tle elegansproteome has human
homologous genes (Lai et al., 2000), which enables scientists to scrutinize gene

functions inC. eleganand extrapolate to humans.

1.6 RTK/Ras/ERK pathway @ elegans

C. eleganshas been widely used as a model system for cellular signal transduction
studies. Some of the mammalian signaling pathways are highly conserved in this
species. T RTK/Ras/ERK pathway is one of the highly conserved and extensively
studied pathways in nematodes. I€. elegans this pathway regulates many
developmental processes including viability, vulval induction, uterine development,
ovulation and spicule developent (Moghal & Sternberg, 2003). In addition, this
pathway has also been involved in induction of excretory duct cell fate, axon guidance,
male tail fate specification, control of sex myoblast migration, promotion of germ line
meiosis (Reviewed in Sundara®06) and olfaction (Hirotsu et al., 2000).

Many of RTK/Ras/ERK pathway genes were first identifi€l ElegansTwo different
RTKs, LEZ3 (ortholog of mammalian EGFR) and-E&[ortholog of mammalian FGFR),
are known to activateC. eleganfas proein LEI60 (Reviewed in Sundaram, 2006).LET
60 is the only known p21Ras proteinGn elegansnd is orthologous to mammalian K
Ras. LE®O stimulates LIM5 (C. elegan®af), which in turn activates MEK(C. elegans

MEK), which will then activate MPIKC. elegan&rk).
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Figure 1.3. The components of the RTK/Ras/ERK patimeapnserved in mammals (A)
andC. elegan$B)

Even though this pathway regulates many biological functions in worms, the best
studied is vulval development. Many known Ras pathveamponents have been
identified based on the wvulval phenotypes. Therefore, ti& elegansvulval
developmental process has become a good tool for discovering new genes involved in
the Ras pathway. For example, the gena-8 was first identified as a pads/e regulator

of the Ragmediated signal transduction during vulval developmentGn elegans
(Sieburth et al., 1998). Thiessof-function mutations of sur-8 strongly suppress the
Muv phenotype caused bgt-60 (gf)mutation. Shoe2, the mammalian orthlog of sur

8 (soc?) is found to be a specific effector of the activatedRds but not of activated
p21Ras and its function was essential for the activation of Ras pathway by growth
factors (Rodrigue¥iciana et al., 2006). Because SRBoand MRas are bdt highly
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conserved fronC. eleganso human, the interaction oBur8 (soc2) with RAS would

also likelyto be conserved.
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1.7 Hypotheses

Given that MRas/RAR is highly conserved between mammals a@d elegans |
postulated that RA2 may have an impeant role inC. elegansHaving specific effectors

like Shoe2, which is an essential component of the RTK/Ras/ERK pathway, | postulated
that RA® may be an essential component or modulator for signaling through this
pathway by interacting witlsur8 (soc-2).

| hypothesized that the lack of R2Sn C. elegansesult in phenotypes that are caused

by less activation of the pathway, and that lack of RAsmilar tosur8 (soc2), may
supress phenotypes caused by activation of components of it, sudaia®f-function

p21Ras/LE®O andgain-of-functionEGFR/LEA3.

1.7.1 Objectives
The overall objective of my study was to identifye expression patterns afs-2 in C.
elegansand characterizeras-2 null worms based on the expression patterns and to

determine whether RASR is essential to pathological signaling of-6BEnd LEZ3.

Aim 1. Identification of the expression patterns ofs-2 in C. elegandy means of
generation of transgeni€. elegansaising a green fluorescent protein (GFP) reporter
fused to the endogenousas-2 promoter, or fused to wildype (WT) or constitutively

activatedras-2 genes.
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Aim 2. Characterization ofas-2 null C. elegan®y performing assays related to the cells

or tissues whergas-2 is expressed.

Aim 3. Investigatim of the pathological signaling of activateghin-of-function
p21Ras/LEBO andgain-of-function EGFR/LEA3 in the absence of RASin C. elegans
by analyzing worms expressing activated-6&®r activated LEZ3 on aras-2 null back

ground.
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CHAPTER RMATERIALS AND METHODS

2.1C. eleganstrains

Worms were cultured and maintained on nematode growth medium (NGM) seeded
with Escherichia col{OP50) according to standard conditions (Brenner, 1974). N2
(Bristol) and VC2010 were the two wilgpe (WT) wormstrains used in this study.
VC2010 was used for microinjection of plasmids and as the WT control in tHayagy

assay. For all other assays in this study, the N2 strain was used as the WT control. RB852
ras-2(ok682) was obtained from th€. elegansGere Knockout Consortium (Robert
Barstead laboratory, Oklahoma Med Research Foundation, Oklahoma City, OK). The
ok682 mutation is a 977 bp deletion in thas-2 gene that includes the'3coding exon

and flanking introns. The transgenic strain DM7443Ek442 [rol-6 (sul006)+ras
2p::GFP produces green fluorescence protein (GFP) driven bydak promoter, and

was used to determine RAXSIocalization irC. elegansThe transgenic strains, DM7443
(raEx443 [rob (sul006)+ragp::GFPras-2]) and DM7447raEx447 [rol6 (sul006)+ras
2p::GFPras-2G26V]) produce GHRBgged WT RAS or activated RA3, respectively,

and were used to identify RASexpression patterns, to analyze any phenotype caused
by Ras pathway activation, and were used in the-laging assay VG387dpy-5(e907)

and CB312unc13(e312) hermaphrodites were used for the male reproductive
efficiency assay and in the male mating behavior assay respectively.o8xB(ky10)

and CX3410odr-10(ky225) were used as negative controls in the avoidancé an

chemotaxis assays, respectively. To score vulval phenotypes DNE24GI¥n1046)ras
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2(0k682), DM2411let-23(sab2);as-2(0k682), MT2124et-60(n1046) and PS183@t-

23(sa62) were used.

2.2 RNA isolation and cDNA synthesis

C. elegangotal RNA was ex#aicted from WT N2 worms using TRIzol® reagent (Ambion,
w201 F2NRX L[O FOO2NRAY3I (2 (KB wins/wa®l OG dzZNBE N
collected in a 1.5 ml centrifuge tube after adding minimal media salt solution 9 (M9)
buffer to the worm plate. Worra were washed three times with M9 buffer in order to
remove bacteria. After the final wash, 1 ml of TRIzol® was added and incubated at room
temperature (RT) for 5 minutes. Next, 2@Dof chloroform was added to the tube and

the tube was shaken for 15 sewds followed by 23 minutes incubation at the RT. Tubes
were centrifuged at 14,000 rpm for 15 minutes at 4°C. The uppease agueous
solution was transferred to a new centrifuge tube without disturbing the phenol
containing lower layer. Then 500 pl of pgopanol was added to the separated upper
phase and mixed well before it was let incubate at RT for 10 minutes. Next, the resulting
solution was centrifuged at 14,000 rpm for 10 minutes in 4°C. After centrifugation, the
RNA pellet was washed once with lig#-cold ethanol by spinning at 12,000 rpm for 5
minutes at 4°C. Finally, the RNA pellet was air dried and dissolved in Rikzeagater
followed by incubation at 55°C for 10 minutes. The RNA concentration was measured by
NanoDrop (ThermoFisher Scientifioc., Wilmington, DE) using ND 1000 software

program. Complementary DNA (cDNA) was synthesized from 1000 ng RNA using reverse
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transcriptase reaction with SuperScript® Fir§trand (Invitrogen, Carlsbad, CA)

FOO2NRAY3I (2 YIydzZFlFI OGdzNENRA AYyadNHzOGA2y aod

2.3 Construction ofras-2p:: GFP transcriptional fusion vector (pDM#1218)

In order to construct a plasmid encoding GFP driven bydls€ promoter, an 820 bp
stretch upstream of the initiating ATG mds-2 was amplified fromC. elegangenomic

DNA by PCR thi the primers F17C8:tbrward and Ra2promo-reverse, containing
BamHI restriction sites. The PCR product was gel purified using the QIAquick® gel
extraction kit (Qiagen, Valencia, CA) after agarose gel electrophoresis. It was then
cloned in to the BamHsite of the multiple cloning site of the promotégss GFP
expression vector, pPD95.75 (provided by Andrew Fire, Stanford University, USA) to
generate pDM#1218. Directional insertion and correct sequence ofdk@ promoter

were confirmed by restrictiodigest and DNA sequencing.

2.4 Construction of ras-2p::GFPras2 (pDM#1222) and ras-2p::GFPras2G26V
(pDM#1223) translational fusion vectors

We modified theras2p::GFP plasmid (see above) to drive expression oft&jieed

RAS2 from the endogenousas2 promoter. First, we removed the Stop codon of GFP
and introduced Bgll and Notl sites at the 3' end of GFP. We then inserted cDNA of either
wild-type (WT) or activated RAS(RASG26V) that were obtained by amplification of

N2 cDNA. WTas2 cDNA wasamplified by nested PCR. First, the VE$2 cDNA was

amplified using primerfas2-Nrul-F and Rag-nestAS, followed by a secondary PCR,
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using the primers Ra&sense (containing a BamHI site) and-R#sS (containing Notl
site). In order to construct #hras-2p::GFPras-2G26Vplasmid, the 28 codon (GGA) of

WT ras2 cDNA was mutated to GTA. The mutation was generated by site directed

mutagenesis by standard PCR.

22



Table 2.1. Primer pairs and thermocycler program for PCR

PCR Primer pair PCR anditions
Fragment Step Temp | Time Number
eratu | (secon | of cycles
re (°|ds)
C)
ras-2 F17C8.4orward 1. Initial heating | 95 120
promoter TATGTCGACTCGAGGATCCAACCAGTGAA( 2. Denaturation | 95 20 35
GACG 3. Annealing 55 60
Ras2promo-reverse 4. Extension 70 35
TATAGGATCCGTTCTTTAATCTATGAATTG
WT ras2 | Ras2-Nrul-F 1. Initial heating | 95 120
cDNA CAATTCCGGATGATTCATTC 2. Denaturation | 95 25 25
(Primary PCFH 3. Annealing 54 20
with  nested | Ras2-nestAS 4. Extension 70 120
primers) GGTCCAACTTCTCACATCAAACGG
WT ras2 | Ras2-sense 1. Initial heating | 95 120
cDMNA TATAGGATCCTCAAACGGAGGTAAGAGAC( 2. Denaturation | 95 25 25
(Secondary 3. Annealing 60 20
PCR) Ras2-AS 4. Extension 70 60
TATAGCGGCCGCCTAGGAAATTAAACATTT]
SDM  G26\ Reaction 1). Ra&Nrul-F 1. Initial heating | 95 120
Primary PCH CAATTCCGGATGATTCATTC 2. Denaturation | 95 120 25
with 1). Ras 3. Annealing 55 90
2-Nru-1-F and| G26VSDMR 4. Extension 70 25
G26VVSDMR | TTCCCGACACCTACATCTCCGATCA
2). G26VY
SDMF  and| Reaction 2). G268DMF
Ras2-BsglR | TGATCGGAGATGTAGGTGTCGGGAA
Ras2-Bsg1R
CTCACGATATCTTACTATCG
SDM  G26\ Ras2-Nrul-F 1. Initial heating | 95 120
(secondary CAATTCCGGATGATTCATTC 2. Denaturation | 95 120 25
PCR) 3. Annealing 55 90
Ras2-BsgIR 4. Extension 70 25
CTCACGATATCTTACTATCG
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2.5 Microinjection procelure

Microinjections were performed with test plasmid and pRFd-6 (sul006)] which
encodes a marker DNA that allows for identification of successful transformants based
on their "roller" phenotype. Injection mixes were prepared containing 8ahgf pRF4

and 4ng/il of ras2p::GFPor 0.5ngl of ras2p::GFPras2 or 0.5ngpl of ras
2p::GFPras-2G26V plasmids. The mixes were injected into the gonad of adult
hermaphrodites. All injections were carried out as previously described (Mello et al.,

1991) usng a microinjection set up with a Zeiss inverted compound microscope (IM35).

2.6 Dye filling assay

A plate with a synchronized adult worm population was collected into a 1.5 ml
centrifuge tube with 1 ml of M9 buffer. Worms were spun down for 30 s at 2660

and washed twice with M9 buffer and-sspended in 1 ml of M9 buffer. Thenptlof 1

mM Dil (1,l'dioctadecy3,3,3',3‘tetramethylindocarbocyanine) (Invitrogen, Carlsbad,
CA) was added and quickly mixed by vortexing. The tube was stored in d&3R for
minutes and a quick vortex was done after 15 minutes. After staining, worms were spun
and washed two times with M9 buffer. Following the last washing step, the M9 buffer
was removed and worms were placed on to a freshly seeded NGM plate and allowed to
feed on fresh bacteria. After-2 hours, a few worms were picked and mounted inul1

of M9 buffer drop on a glass slide and covered with a cover slip. Worms were observed

under the fluorescence microscope.
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2.7 Brood size assay

Individual L4 hermaphrotiis were transferred to normal OP&sgeded NGM plates.
Starting from the next day, the edaying hermaphrodites were transferred to fresh
plates daily until the hermaphrodites stopped laying eggs. The progenies in each plate
were incubated at 15°C and awed after three to four days. The total number of
progenies from each plate was added up and the final brood size of each hermaphrodite

was determined. 8.0 hermaphrodites were used in the assay for each strain.

2.8 Reproductive efficiency in adult males

L4 males were separated from the hermaphrodites 24 hours before setting up the
mating pairs and allowed to mature at 20°C. The next day,dmpyé L4 hermaphrodite

was placed on a 1 cm diamefeod patch on a NGM plate with one adult male and
incubated & 20°C. After 24 hours the male was removed from the plate. Then, every
day up to four days the hermaphrodite was transferred to a fresh plate to lay eggs. Both
self and cross progenies were counted after three days when offspring are visible adults.
Eachplate was considered as a single mating trail:150plates per genotype were
scored. The mating efficiencies were calculated as a percentage of number of cross

progeny per number of total progeny.

2.9 Avoidance assay (Glycerol ring assay)
A 6 cm unseedebtlGM plate was used as an assay plate. Five minutes before the assay,

a bottle mouth (2 cm diameter) was dipped in a fresh-glcerol/Congo red dye
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solution, and a ring of this high osmotic solution was stamped on the agar and allowed
to soak in. A syncbnized population of three days old young adult hermaphrodites in a
culture plate was washed twice with the M9 buffer to remove bacteria. Worms were
then transferred into the middle of the glycerol ring in a small drop. Excess M9 buffer
was absorbed with &imwipe. The assay plate then was placed on the platform of the
multi worm tracker and snapshots were taken every 2 minutes for 10 minutes by the
image acquisition camera of the multi worm tracker and the fraction that crossed the

glycerol ring was analgd.

2.10 Chemotaxis assay

The chemotaxis assay plates were prepared using 6 cm NGM plates. The underside of

the plate was divided and marked into 4 equal quadrants. The center of the plate was
YEN]SR YR O2yaARSNBR | & radkSwag Nakadiayound h ¢ & !
the origin where worms were placed at the beginning of the assay. A single point was
marked 2 cm away from the origin in each quadrant and the points in the opposite

j dzZt RN} yia 6SNB yIFYSR SAGKSNI ¢Sad acé 2N/ 2y
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The testand control solutions were made by combining equal volumes of either 0.5 %
diacetyl (butane2, 3dione) in ethanol or ethanol and 0.5 M sodium azide in M9 buffer,
which is an anesthetic agent and immobilizes worms. A synchronized population of
three dayold young adults were washed three times with M9 buffer to remove
bacteria. After the final wash, M9 buffer was aspirated, leaving about [i0@ith
worms. A 1Qul drop of worm solution (containing about 8ID0 worms) was placed on

the origin of the assaylate. Immediately after, il of test solution was placed in each

test sites, and 2ul of control solution was placed in the control sites. The lids were
closed and the assay plates were kept at 20° C for 30 minutes and plates were visually
scored under tk dissection microscope. The number of worms in each quadrant that
completely crossed the circle of origin was recorded. The chemotaxis index for an

individual plate was obtained using the following equation.
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Chemotaxis Index = (number of worms in bothttgeadrants- number of worms in

both control quadrants)/ (total number of scored worms)

2.11 Obtaining a growth curve

Six to eight adult hermaphrodites were allowed to lay eggs f@rhburs in a seeded
NGM plate and were removed. Developing larva addltaworms were measured under

a 10X objective of a dissection microscope that has a reticle in the eyepiece. In order to
measure the body length, larvae or adults were killed with 2 pl of bleach/NaOH solution
and straightened using the worm pick. Nine éteven worms of each strain were

measured when they were 16, 24, 32, 40, 48, 56, 64, 72, 80, 88 and 96 hours old.

2.12 Male mating behavior assay

[n YI{S&d 6SNB aSLINFYFGSR wn K2dzZNE 0ST2NEB
use virgin males in thesaay. Also one day before the assay, 35 mm NGM plates were
seeded with 50 pl of OP50 in a 1 cm diameter spot. On the day of the assage20

adult hermaphrodites were transferred to an assay plate and evenly distributed on the
food spot. An adult male &s placed in the middle of the food spot and observed for 15
minutes under a dissection microscope. Presence or absence of mating behaviors such
as contact response, backing, turning and locating the vulva of hermaphrodite within 15

minutes were marked. 28dult males from each strain were observed.
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2.13 Highthroughput behavioral analysis using the multi worm tracker (MWT)

Basic body measurements, spontaneous movements, and habituation response to tap
stimuli were examined and analyzed by using the mwibrm tracker system. This
package consists of an image acquisition camera, real time image analysis software
(MWT) and the offline behavioral parameter measurements software (Choreography).
This is a convenient system that can analyze the behavior ofmtiéple worms on a

petri dish at once (Swierczek et al., 2011).

2.13.1 Acquiring the basic body measurements and the spontaneous movements

A plate of a synchronized population ofddy-old worms (5660 worms) was set on the

MWT platform and the lid waslosed. The basic body measurements and the
spontaneous movements on the food were recorded over a period of 5 minutes using

the MWT. Acquired data was analyzed using the Choreography software. Offline

analysis with Choreography software (version 1.3.038t Swierczek et al., 2011)

Sy 3l IBRI K2 ¢ t-BidinduDm-a A iS  H -midimdmyhevecd2z R wé  FALE G SN

The MeasureReversal plugin was used to identify reversals.

2.13.2 Response to tap stimuli and sheadrm habituation

Four to five adult hermapiodites were allowed to lay eggs for 4 hours and removed
from the plates. The synchronized populations edajrold worms in the MWT plates
were used in the assay. The plate was placed on a specially designed platform for MWT

plates, which is under the caema. Worms were allowed to settle for 5 minutes before
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the tap stimuli started. 30 stimuli were delivered at a 10 s w#igmulus intervals (ISI) to

the side of the plates via an automatic solenoid tapper. Behavior of the worms was
recorded and analyzed sa described previously (Swierczek et al.,, 2011). The
MeasureReversal plugin was used to identify reversals occurring within 1 second of the

tap.

Tap simulus starts

l 30 tapsin 10s IS

~ I MWT records and analysis
A ] I I of data

Os 300s 600s

Figure 2.2. Schematic of shderm habituation experimentWorms were allowed to

settle for 300 s before the tap starts. 30 taps were delivered at 10 s ISI.

2.14 Scoring vulval phenotypes caused by activated-6BTand LE-R3 inras-2 null

background

Three adult hermaphrodites were allowed to lay eggs for three consecutive days on

freshly seeded NGM plates each day. The progenies were incubategin / F2NJ &AE R
and were scored for different vulval phenotypes including multivulva, protruding vulva

and wildtype vulva under a dissection microscope. The number of worms scored for

each strain is indicated below (Table 2.2).
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Table 2.2. Strains amtimber of worms scored for vulval phenotypes

Strain Number of worms
scored

DM2409- let-60 (n1046) iv; ra? (0k682)| 1044

MT2124- let-60 (n1046) 1207
DM2411- let-23 (sa62) ii; ra® (0k682) iii | 680
PS1839 let-23 (sab2) 633

2.15 Serial aalysis of gene expression (SAGE) and microarray data screenimg$&
expression profiling
The SAGE and microarray data provided By elegans resourceslatabase

(http://tock.bcgsc.ca/cabin/sagel190 were screened and a list of cells, tissues and

developmental stages df. eleganghat expressras-2 transcripts was generated. For

the SAGE data filtering criteria following specifications were used: Sequence quality of
0.99, removal of all duplicate ditjs, ambiguous tags and antisense tags. In addition to
SAGE data | also screened the microarray data provided by theegangesources
database foras-2 expression. The microarray data has been generated from Affymetrix

DSy S/ ktlplidegans.bcgsc.ca/perl/affymetrix/index

2.16 Statistical analysis
Statistical analysis using tweay ANOVA and Chi squared test was performed using

t NAAY ¢ ODNJ LKt IR {27F06!| NiSoit dfficeCexdel saftiate { (0 dzRS Y
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was used. A p value < 0.05 was considered to be statistically significant. P < 0.05 *, P <

0.001 **, P < 0.0001 ***
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CHAPTER 3: RESULTS

In this chapter | report the results of my studies mas-2 expression profiling irC.
elegansand the phenotypic and behavioral analysisrag2 null worms. Also in an
attempt to evaluate the role ofas-2 in pathological signaling through Ras pathway, |
present the results on vulval phenotypes caused by activied3 or let-60 on aras-2

null background.

3.1 Cloning ofas-2 promoter and cDNA and generation of transger@ic elegangines

In order to interpret the phenotypes ofas-2 null worms, we needed to know the
normal expression pattern of RAS | did this by generating ansgenc worm that
expresses GFP under endogenaas-2 promoter. Firstly, | cloned the 820 bp long
endogenousas-2 promoter sequence into the promotdess worm expression vector
pPD95.75 and produced thes2p::GFP (pDM#1218) plasmid construct. This plasmid
was injected into worms and one stable transgenic line (DM7442) was successfully
established. Secondly, | cloned WT or activated2 cDNA into thisras-2p::GFP
construct, so thatas-2 was fused at its 5' end with GFP, and obtained the translational
fusion plasmids ras2p::GFPras2 (pDM#1222) and ras2p..GFPras2G26V
(pDM#1223). The latter plasmids were used to generate the transgenic lines that over
express WT RALS (DM7443) and activated RRSDM7447), respectively. These two
lines were used to id#ify the expression patternef WT or activated RAS and to

evaluate phenotypes caused by overexpressed WFR#KSctivated RAS.
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Table 3.1. Plasmid canscts and transgenic worm lines

Plasmid name

Plasmid concentration

Transgenic line

Test Marker plasmicoRF4

plasmd [rol-6 (sul1006)]
ras-2p::GFP 4ng/pl 86ng/ul DM7442 - raEx442[rol6(sul006)+ras
(pPDM#1218) 2p::GFP
ras-2p::GFPras2 0.5ng/ul 86ng/ul DM7443 - raEx443[rol6(sul006)+ras
(PDM#1222) 2p::GFPras-2]
ras-2p::GFPras2G26V | 0.5ng/ul 86ng/ul DM7447 - raEx447[rol6(sul006)+ras

(PDM#1223)

2p::GFPras2G26Y

3.2 Expression studies

3.2.1 Localization of theas-2p::GFP transcriptional fusion

To understand the expression patterns @s-2 in C. elegansthe transgenic line

DM7442that expressesas-2p::GFP transcriptional fusion was used. Monitorimgivo

expression of GFP driven by tihas-2 promoter allows better understanding of the

tissue distribution of RAS. | observed the DM7442 strain under the fluorescence
microscope ad found that GFP was localized in the amphid sensory organ, in the
proximal myoepithelial sheaths of the gonads, and in the spermatheca in adult
hermaphrodites (Figure 3.1A a & e). In adult males, GFP localization is restricted to the
amphid sensory orga(Figure 3.1A&). Furthermore, | examined expression in the larval

stages L3 and L4 and found that GFP was expressed in the amphid sensory organs
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(Figure 3.1A4 & d)and in the proximal myoepithelial sheaths of these stages as well
(Figure 3.1A f & ). Iballed the amphid neurons of DM7442 with the dye, @il*-
dioctadecy3,3,3',3tetramethylindocarbocyanine)and confirmed that GFP positive
cells in the head region belong to the amphid sensory apparatus (Figure

3.1B)

Figure 3.1 Localization of theras2p::GFP transcriptional fusion i€. elegans(A)
Differential interference contrast (DIC) micrographs (20X) depictréise2 promoter

driven GFP localization in the amphid sensory organ of the adult hermaphrodites (a) and
males (c), the larval stagest (b) and L3 (d) and in the proximal myoepithelial sheath
(MS) and the spermatheca (S) of the adult hermaphrodites (e), and in the proximal
myoepithelial sheaths of the L4 (f) and the L3 (B).Fluorescence micrographs of the

Dil stain of amphids ofas-2p::GFP expressing adult hermaphrodites (20X). fHse
2p::GFP under GFP channel (Top), Dil stain under the RFP channel (middle) and the
merge (bottom).
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3.2.2 Expression profiles of WT RR%FP and RASG26V:GFP fusion proteins

The transgenic lines DM#43 and DM7447 that carry theas-2p::GFPras2 and ras

2p:: GFPras2G26V translational fusions respectively were examined for GFP
expression. In DM7443, the GFP expression level was very low and was restricted to
proximal myoepithelial sheaths, spermaita, and distal gonad of hermaphrodites, and

to the developing gonads of the young adults (Figure 2AMicroscopic analysis of
GFP expression profiles of DM7447, indicated that the expression level of th2 RAS
G26V:GFRusion protein also was very loand confined to the proximal myoepithelial
sheaths of adult hermaphrodites and developing gonads of young adults (Figure 3.2E &

F). No obvious phenotypes caused by RASerexpression were noted in either strain.
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Figure 3.2Localization oWT RAS2:GFP and RASG26V:GFP i8. elegansWT RAS

2:GFP is localized in proximal myoepithelial sheaths (A) Spermatheca (B) distal gonad (C)
of the adult hermaphrodites and in the developing gonad (D) of the young RlaE2
G26V:GFHks localized in proximal myoepithelial sheaths (E) of adults and developing
gonads (F) of young adults. The white arrowheads in B and F indicatfwrescence

caused by gut granules. A, B, E and F are fluorescence micrographs (40X) and C and D

are DIGnicrographs (40X).
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3.2.3 Gene expression o&s-2 in different cells, tissues, or developmental stages ©f
elegans

The British Columbi&. elegangiene expression consortium at the British Columbia
Genome Science Centre maintains th&. elegans resouces database

(http://elegans.bcgsc.ca/homé/that provides information about gene expressiondn

elegans including serial analysis of gene expression (SAGE), promoter::GFP fusions and
RNA expression profgein various different tissues and cells, and developmental stages.
| screenedC. elegansresourcesRI G 0 aSQa YdzZ GA{! D9 f A0 NI NEB

3SYy SN} GSR o0& | F Thitpy/Bléghds. begsOcd/gedl/Affiimetrdninddxo

identify the types of cells and tissues, and the developmental stag€s eiegansvhere

ras-2 was found to be expressed. | obtained a list of cells and developmental stages that
ras-2 is expressed (Table 3.23s-2 expression was reported at all developmental stages
analyzed, including embryo, all larval stages, and in young adults. Gene expression was
also reported for neuronal cells and tissues. Thus, the2 gene expression data

overlapped considerably with ehGFP fusion expression data in the transgenic lines.
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Table 3.2. Cells and developmental stagesCofelegansvhere ras2 is expressed
YES/N@lenotesras-2 is detected/not detected by the gene profiling method used.

N/A- denotes not available data for ¢hgene profiling method used.

Detected by| Detected by Affymetrix
Cells/developmental stages SAGE? gene chip?
Embryo YES YES
L1 YES YES
L2 YES YES
L3 YES YES
L4 YES YES
Young adults NO YES
Young adults in liquid culture YES N/A
Starved L1 YES YES
Twoweeks old dauer larvae YES N/A
Oocyte YES YES
FACS sorted muscle cells YES N/A
FACS sorted hypodermal cells YES N/A
FACS sorted pameural cells YES N/A
FACS sorted pharynx cells YES N/A
FACS sorted AFD neurons YES N/A
FACS sorted pharyngeabarginal cells | YES N/A
FACS sorted ASER neurons YES N/A
FACS sorted pharyngeal gland cells | YES N/A

39



3.3 Analysis of chemosensation
Given the high levels of expression of RAB the amphid sensory organ, we tested

chemosensory responses in woriaskingras-2.

3.3.1ras2 null worms are not defective in chemoattraction to diacetyl (butary 3
dione)

C. elegandas a highly developed chemosensory system, which mediates chemotaxis to
the chemosensory cues associated with food, danger or othenas(Bargmann et al.,
1990). The sensory response to volatile and-molatile chemicals is mediated by three
chemosensory sensilla namely amphid, phasmid and Hai®al sensilla (Vowels &
Thomas, 1994). In order to determine whethes-2 null worms lave any defects in
chemosensation, | performed a chemotaxis assay. | used diabatging-2, 3dione), a
chemical detected by amphid neuron AWA and known to attract @V Elegansand
comparedras-2 null worms to WT and mutantdr-10, a strain that lackseceptor for
diacetyl. | obtained the chemotaxis index (Cl) for each strain. The chemotaxis response
to diacetyl ofras-2 null worms was very similar to that of WT wornmEhere was no
statistically significant difference between the Cl of WT eas2 null worms (WT 0.82

+/- 0.033;ras-2 0.90 +£ 0.026) (Figure 3.3 hus,ras-2 null worms are not defective in
chemosensation of diacetyl. Thel for the negative controbdr-10 was significantly
different from that of WT andas-2 worms WWT 0.82 +/0.033;ras-2 0.90 ++ 0.026;0dr-

100.18 +£0.019) (Figure 3.3).
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Figure 3.3. Chemotaxis indices for Was-2 and odr-10 for butane-2, 3dione. The
difference between Cl of WT amds-2 null worms is norsignificant (n.s). There is a
statistically significant @ierence between Cl of WT armdir-10 (P = < 0.0001) and CI of
ras-2 and odr-10 (P = < 0.0001) (n = 4 plates with-BBO worms per plate for each
strain). All values graphed as mean $EM. P values were obtained from unpaired
{GdzRSyGQa G dSado

3.3.2ras-2 null worms are not defective in avoiding high osmotic glycerol (8M)

WTC. elegansare repelled by high concentrations of glycerol, sodium chloride, sorbitol,
sodium acetate, ammonium acetate, fructose and glucose (Culotti & Russell, 1978). To
avoid thesenon-volatile repellentsC. elegansrequire their amphid neurons to be
exposed to the chemicals (Bargmann et al., 1990). In order to investigate whrati2r

null worms are defective in avoiding high osmotic repellents, | performed the glycerol
ring assaywith 8M glycerol. | used the WT N2 strain as a positive controlcamat9,

which lacks TRP ion channels that mediate sensory transduction in many amphid

neurons, as a negative control. Animals that cross the glycerol ring were considered as
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non-avoiders ad animals that did not cross the barrier were considered as avoiders of
high osmotic glycerol solution. Number of avoiders and -awoiders were recorded
every 2 minutes over 10 minutes of period for each strain and the fraction of non
avoiders for eachtsain was calculated. The fractions of ramoiders of WT worms and
ras-2 null worms were not significantly different from one another, but both were
significantly different fronosm9 at 2 minutes (WT 1.54%-1.07;ras-2 0.69% +/0.69;
osm9 15.01% +/ 4.87), 4 minutes (WT 2.00%-+.11; ras2 1.20% +/ 1.03; osm9
28.21% +/7.88), 6 minutes (WT 2.31%- 4/19;ras2 3.16% + 1.72;0sm9 39.81% +
8.00), 8 minutes (WT 4.19%-#/68;ras-2 3.99 % +/2.42;0sm9 58.48 % +/7.77) and

at 10 minutes (VT 8.43% +/2.49;ras2 5.49% +/ 3.02;0sm9 74.30 % +/7.99) (Figure
3.4). This suggest thaas-2 null worms behave like WT worms in avoiding high osmotic

glycerol and do not have defects sensing high osmotic glyceraldike® mutants.
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Figure 34. The fractions of noeavoiders for WTras2 and osm9 over a 10 minute
period. The fraction of noravoiders forras-2 worms is not significantly different from

WT worms at 2 minutes (P > 0.05), 4 minutes (P > 0.05), 6 minutes (P > 0.05), 8 minutes
(P >0.05) and at 10 minutes (P > 0.05) n= (WT 11 platss?2 10 plates). All values
graphedasmean+{ 9a® t @I fdzSa 6SNB 200G AYySR FTNRBY dzy
3.3.3ras-2 null worms are smaller than agsynchronized WT worms

Defects in sensory percapt in C. eleganshave been reported to result in
abnormalities in growth of the animal. Moreover, regulation of body size through
sensory perception required amphid neurons (Fujiwara et al., 2002). To determine the
body size of theas-2 null worms, | usé the multi worm tracker, which can determine

the body length, body width and body area of multiple worms at the same time.

Excitingly, | found thatas-2 null adult worms (96 hours old) are significantly smaller

than agesynchronized WT worms in body ar@&T 0.148 +/0.0012 ras2 0.110+/-
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0.0017%, body length (WT.126+/- 0.005Q ras-2 0.932 +£ 0.0065)and body width (WT
0.11 +/- 0.0014 ras2 0.096 ++ 0.0012 (Figure 3.5A). Theas2 null worms were
82.78%, 84.53% and 74.39% in body length, bodigrmand body area of WT worms,
respectively. In order to determine the body size at different stages of the life cycle, |
constructed growth curves falas-2 null and WT worms. | measured the body length of
the worms from the tip of the head to the tip ¢iie tail of the animal in different time
points. Overall, | found thats-2 null worms are smaller in body length than WT worms,
starting at 32 hours of age (Figure 3.5B). Specifically, the differences are significant at 32
hours (WT0.44 +£0.011;ras-2 (0.39 +£0.012) 56 hours@.95 +£ 0.018;ras-2 0.85 +£
0.021) 72 hours (WT.10 ++ 0.031;ras2 1.02 ++ 0.017),80 hours (WTL.18 +£ 0.027;

ras2 1.06 ++ 0.026), 88 hours (WT 1.24-40.016;ras-2 1.13 +£ 0.018), and 96 hours
(WT 1.33 +/0.018;ras-2 1.14 ++ 0.035)of age. Although not statistically significant,
ras-2 null worms showed smaller body size than WT worms at 40 hoursO(B0r ++
0.010;ras2 0.47 ++0.013)48 hours (WT0.67 ++ 0.024;ras2 0.63 +£ 0.020) and64

hours (WTL.00 +£0.023;ras-2 0.96 +£0.023)of age.

44



1.2 e 14
13
1 T 1.2
11
Oras-2 z 1
0.8
E 09
£ o8
0.6 £ 07
a
- 06
0.4 05
0.4
0.3
- o
0.2 0.2
a 0
length (mm)  width (mm) area (mm?) 16 24 32 40 48 56 64 72 80 88 96
Body measurements Age ( hours)

Figure 3.5ras2 null worms are smaller than agg/nchronized WT wormgA) Body
measurements determined by the multi worm tracker indicates-2 null worms are
significantly smaller than WT worms in body length=(R0.0001), width (P = <0.0001)
and body area (P = <0.0001) (n = 6 plates witlt®@vorms per plate for each strain).

All values are graphed as mean- §EM. P values were obtained from unpaired

{ G§dzRSy (i 9B Body lefighaneaBurements at differemiges indicateras-2 null
worms are smaller than WT in body length starting from 32 hours of age. The difference
in the body length is significant at 32 hours (P = 0.006), 56 (P = 0.003), 72 (P = 0.02), 80
(P =0.004), 88 (P =0.0001) and 96 (P = 0.0@08} Itn = 911 worms for each strain at
each time point). All values graphed as mean SEM. P values were obtained from
dzy LI ANBR { GdzRSyiQa & GdSado
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3.4 Phenotypic and behavioral analysesraf-2 worms

3.4.1. Phenotypi@nalyses ofras-2 worms

Apart fom the smaller size, we did not observe any gross anatomical abnormalities in
ras-2 worms. This included abnormalities in the appearance of the vulva. Since vulval
development is known to be regulated by L& signaling reviewed in Sundaram,

2006), we oncluded that the absence of R&Ss inconsequential in this case.

3.4.2 Theras-2 null worms show faster forward movements than age synchronized
WT worms

Next, we observedas-2 worms using the Multi Worm TrackeC€. elegansnoves on a

food lawn in anagar plate by generating sinusoidal waves and propagating the waves
along the length of its body (Croll, 1975). Posteriorly propagated waves make the animal
move forward and anteriorly propagated waves make it move backwards. We analyzed
locomotion data cptured by the MWT during the last minute of a fi@nute session.
Analysis of base line phenotypes related to locomotion indicated that the base line
forward moving speed ofas2 null worms on a standard food lawn on agar was
significantly higher than tt of WT worms (WD.116 mm/s +/ 0.0035;ras2 0.137

mm/s +/- 0.0070) (Figure 3.6).
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Figure 3.6. Forward moving speethe ras-2 null worms are significantly faster in
forward movements than agsynchronized WT worms (P = 0.02¥6 plates with 5@0
worms per plate each strain). All values graphed as meanSEM. P values were
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3.4.3 Shoriterm habituation of ras-2 null worms

C. elegansire capable of learning about their surroundings and modify their behavior i
response to environmental changdsabituation is one of the simplest forms of learning
and defined as a gradual decrease in the response to repeated stimuli. Habituation to
mechanosensory stimuli i€. eleganss well studied and documented (Rankin ét a
1990). When the worms in a petri dish receive a mechanical stimulus as a tap to the side
of that dish, they respond by crawling backwards. | tested whether there are differences

between WT andas-2 null worms in response to the tap stimuli and evakgthe level

of habituation ofras-2 nullworms. To do this, | analyzed two measurpsyportion
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reversing and theeversal distance in response to 30 tap stimuli delivered at 10 s-inter
stimulus intervals (ISI).

Proportion reversingTheras-2 worms wereas likely as WT worms to respond to the

tap stimuli (Figure 3.7AA two-way ANOVA on the proportion of worms reversing as

response to the tap stimuli revealech ansignificant effect of strain (F (1, 10) = 0.5062, P

> 0.05), a significant main effect ofinsuli (F (29, 290) = 28.12, P < 0.0001) and
insignificant interaction effect (F (29, 290) = 1.353, P > 0.05). The significant main effect

of stimuli on proportion reversing indicatehat both strains habituated to the tap

stimuli. | investigated the défences in fractions of worms between two strains that
NEALRYRSR (2 AYyAGALFEt YR FAYLlFf debtlThed G A YdzZ A
fractions ofras2 worms reversing to respond to the initial and final tap stimuli are
statistically indistinguisiae from that of WT worms (initial response WT 0.09% +/
0.061ras-2; 0.858 +£0.041; final response WT 0.422 6/109;ras-2 0.468 ++0.126).

Reversal distanceNext, | quantified the magnitude of response to the tap stimuli by

measuring the distancthat worm move backwards during the reversal. Becanzse2

worms are smaller in body length, | standardized the reversal distances to the average
adult (96 hours old) body length of each strain. The reversal magnitudas-a8fworms

in response to a tapvere greater than that of WT worms. A tweay ANOVA on the
reversal distances revealed a significant main effect of strain (F (1, 10) = 41.67, P <
0.0001), significant main effect of stimuli (F (29, 290) = 19.81, P < 0.0001) and no
significant interactiorbetween stimuli and strain (F (29, 290) = 1.161, P = 0.265). The

significant main effect of stimuli indicatethat both strains habituated to the tap
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stimuli. | investigated the differences further by comparing the reversal distance of each
straintoeactt G A Ydzf A dzaA Ay 3 | yestdekiddhalydissi@moRstiate®tBay (1 Q &
there is a statistically significant difference in a reversal distancess&fand WT at ¥,

2nd 3d g 7h ogh 130 140 160, 19", 20N, 218, 24", 25" and the 26 tap stimuli (P <

0.05) (Figure 3.7B). Considering thhas-2 worms normally travel at a speed that is
approximately 18% faster than that of WT worms at 96 hours of age (see Figure 3.6), it
is not surprising to see slightly higher values for reversal miigtdor most of the later

tap stimuli. However, the faster speed alone could not account for the great differences
(> 18%) seen at the first8taps (Figure 3.7B). Thus, worms lacking-R&8&vel greater
distances backwards in response to a novel adstisnulus, despite their smaller body
size. We concluded that although the learning/habituation response appeared normal

overall,ras-2 worms exhibit higher levels of symptoms resembling anxiety.
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Figure 3.7. Tap habituation curves of 96 hoursrak2 null and WT worms in response

to series of 30 tapqA) The fractions ofas-2 worms reversing to respond to the initial

and final tap stimuli are statistically indistinguishable from that of WT worms (initial

response P > 0.05; final response P > Q05) 6 plates of worms with 580 worms per

plate). (B) There is a statistically significant difference in a reversal distan@ss2aind

WT at B, 20d, 34 40 70 gh 130 140 16", 190, 20", 215, 24", 25" and the 28" tap

stimuli (P < @5) (n = 6 plates of worms with 8D worms per plate). All values are
graphedasmean+{ 9a® t @I fdzSa 6SNB 200 AYySR FTNRBRY dzy
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3.5 Evaluation of reproductive efficiency ofs-2 null worms and mating behavior

3.5.1 Reproductivesfficiency in hermaphrodites

C. elegankermaphrodites are sefertilized and produce a large number of oocytes and

a limited number of sperm. The sdédrtilizing machinery is nearly 100% efficient and
can result in about 300 sefirogeny throughout thereproductive life. Mating with a
male can sire additional offspring; the number of crpssgeny can be over 1000. The
oocyte maturation, ovulation, fertilization and egdgying events occur in the somatic
gonad of the hermaphrodite, which is composed eVeral different tissues: distal tip
cells, gonadal sheath cells, spermatheca, spermatieane valve and the uterus. Any
defects in theses tissues may result in reduction of reproductive efficiency or reduced
progeny size. Because RAB strongly expessed in proximal myoepithelial sheath cells
and spermatheca (Figure 3.1), it may play a role in the functions of these tissues.
Therefore, | hypothesized that lack @is2 may result in reduced reproductive
efficiency in hermaphrodites.

| observed theegglaying ability ofras-2 null worms and determined the total number

of progeny produced byas2 hermaphrodites. My observations indicate theds2
worms are as efficient as WT hermaphrodites in producingmseljery. No significant
difference was food in total number of progeny produced byas2 or WT
hermaphrodites (WT 358 +A0; ras-2 330 ++ 50) (Figure 3.8). | also determined the
brood size of the two transgenic strain@M7443 (raEx443 [reb (sul006)+ras

2p::GFP:rag]) and DM7447 raEx447 [ol-6 (sul006)+ragp::GFP::ra2G26V] which
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produce WT and activated R&Sespectively. | found that overexpression of WT RAS
or activated RA2 does not affect the brood sizeaEx443 [rob (sul006)+ras
2p::GFP::rag] 377 + 8; raEx447 [rob (sul@6)+ras2p::GFP::ra2G26V]305 ++ 30)
(Figure 3.8) These findings suggest theds-2 does not have a significant effect on

brood size of the hermaphrodites.
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§ 200 - 2p::GFP::ras-2]
<
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Figure 3.8. Reproductive efficienciesrat-2 null hermaphrodites The average brood

size ofthe ras2 (P > 0.05, n = 5);aEx443 [rob (sul006)+ragp::GFP::rag] (P > 0.05,

n = 10), or [rol-6 (sul006)+ra2p::GFP::ra2G26V](P > 0.05, n = 5)s statistically
indistinguishable from WT hermaphrodites (P values were obtained from unpaired
StRSYy G Qa G GSad FyR Fft-SE.t dzS&a NS 3INF LKSR |
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3.5.2 Reproductive efficiency in male worms

Mating behavior is a complex social behavioCinelegansn which the male performs

an active sensory and motor behavior while the hermaphrodi@ygla passive role.
Hermaphrodites provide sensory signals (pheromones) before mating to attract males.
Males from general sensory mutants suchoast5 and osm6 are unable to respond to

the sensory signals from hermaphrodites in mating assays (Simoer&bstg, 2002).
Therefore, males with sensory defects may have impaired mating ability resulting in
reduced mating efficiency.

First, | investigated the reproductive efficiencyras-2 males. | determined the number

of crossprogery that aras2 male cansire by mating with adpy-5 hermaphrodite. |
found that of those males that did mate and produced more than 15% qaggeny of

total offspring, there was no significant difference between the mating efficiencies of
ras2 and WT males (WT 86.96-8.3 ;ras2 82 +/- 10.1) (Figure 3.9A). However, the
frequency ofras-2 males that produced greater than 15% crggsgeny was lower than

that of wildtype males (WT: 64%as-2: 36%) (Figure 3.9B). There were males that did

not produce crosprogenies in bottgroup (Figure 3.9C).
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Figure 3.9. Reproductive efficienciesra$-2 null males (A) The reproductive efficiency

of ras-2 males that produced > 15% crgssgeny is not statistically significant from WT

males (P > 0.05, n = WTrds25) (P values were®m(i  AYSR FTNRY dzy L)} A NBR
test and all values are graphed as meanS#M). (B) The frequencyrafs-2 males that

produced > 15% cross progeny is rggnificant from WT males (P > 0.05, n = WT 11;

ras-2 14). P value was obtained from Chi squarestt (G The reproductive efficiencies

of all the males used in the assay (n = WTrd42 14)

3.5.3 Scoring of male mating behaviors

Because | noted thatas-2 males were less likely to mate with a hermaphrodite (see

Figure 3.9), | studied the matingavior ofras-2 males in more detail, by observing the

major subbehaviors of mating. The key stages in worm mating behavior are:

hermaphrodite recognition and contact response, backing, turning, vulva location and
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copulation (Liu & Sternberg, 1995). Mndings indicate thatas2 males are able to
recognize hermaphrodites and perform contact response at the same frequency as wild
type males. | determined the percentage of males that performed contact behavior and
found that 90% ofas-2 and WT males arable to perform this behavior (Figure 3.10A). |
also determined the average time it took for a male to contact the hermaphrodite.
These times varied greatly and there was no significant difference between Wiaand

2 (WT 261.76s +/43.26; ras2 290.7s + 46.53) (Figure 3.10B). Furthermore, |
determined the frequency of performing consecutive steps in the mating behavior
including backing, turning and vulva locating of males who committed response
behavior. Although statistically nesignificant,ras-2 worms were more successful in
performing abovementioned steps than WT males (backing; WT 94 #4%2 100%,;
turning; WT 77.8%as2 94.4%; locating vulva; WT 77.8fas2 94.4%) (Figure 3.10C).
Everyras-2 male who performed the response contact was aldecontinue to backing
behavior. WT males were less likely thas2 males to perform consecutive steps in

mating behavior.
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Figure 3.10. Scores of male mating behavi@k) The percentage of males that
performed contact response behavior in mating wamsiksir in WT andas-2 males (n =

20 for both WT andas-2). (B) The average time taken Bs-2 males to recognize a
hermaphrodite and perform a contact response is not statistically different from WT
worms (P > 0.05, n = 20 for both WT aras-2). P value were obtained from an

dzy LI ANBR {(dzRSydGdQa O (Sadi-SEM. ) The flegizénay of NI
ras-2 males performing consecutive steps in mating behavior was slightly higher but
statistically indistinguishable from WT males (backing; P.05,0urning; P > 0.05,
locating vulva; P > 0.05, n = 19 for both WT eaml2) P values were obtained by Chi
squared test.
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3.6 Scoring of vulval phenotypes caused by activateghif-of-function) let-60 or
activated @ain-of-function) let-23 mutations on aras-2 null background

Since Ras signaling has been highly implicated in vulval inductidd. ielegans
mutations in the components of the pathway result in altered vulval phenotypes. For
instance, thegain-of- function(gf) mutations oflet-23 andlet-60, both of which activate

the RasERKsignaling pathway, cause a multivulva (Muv) phenotypeviéwed in
Sundaram, 2006). Some suppressors of the Muv phenotype have been identified. One of
these issur-8 (soc2) (Sieburth et al., 1998). Because SRBASURB) and MRas (RA3)

were reported to interact in mammalsye hypothesized thatas-2 may also be involved

in regulation of the Ras/ERK signaling pathwag.ielegansand thatlack ofras-2, like

Sur8 (soc2), may suppress the Muv phenotype cauggdet-60 (gf)andlet-23 (gf)

In order to test this hypothesis | scored the different vulval phenotypes in a cross
betweenras-2 null andlet-60 (gf)mutants(let-60 (n1046) iv; ra2 (ok682) il andlet-60

(gf) mutants (et-60 (n1046) as the controlstrain (Figure 3.11A)l observed that Muv
occurred with the same frequency in the presence or absencas? (61.06% withras-

2, 61.39% withoutras-2). However, let-60 (gf) exhibited higher frequencies of
protruding vulva (Pvul) in the absenceras-2 (26.05% vs. 18.39% in the presence of
ras-2). The higher frequency of Pvul led to a decrease in the occurrence of normal, or
wild-type, vulvae in the absence ods-2 (4.02% vs. 13.58% witlas-2). Bothlet-60 (gf)
mutants (with or withoutras-2) also shwed Pvul in combination with Muv at low
frequency but there was no significant difference between these two groups (6.95% in

the presence ofas-2, 8.52% in the absence a@is-2).
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Similar tolet-60 (gf) | also tested whetheras-2 may be essential in pablogical signal
transduction caused biet-23 (gf) | examined the cross betweeas-2 null andlet-23
(gf) mutants (et-23 (sa62) ii; ra® (0k682) iiifor suppression of Muvl observed that
there was no suppression of the Muv phenotype causedeb®3 (gf)on aras2 null
background. The frequency of Muv in the presenceasf2 was 85.61%, and 81.61% in
the absence ofas2 (Fig. 3.11B). Other vulval phenotypes observed i28tvorms
with or without ras-2 were also very similar in frequency (withilwout ras-2): Pvul-
0.78%/2.05%; Muv with PvuR.21%/2.35%; wildype vulva- 11.37%/13.97%.

These findings were unexpected and suggest that even thoag8 did not suppress
the Muv phenotype caused Hgt-60 (gf)or let-23 (gf)mutants, it may modlate other
signaling pathways that contribute to different developmental abnormalities such as

Pwvul.
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Figure 3.11. Different Vulval phenotypes causede0 (gfandlet-23 (gh mutants on
aras-2 null background(A) The frequency of Pvul and tirequency WT vulva inet-60
(n1046) iv; ra (0k682) iiijare statistically different froml¢t-60 (n1046)mutants (P <
0.05 n =let-60 (n1046) iv; ra® (0k682) iiil044;let-60 (n1046)1207) P values were
obtained from Chi squared test. The diffecas in Muv without Pvul and the Muv with
Pvul are statistically noesignificant between the two strains. (B) There were no
significant differences in any of the vulval phenotypetetf3 (sa6?2) ii; ra® (0k682) iii
andlet-23 (sa62)
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CHAPTER 4: DISERION

M-Ras/RA& is highly conserved throughout evolution and both nematodes and
mammals have orthologs, which share about 50% amino acid identity. Even though
there are published data on the functions and significance eéRd8 in mammals, M

Ras/RAR inC. eleganbas not been studied yet.

4.1 Theras-2 expression profiles irC. elegans

In order to gain insight of function or role of a certain gene in an organism, it is very
important to understand its detailed expression pattern. This can be achievexjene
transcript levelusing gene expression profiling techniques such as RNA microarrays and
in situ MRNA localization. On a protein level, the protein can be detected
histochemically using antibodies, if available, or indisetttrough the use ofransgenic
animals that carry the promoter of the gene of interest fused to a reporter such as
green fluorescence protein (GFP) (Chalfie et al., 1994is gromoter::GFP fusion
technique has been used in large scale genewite studies irC. elegangMcKayet al.,
2003). Generating transgenic animals with promoter::reporter fusions allows better
understanding of the démporal and tissue specific expression patterns of the
promoter::reporter constructs, which reflects the transcriptional regulation of the gene
in viva Since no antibodies are currently available for RASve chose the
promoter::reporter gene approach to reade goal of identifyingras2 expression

patterns inC. elegans
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| generated a transgenic worm line that expresses GFP driven by emulogras-2
promoter. Strikingly, | found GFP expressiorsaweraldifferent cells and tissues @3.
elegansincluding the amphid sensory organs in hermaphrodites and males, and the
proximal myoepithelial sheaths and spermatheca of adult hermaphrodites.L'B and

L4 larvae also exhibited a similar pattern in the amphid neurons (Figure 3.1A). GFP
expression was strong and the expression pattern was similar between individuals in the
stable transgenic line. The expression profile of the2p::GFP transgstional fusion

was comparable with the expression data collected from SAGE libraries and the mRNA
SELINB&&A2Y RIGlF LINR JA RS RasDSAGH t3g3 weveSiétedtkdE DSy S/
in FACS sorted AFD and ASER amphid neurons (Tablea82kxpression \&s not

limited to the amphid neurons; SAGE data indicates that tags were also detected in
FACS sorted pameural cells. Even though there is no obvious GFP expression in
neurons other than amphids in transgenic animals, there may bedsbectable levels

of GFP in the other neurons. Alternativelgs2 could be specific to neurons and
supportive cells in the amphidC. elegansdhave a pair of bilaterally located amphid
sensilla in the head region that function as the major sensory organ of the animal. Each
amphid is a collection of 12 sensory neurons and supportive cells; a sheath cell and a
socket cell. In order to confirm the specific cell type in which the GFP was detected,
further analysis is needed. The expression of GFP was also strong and stalde in th
proximal myoepithelial sheath and in the spermatheca of the adult hermaphrodites.
There are no available data @as-2 expression in these structures generated by SAGE
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