
Maria Susana Ramos Ferreira Guedes 

The mex-I Gene and Specification of Germ Cell 
Identity in the Caenorhabditis elegans Embryo 

Universidade do Porto 
1998 



Maria Susana Ramos Ferreira Guedes 

The mex-1 Gene and Specification of Germ Cell 
Identity in the Caenorhabditis elegans Embryo 

Universidade do Porto 
1998 





Maria Susana Ramos Ferreira Guedes 
Programa Gulbenkian de Doutoramento em Biologia e Medicina 

Fred Hutchinson Cancer Research Center 

The mex-1 Gene and Specification of Germ Cell 
Identity in the Caenorhabditis elegans Embryo 

Dissertação apresentada ao 
Instituto de Ciências Biomédicas Abel Salazar 

Universidade do Porto 

para obtenção do grau de 
Doutor 

em 
Ciências Biomédicas 

na especialidade de 
Genética Molecular 

Porto, 1998 



Declaração 

De acordo com o disposto no n° 2 do Art0 8o do Decreto-Lei n° 388/70, 
nesta dissertação foram utilizados resultados da publicação abaixo indicada. No 
cumprimento do disposto naquele Decreto-Lei, a autora desta dissertação declara 
que interveio na concepção e na execução do trabalho experimental, na 
interpretação dos resultados e na redacção do manuscrito enviado para 
publicação, sob o nome de Susana Guedes. 

Guedes, S., and Priess, J. R. (1997). The C. elegans MEX-1 protein is present in the 
germline blastomeres and is a P granule component. Development 124, 731-739. 

ii 



Este trabalho é dedicado aos meus pais M" Isabel e Fernando, às minhas irmãs 
Sofia e Raquel e ao meu melhor amigo David 



Table of Contents 



Page 

List of figures ix 
List of abbreviations xi 
Abstract xv 
Resumo xvi 
Resume xvii 
Acknowledgments xviii 

Chapter 1 
Specification of the germ cell fate in C. elegans - an introduction 
1.1- General considerations 2 
1.2- Germ cells are different from somatic cells 2 

1.2.1- In some organisms, germ cells and somatic cells can have 
differences at the DNA level 2 
1.2.2- The germ cytoplasm determines germ cell identity 3 
1.2.3- The germ cytoplasm contains specific granules 4 

1.3- Caenorhabditis elegans and germ cells 5 
1.3.1- C. elegans and the generation of the early blastomeres 5 
1.3.2- The origin of the germ cells 8 

1.4- Germline and somatic blastomeres differ 9 
1.4.1- Germline and somatic blastomeres divide in distinct patterns 9 
1.4.2- Germline blastomeres contain cytoplasmic granules 12 

1.4.2.1- Biochemical constitution of P granules 13 
1.4.2.2- P granules segregate to the germline blastomeres 15 
1.4.2.3- P granules are necessary for germ cell identity 16 
1.4.2.4- Do P granules determine germ cell identity? 16 

1.4.3- Germline blastomeres do not respond to somatic transcription 
factors 17 

1.5- The mex-1 gene 21 
1.5.1- Identification of the mex-1 gene 21 
1.5.2- Mutations in the mex-1 gene cause defects in germ cell 
development 22 
1.5.3- Mutations in the mex-1 gene cause defects in somatic 
development 25 
1.5.4- Current model for the function of mex-1 in early development 26 
1.5.5- Summary of my research 26 

v 



Chapter 2 
Identification of the mex-1 gene and characterization of the MEX-1 protein 
2.1- Abstract 30 
2.2- Material and Methods 30 

2.2.1- Strains and Alleles 30 
2.2.2- Germline transformation 30 
2.2.3- RNA-mediated interference (RNAi) 31 
2.2.4- mex-1 sequence and mex-1 mutant analysis 31 

2.3- Results 32 
2.3.1- The phage clone VT#YL17 contains the mex-1 gene 32 
2.3.2- Identification of the mex-1 gene within VT#YL17 34 
2.3.3- The mex-1 gene products 38 
2.3.4- Analysis of mex-1 mutant alleles 44 

2.4- Discussion 47 
2.4.1- The mex-1 gene locus 47 
2.4.2- The mex-1 gene product 48 

Chapter 3 
Expression pattern of the mex-1 gene products 
3.1- Abstract 51 
3.2- Material and Methods 51 

3.2.1- In situ hybridization 51 
3.2.2- Production of antibodies and immunostaining 51 

3.3- Results 53 
3.3.1- The mex-1 mRNA localizes to germline blastomeres 53 
3.3.2- The MEX-1 protein can be detected with rabbit polyclonal 
antisera 55 
3.3.3- The MEX-1 protein localizes to the germline blastomeres and 
is a component of P granules 57 
3.3.4- Mutations in mex-1 cause defects in P granules 60 
3.3.5- Is there heterogeneity in P granules? 65 

3.4- Discussion 65 
3.4.1- Distribution pattern of the mex-1 mRNA 65 
3.4.2- The MEX-1 protein 67 
3.4.3- Expression pattern of the MEX-1 protein 67 
3.4.4- MEX-1 and P granules 69 

vi 



3.4.5- Heterogeneity in P granules 70 

Chapter 4 
MEX-1 and PIE-1 have distinct functions in the germline blastomeres 

4.1- Abstract 7 3 

4.2- Material and Methods 73 
4.2.1- Strains and Alleles 73 
4.2.2- In situ hybridization and immunostaining 73 

4.3- Results 7 4 

4.3.1- MEX-1 and PIE-1 have distinct functions in the germline 
blastomeres 74 
4.3.2- PIE-1 is mislocalized in mex-1 mutants 76 

4.4- Discussion 78 
4.4.1- MEX-1, PIE-1 and embryonic transcription 78 
4.4.2- MEX-1 and PIE-1 localization 80 
4.4.3- Cold-sensitive defect in mex-1 mutants 80 

Chapter 5 
Identification of MEX-1-interacting proteins 
5.1- Abstract 83 
5.2- Material and Methods 83 

5.2.1- Yeast Strain 83 
5.2.2- Construction of two-hybrid vectors 85 
5.2.3- C. elegans library 85 
5.2.4- Media 85 
5.2.5- Yeast transformation and selection for activation of 
GAL2-ADE2 and GAL1-HIS3 86 
5.2.6- (3-Galactosidase assay 86 
5.2.7- Elimination of GAL4BD"^SX-1 plasmid and test for reporter 

expression 88 
5.2.8- Identification of MEX-1-interacting proteins 88 

5.3- Results 90 
5.3.1- Gal4BD-MEX-l inhibits slightly the growth of the yeast cells 90 
5.3.2- Gal4BD::MEX-l can activate the reporter genes GAL2-ADE2, 

GAL1-HIS3, and GAL7-LacZ 92 
5.3.3- Summary of small-scale two hybrid screen 95 

v n 



5.3.4- Selection of transformants that activate strongly the reporter 
genes 95 
5.3.5- Selection of transformants that require Gal4BD-MEX-l to 

activate GAL2-ADE2 97 
5.3.6- Identification of candidate MEX-1 -interacting proteins 97 

5.4- Discussion 102 
5.4.1- Gal4BD"MEX-l and the two-hybrid screen 102 

5.4.2- Selection of candidate MEX-1-interacting proteins 104 
5.4.3- Identification of candidate MEX-1-interacting proteins 105 
5.4.4- Future experiments 106 

Chapter 6 
The role of MEX-1 - Final discussion 
6.1- Brief considerations 108 
6.2- The MEX-1 protein 108 
6.3- Future experiments - Does MEX-1 regulate directly the expression 
of POS-1? H I 
6.4- MEX-1 and P granules H I 
6.5- Speculation: MEX-1 and the anterior-posterior polarity in the 
germline blastomeres H2 
6.6- The phenotype of the mex-1 mutant embryo 116 

viii 



List of Figures and Tables 



Page Page 

Chapter 1 
Figure 1.1 
Figure 1.2 
Figure 1.3 
Figure 1.4 
Figure 1.5 
Figure 1.6 
Table 1.1 
Table 1.2 

Chapter 2 
Figure 2.1 
Figure 2.2 
Figure 2.3 
Figure 2.4 
Figure 2.5 
Figure 2.6 
Figure 2.7 
Table 2.1 

Chapter 3 
Figure 3.1 
Figure 3.2 
Figure 3.3 
Figure 3.4 
Figure 3.5 
Figure 3.6 
Figure 3.7 
Figure 3.8 

Chapter 5 
7 Figure 5.1 
11 Figure 5.2 
19 Figure 5.3 
20 Figure 5.4 
24 Figure 5.5 
27 Table 5.1 
14 Table 5.2 
23 Table 5.3 

Table 5.4 
Table 5.5 

33 Table 5.6 
39 Table 5.7 
41 
42 Chapter 6 
43 Figure 6.1 
45 Figure 6.2 
46 Figure 6.3 
35 Figure 6.4 

54 
56 
58 
59 
62 
63 
64 
66 

84 
89 
94 
99 
100 
87 
91 

93 
96 
98 
101 
103 

110 
113 
114 
117 

Chapter 4 
Figure 4.1 
Figure 4.2 

75 
77 

x 



List of abbreviations 



3-AT 3-Aminotriazole 

ADE Adenine 
ALP Asymmetrical Localization of PIE-1 

APX Anterior Pharynx in Excess 

ATG Adenosine, Thymidine, Guanosine 

AU Adenosine, Uracil 
bp Base Pairs 
cDNA Complementary DNA 
cey C. elegans Y box protein 
rib Changed Identity of Blastomeres 
CPSF Cleavage and Polyadenylation Specific Factor 

Cys-His Cysteine-Histidine 
DAPI 4', 6-Diamidino-2-phenylindole 

DNA Deoxyribonucleic Acid 
dpy Dumpy 
dT Deoxythymidine 
FITC Fluorescein Isothiocyanate 
Gal Galactose 
Gal4A C Galactose Activating Domain 

Gal4BD Galactose DNA-Binding Domain 

GLD Germline Differentiation Abnormal 
GLH Germline Helicase 

glp Germline Proliferation Abnormal 
HC Hartwell Complete 
HIS Histidine 
Kbp Kilo Base Pairs 
KD Kilodalton 
LEU Leucine 
MAPs Multiple Antigenic Peptide System 
mes Maternal-Effect Sterile 
met Methionine 
mex Muscle in Excess 
mL Mililiter 
m M Milimolar 
m m Milimeter 
m R N A Messenger RNA 

xii 



n m Nanometer 
OD Optical density 
ONPG o-nitrophenyl-P-D-galactoside 

PAL Posterior Alae 

PAR Partitioning Abnormal 

PCR Polymerase Chain Reaction 

pes Patterned Expression Site 
PGL P Granule Abnormality 
pie Pharynx, Intestine in Excess 
pos Posterior Abnormal 
RNA Ribonucleic Acid 
RNAi RNA-mediated Interference 
RNAPII-H5 RNA Polymerase II-H5 Phosphoepitope 

Rol Roller 
rpm Rotations Per Minute 
SDS Sodium Dodecyl Sulfate 
SDS-PAGE SDS-Polyacrilamide Gel Electrophoresis 
SKN Skin (hypodermis) in Excess 
SL Spliced Leader 
SW-PCR Single Worm PCR 
TIS TPA-Induced Sequences 
TRP Triptophan 
U2AF U2 small RNA Auxiliary Factor 
UAS Upstream Activating Sequence 
Une Uncoordinated 
ura Uracil 
Urp U2AF-Related Protein 
UTP Uridine Triphosphate 
UTR Untranslated Region 

^g Microgram 
uL Microliter 
"C Centigrade 

xiii 



Abstract/Resumo/Resumé 



In the nematode Caenorhabditis elegans, germ cells arise from early 
embryonic cells called germline blastomeres. Cytoplasmic structures called P 
granules are present in the fertilized egg and are segregated into each of the 
germline blastomeres during the first few cleavages of the embryo. Mutations in 
the maternal effect gene mex-1 disrupt the segregation of P granules, prevent the 
formation of germ cells, and cause inappropriate patterns of somatic cell 
differentiation. 

To understand the role of mex-1 in C. elegans embryogenesis, I first cloned 
the mex-1 gene by germline transformation, RNA-mediated interference 
(RNAi), and by analyzing the genome of mex-1 mutant alleles. The predicted 
MEX-1 protein is a novel protein with two copies of an unusual Cysteine-
Histidine (Cys-His) motif. I determined the distribution pattern of the products 
of the mex-1 gene. By in situ hybridization, I have shown that the mex-1 
messanger RNA pattern localizes to the germline blastomeres. I generated 
antibodies against the MEX-1 protein and analyzed the expression pattern of 
MEX-1 by immunocytochemistry. I show that MEX-1 is present in the germline 
blastomeres and MEX-1 is a component of P granules. Another C. elegans 
protein with Cys-His motifs, PIE-1, also is present in the germline blastomeres, 
and is a component of P granules. However, MEX-1 appears to be 
predominantly, if not exclusively, a cytoplasmic protein, whereas PIE-1 is present 
both in the nucleus and in the cytoplasm of the germline blastomeres. 

Previous work has shown that PIE-1 is required for the general repression 
of embryonic transcription in the germline blastomeres. MEX-1 and PIE-1 have 
similarities, and thus I tested whether MEX-1 is also required for the general 
repression of transcription, by analyzing the transcription of the gene pes-10. My 
results suggest that MEX-1 is not required for the general repression of embryonic 
transcription in the germline blastomeres. However, these results show that 
MEX-1 plays a role in determining which blastomeres repress transcription, by 
properly localizing PIE-1. Thus, MEX-1 and PIE-1 seem to have distinct functions 
in the germline blastomeres in C. elegans embryogenesis. 

A yeast two-hybrid screen was initiated to identify proteins that interact 
with MEX-1. I constructed a Gal4::MEX-l hybrid protein, and designed 
experimental conditions to identify MEX-1-interacting proteins. These 
conditions were tested in a small scale two-hybrid screen. Several candidate 
MEX-1-interacting proteins were identified. 
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No nematode Caenorhabditis elegans, as células germinais têm origem em 
células embrionárias denominadas blastómeros germinais. Estruturas 
citoplasmáticas denominadas grânulos P estão presentes no ovo recém-
fertilizado e são segregadas para os blastómeros germinais durante as primeiras 
divisões celulares do embrião. Mutações no gene de efeito maternal mex-1 
alteram a segregação dos grânulos P, inibem a formação das células germinais, e 
perturbam a diferenciação das células somáticas. 

Para compreender a função do gene mex-1 na embriogénese de C. elegans, 
o gene mex-1 foi clonado utilizando as técnicas de transformação germinal, 
RNAi (RNA-mediated interference), e análise do genoma de alelos mutantes no 
gene mex-1. A proteína MEX-1 prevista é uma proteína nova que contém duas 
cópias de um motivo Cisteína-Histidina pouco usual (Cys-His). Os padrões de 
distribuição dos produtos do gene mex-1 foram analisados. Foi determinado por 
hibridação in situ que o RNA mensageiro do mex-1 está localizado nos 
blastómeros germinais. Após gerar anticorpos contra a proteína MEX-1, foi 
determinado por imunocitoquímica que a proteína MEX-1 está presente nos 
blastómeros germinais, e que MEX-1 é um componente dos grânulos P. Outra 
proteína de C. elegans que contém motivos de Cys-His, PIE-1, está também 
presente nos blastómeros germinais e é um componente dos granules P. No 
entanto, MEX-1 parece ser uma proteína citoplasmática, enquanto PIE-1 está 
presente em ambos núcleo e citoplasma dos blastómeros germinais. 

Previamente foi demonstrado que a proteína PIE-1 é necessária para a 
inibição da transcrição nos blastómeros germinais. Dadas as similaridades entre 
PIE-1 e MEX-1, foi testado se a proteína MEX-1 também é necessária para a 
inibição da transcrição, através da análise da transcrição do gene pes-10. Os 
resultados obtidos sugerem que MEX-1 não é necessária para a inibição da 
transcrição nos blastómeros germinais. No entanto, estes resultados indicam que 
MEX-1 tem uma função importante na determinação das células que inibem a 
transcrição, ao localizar PIE-1 apropriadamente. Foi concluído que MEX-1 e PIE-1 
têm funções distintas nos blastómeros germinais durante a embriogénese de C. 
elegans. 

Foi iniciado um rastreio para identificar proteínas que interactuam com 
MEX-1 utilizando a técnica de "Two-hybrid system". Uma proteína híbrida 
Gal4::MEX-l foi construída, e foram desenvolvidas condições experimentais para 
o rastreio. Foram identificadas várias proteínas que poderão interactuar com 
MEX-1. 
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Chez le nematode Caenorhabditis elegans, les cellules germinales 
proviennent de cellules embryonnaires appelées blastomères germinaux. Des 
structures cytoplasmiques appelées granules P sont présentes dans l'oeuf fécondé 
et sont réparties dans chacun de ces blastomères pendant les premières divisions 
embryonnaires. Des mutations dans le gène à effet maternel mex-1 perturbent la 
ségrégation des granules P et la différenciation des cellules somatiques, et 
empêchent la formation des cellules germinales. 

Pour comprendre le rôle de mex-1 dans l'embryogenèse de C. elegans, j ' a i 
d'abord clone le gène mex-1 par transformation germinale, méthode RNAi 
(RNA-mediated interference), et par analyse d'allèles mutants de mex-1. La 
protéine MEX-1 prédite est une nouvelle protéine possédant deux copies d 'un 
motif Cystéine-Histidine (Cys-His) inhabituel. J'ai déterminé la distribution des 
produits du gène mex-1. J'ai montré par hybridation in situ que l'ARN messager 
de mex-1 est localisé dans les blastomères germinaux. J'ai produit des anticorps 
contre la protéine MEX-1. Par immunocytochimie, j'ai montré que MEX-1 est 
présente dans les blastomères germinaux, et est un composant des granules P. 
PIE-1, une autre protéine de C. elegans avec motifs Cys-His, est aussi présente 
dans les blastomères germinaux, et est un composant des granules P. Cependant, 
MEX-1 est une protéine cytoplasmique, alors que PIE-1 est présente à la fois dans 
le noyau et dans le cytoplasme des blastomères germinaux. 

Des travaux antérieurs ont montrés que PIE-1 est requise pour la 
répression générale de la transcription dans les blastomères germinaux. MEX-1 
et PIE-1 se ressemblent, et j'ai donc voulu savoir si MEX-1 est aussi requise pour 
la répression générale de la transcription, en analysant la transcription du gène 
pes-10 . Mes résultats suggèrent que MEX-1 n'est pas requise pour la répression 
générale de la transcription dans les blastomères germinaux. Cependant, ces 
résultats montrent que MEX-1 est importante pour déterminer dans quels 
blastomères la transcription est réprimée, en localisant de façon correcte PIE-1. 
Ainsi, MEX-1 et PIE-1 semblent avoir des fonctions distinctes dans les 
blastomères germinaux pendant l'embryogenèse de C. elegans. 

Un crible utilisant le système deux-hybrides (Two-hybrid) a été initié pour 
identifier des protéines qui interagissent avec MEX-1. J'ai construit une protéine 
hybride Gal4::MEX-l, et j'ai établi les conditions expérimentales pour identifier 
les protéines interagissant avec MEX-1. De nombreuses protéines candidates ont 
été trouvées. 
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Chapter 1 
Specification of the germ cell identity in C. elegans - An Introduction 



Chapter 1 - Introduction 

1.1- General considerations 

Two basic types of cells are generated during the development of an 
organism: somatic cells and germ cells. Somatic cells are involved in body 
formation and germ cells are involved in transmitting genetic information from 
one generation to the next. This difference between somatic and germ cells has 
been described more than a century ago (Nussbaum, 1880; Weismann, 1885, 1892; 
Boveri, 1887). However, today little is known about how this difference is 
established and preserved in the developing organism. 

Our knowledge about germ cells has increased significantly over the past 
twenty years. Much of this knowledge came from studies in organisms such as 
nematodes, fruit flies, and frogs. In this chapter, I review briefly some of the 
characteristics of the germ cells in multicellular organisms. I describe in more 
detail the characteristics and the development of the germ cells and the 
development of the germ cell precursors of the nematode Caenorhabditis 
elegans. This organism is the model system that I have chosen to address the 
question of how the difference between somatic and germ cells is established and 
preserved during development. In particular, I chose to study the maternal gene 
mex-1. mex-1 was identified by Mello and collaborators; mutations in this gene 
cause multiple defects both in somatic and germ cell development (Mello et a l , 
1992). My results on the molecular analysis of mex-1 suggest that the function of 
this gene is required for the proper specification and preservation of germ cell 
identity; possible roles for the mex-1 gene in the specification and preservation of 
germ cell identity are discussed in the final chapter of this thesis (Chapter 6). 

1.2- Germ cells are different from somatic cells 

1.2.1- In some organisms, germ cells and somatic cells can have differences at the 
DNA level 

Some differences between the DNA of somatic and germ cells have been 
described in a few organisms, such as some nematodes, insects, and arachnida 
(reviewed in Beams and Kessel, 1974). At the end of last century and beginning 
of this century, Boveri reported that some cells of the nematode Parascaris 
aequorum (formerly called Ascaris megalocephala) lose parts of the 
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Chapter 1 - Introduction 

chromosomes during development (Boveri, 1887, 1910). This phenomenon was 
called chromosomal diminution by Herla (1893). The cells with chromosomal 
diminution were the somatic precursors whereas the cells that preserved the 
chromosomes intact were the germ cell precursors (reviewed in Tobler, 1986). 

In mice embryos, the DNA of the somatic and germ precursors appear to 
have a different pattern of methylation (Szabó and Mann, 1995). DNA 
methylation is present in the somatic precursors. The pattern of DNA 
methylation in the somatic precursors in the embryo is inherited either 
maternally or paternally, and appears to be associated with maternal or paternal-
specific gene expression in the embryo. In contrast, this pattern of DNA 
methylation is not present in the germ precursors (Szabó and Mann, 1995). In 
these germ precursors, any parental-inherited methylation appears to be erased; 
an embryonic-specific pattern of DNA methylation is adopted by the germ cell 
precursors later in the development of the germ cells. 

The two organisms just described have differences at the DNA level in 
germ precursors and somatic precursors. However, these differences do not 
appear to be determinative of the germ cell identity, and instead appear to be a 
consequence of the specification of germ cell identity (see below). 

1.2.2- The germ cytoplasm determines germ cell identity 
The ability to generate germ cells has been associated with determinative 

properties of the germ plasm, which is the cytoplasm of germ cells or germ cell 
precursors. This notion was proposed by Weismann in his "germ plasm" theory 
(1885) and has been demonstrated in multiple organisms. 

The observation that no chromosomal diminution occurs in germ 
precursors in Parascaris aequorum led Boveri to ask whether the germ cytoplasm 
had any function in protecting the chromosomes from this diminution. Boveri 
forced some germ cytoplasm to be present in somatic precursors, where 
chromosomal diminution normally occurs; he found that chromosomal 
diminution did not occur in the somatic precursors that contained germ 
cytoplasm (Boveri, 1910). Boveri concluded that the germ cytoplasm contains a 
factor or factors that prevents chromosomal diminution. 

Boveri's results indicate that the nuclei of the germ and somatic 
precursors in the nematode Parascaris aequorum are intrinsically equivalent 
before chromosomal diminution. Recent experiments suggest that the nuclei of 
germ and somatic precursors are also equivalent in insects, amphibian and 
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mammals. In the fruit fly Drosophila melanogaster, anterior syncytial nuclei 
normally become somatic nuclei and posterior syncytial nuclei become germ 
nuclei. If some posterior cytoplasm is transplanted to the anterior side of the 
syncytial embryo, anterior nuclei become germ nuclei; later in development, 
these anterior cells become functional germ cells (Illmensee and Mahowald, 
1974). These experiments clearly demonstrate that all nuclei are equivalent in 
the Drosophila melanogaster early embryo and that the posterior cytoplasm 
(called the pole plasm) is sufficient to determine germ cell identity. The pole 
plasm is also necessary for germ cell identity; maternal effect mutations that 
disrupt the assembly of pole plasm prevent the formation of germ cells 
(reviewed in Rongo and Lehmann, 1996). 

The germ and somatic nuclei also appear to be equivalent in their ability 
to generate entire organisms. Gurdon and collaborators (1975) and Campbell and 
collaborators (1996) transplanted nuclei from differentiated somatic cells into 
enucleated oocytes (Gurdon et a l , 1975; Campbell et a l , 1996). These oocytes 
containing somatic nuclei were able to generate entire organisms; Gurdon and 
collaborators obtained a juvenile tadpole, and Campbell and collaborators 
obtained a fully developed sheep (Gurdon et a l , 1975; Campbell et al., 1996). 
These results suggest that somatic nuclei can be induced to become germ-like 
nuclei, and that germ cytoplasm plays an essential role in this induction. 

1.2.3- The germ cytoplasm contains specific granules 
The germ cytoplasm contains several components that are not present in 

the somatic cytoplasm. Germ-specific granules have been identified in a variety 
of organisms, including insects, nematodes, amphibian, and mammals. These 
granules have been described as electron-dense granular structures, and referred 
to as polar granules, dense bodies and nuage (reviewed in Eddy, 1975; Mahowald 
et a l , 1979; Eddy et a l , 1981). In Drosophila melanogaster, polar granules can be 
detected in the pole plasm (Mahowald, 1962) and they are continuously present 
in the germline (Mahowald, 1971a). Polar granules are often associated with 
mitochondria, and they contain RNA, polysomes and protein (Mahowald, 1968). 
Polar granules appear to be dynamic structures; the composition of the polar 
granules varies during development, both in RNA (Mahowald, 1971b) and 
protein (reviewed in Lehmann and Ephrussi, 1994; Williamson and Lehmann, 
1996) content. The study of the structure and biochemical constitution of the 
granules of the germ plasm in vertebrates has also been intensive. For example, 
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the studies performed in amphibia suggest that the granules of the germ plasm 
have ultrastructural and behavior similarities to polar granules (Mahowald and 
Hennen, 1971; Czolowska, 1972; reviewed in Beams and Kessel, 1974; Tobler, 
1986; Kobayashi et al, 1994). These granules also appear to have some 
biochemical similarities with the polar granules of Drosophila melanogaster 
(reviewed in Ikenishi, 1998). For example, germ granules in both Drosophila 
melanogaster and Xenopus laevis contain mitochondrial large ribosomal RNA 
(Kobayashi and Okada, 1993; Kobayashi et a l , 1994). 

Can germ granules be considered germ cell determinants? Germ granules 
are unique to germ cells and are present in all germ cells. Studies in Drosophila 
also showed that polar granules are essential for germ cell formation; mutants 
with abnormal granules (e.g. agametic; Engstrom et a l , 1982) do not generate 
normal germ cells. Together these results suggest that germ granules are 
associated with germ cell development. However, a pure population of granules 
has never been biochemically isolated, and the granules alone have never been 
tested for their ability to determine germ cell identity. Thus, the germ granules 
can not yet be considered germ cell determinants; the function of these granules 
remains unknown. 

In conclusion, germ cells and somatic cells have differences in their ability 
to generate organisms. These differences appear to be established apparently in 
response to different cytoplasm. What are the molecules and the mechanisms 
that regulate the difference between somatic and germ cytoplasm? We are 
beginning to answer this question using genetic and biochemical studies of the 
assembly of the germ cytoplasm in multicellular organisms. One such organism 
is the nematode Caenorhabditis elegans. 

1.3- Caenorhabditis elegans and germ cells 

1.3.1- C. elegans and the generation of the early blastomeres 
The nematode Caenorhabditis elegans has become a very important 

model system to study the specification of germ cell identity. It is non
pathogenic, and it is easy to obtain (soil), and to manipulate and grow in 
laboratory conditions (grow on agar plates at room temperature, with Escherichia 
coli as food; Brenner, 1974). C. elegans also has a short life cycle; embryogenesis 
takes about 14 hours, and the nematode reaches adulthood in approximately 40 
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hours after hatching (25°C). C. elegans can exist in two sexes, hermaphrodites 
and males. C. elegans exists more frequently as a hermaphrodite; males can arise 
spontaneously at low frequency, by meiotic disjunction. During adult life, a 
single hermaphrodite nematode can generate approximately 300 self-progeny. If 
males are mated into hermaphrodites, these hermaphrodites can generate over 
1000 progeny. Therefore, hundreds of progeny (self-progeny or crossed-progeny) 
can be obtained in a short period of time. Other advantages of C. elegans as a 
model system are its suitability for genetic studies, its relatively small and almost 
completely sequenced genome (108 base pairs; C. elegans Genome Sequencing 
Project is estimated to be completed at the end of 1998), and its transparency to 
light microscopy. 

The transparency of C. elegans allowed several researchers to describe in 
detail the characteristics, location, pattern and timing of division (or lineage) of 
each of the 959 cells or 1031 somatic cells that constitute the adult hermaphrodite 
or male, respectively (Deppe et al, 1978; Sulston et al, 1983). The characteristics 
and behavior of the germ cells has also been described, from origin (reviewed in 
Schnabel and Priess, 1997) to differentiation into sperm or oocytes (reviewed in 
L'Hernault, 1997; Schedl, 1997). 

The precursors of all somatic cells and the precursors of all germ cells are 
born during early embryogenesis (16-24 cell stage). These precursors are often 
called early blastomeres. The early blastomeres that generate only somatic tissues 
are called somatic blastomeres and the early blastomeres that generate germ cells 
are called germline blastomeres. The somatic blastomeres are called AB, MS, E, 
C, and D and the germline blastomeres are called P(), Pi, P2, P3/ and P4. In 
normal development, AB, MS, C, E, and D divide in invariant patterns and 
generate distinct somatic cell types. AB, MS, and C divide in complex patterns 
and generate multiple cell types; AB descendants differentiate primarily into 
neurons, epithelial cells (also called "hypodermis" in the nematode) and 
pharyngeal cells, MS descendants into pharyngeal cells and body muscle cells, 
and C descendants into epithelial cells and body muscle cells. E and D divide in 
relatively simple patterns and generate only one type of cells; E descendants 
differentiate into intestinal cells and D descendants into body muscle cells 
(Sulston, 1983; see Table 1.2). The development of the germline blastomeres, Po 
to P4, and its descendants is described below in more detail. Figure 1.1 
summarizes the early lineage and cleavage pattern of the C. elegans embryo. 
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Figure 1.1 

Schematic diagrams of the early lineage (left) and cleavages (right) of theC. elegans embryo. Horizontal 

lines on the lineage diagram represent cell divisions. The branch of the lineage that produces the germ 

cells is indicated by the thick black line, with the names of the germline blastomeres (PQ through P4) 

listed for each cleavage stage. Somatic blastomeres mentioned in the text are shown by name. The thick 

black line also corresponds to the locàization pattern of P granules and to the expression pattern of the 

germline-specificPIE-1 protein (in C. elegans, proteins are indicated with capital letters whereas genes 

are indicated with lowercase letters). For comparison, the thick white line shows the blastomeres that 

express high levels of the somatic transcription factor SKN-1. In the cleavage diagram, germline 

blastomeres are outlined in bold, and the somatic blastomeres that are sisters of germline blastomeres 

are shown shaded. Embryos are oriented with anterior left and dorsal up. 
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1.3.2- The origin of the germ cells 
Analysis of the lineage of the C. elegans embryo has shown that germ cells 

have an invariant origin (Sulston et a l , 1983). Germ cells arise from only one 
branch of the embryonic lineage (Fig. 1.1, thick line); this lineage contains the 
germline blastomeres Po to P4. The germline blastomeres Po to P3 each divides 
unequally to generate a somatic blastomere and a germline blastomere (Fig. 1.1). 
The germline blastomere P4 only generates germ cells; P4 is born around the 16-
24 cell stage, and is located at the posterior-ventral side of the embryo (see Fig. 

1.1). 
Around the 28-cell stage gastrulation begins, and P4 migrates to the center 

of the embryo, following the daughters of the intestinal precursor E (reviewed in 
Wood, 1988). Around the 100-cell stage, P4 divides symmetrically to generate the 
two germ cells of the embryo, Z2 and Z3. Somatic cells continue to divide until 
the embryo reaches 550 cells, approximately half way through embryogenesis. At 
the 550-cell stage, the tissue primordia are formed, such as the pharyngeal, 
intestinal and gonadal primordia. In the second half of embryogenesis, the 
tissues differentiate and become organized and separated from each other, and 
the embryo adopts its elongated vermiform shape. 

At hatching, the juvenile LI larva contains a gonadal primordium that 
consists of four cells: two precursors of the somatic gonad and the two germ cells 
Z2 and Z3. The precursors of the somatic gonad proliferate in the LI larval stage 
and the somatic gonad becomes organized over the next larval stages, L2, L3, and 
L4 (reviewed in Kimble and Ward, 1988). The germ cells Z2 and Z3 also 
proliferate at the LI larval stage, after receiving a proliferative signal from the 
somatic gonad (Austin and Kimble, 1987); Z2 and Z3 generate the approximately 
2000 germ cells of the adult hermaphrodite and 1000 germ cells of the adult male. 
The postembryonic development of the germ cells is reviewed elsewhere (Ellis 
and Kimble, 1994; Strome et al.,1994; Schedl, 1997; L'Hernault, 1997). 

In summary, the germline blastomere P4 is generated by a series of 
unequal divisions of the germline blastomeres Po to P3 during early 
embryogenesis. During gastrulation, P4 follows the intestinal precursors to the 
center of the embryo and divides subsequently to generate the two germ cells of 
the embryo, Z2 and Z3. In post-embryonic development, Z2 and Z3 proliferate 
after receiving a proliferative signal from the somatic gonad, and generate all the 
germ cells of the adult nematode. In this thesis I focus on the early development 
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of the germline blastomeres and the mechanisms that control the specification of 
P4 identity. 

1.4- Germline and somatic blastomeres differ 

In this section I review three major differences between germline and 
somatic blastomeres. The first difference is that germline and somatic 
blastomeres divide in distinct patterns (reviewed in Kemphues and Strome, 
1997). The second difference is that only germline blastomeres contain 
cytoplasmic granules analogous to the germ-specific granules that were identified 
in other organisms (see above; reviewed in Kemphues and Strome, 1997). The 
third difference is that germline blastomeres do not appear to respond to 
transcription factors such as SKN-1 or PAL-1 that determine the identity of 
somatic blastomeres (reviewed in Schnabel and Priess, 1997). 

1.4.1- Germline and somatic blastomeres divide in distinct patterns 
A cellular division is said to be unequal if the cells that result from that 

division are different, either in morphological characteristics such as size and 
shape or in developmental potential. The early germline blastomeres (Po to P3) 
always divide unequally to generate a large somatic blastomere and a small 
germline blastomere. In contrast, most somatic blastomeres divide equally. 

Why do germline blastomeres divide unequally? Transplantation 
experiments performed by Schierenberg suggest that the germline blastomeres 
have a specific ability to divide unequally. Such ability appears to be localized to 
the posterior cytoplasm (Schierenberg, 1988); the germline blastomeres divide 
equally if some posterior cytoplasm is extruded from these blastomeres. The 
actin cytoskeleton is also required for the unequal divisions of the germline 
blastomeres; embryos treated with the microfilament inhibitor cytochalasin D 
divide equally (Strome and Wood, 1983). 

The maternal par genes (par stands for partitioning abnormal) are good 
candidates to regulate the unequal division of the germline blastomeres 
(Kemphues et al., 1988b). The products of the par genes, the PAR proteins, are 
present in the germline blastomeres at the right time and in the right place, and 
the blastomeres divide equally in the absence of these proteins (reviewed in 
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Kemphues and Strome, 1997). PAR-1 is a serine/threonine kinase that is 
localized at the posterior cortex of the germline blastomeres Po to P3 (Guo and 
Kemphues, 1995). PAR-2 is a novel protein that contains a conserved cysteine-
rich domain and a myosin-like ATP-binding motif (Levitan et al., 1994). PAR-2 
localizes to the posterior cortex of the germline blastomeres Po to P3 (Boyd et al, 
1992). PAR-3 is a novel protein that localizes to the cortex of somatic blastomeres 
and to the anterior cortex of the germline blastomere Po to P3 (Etamad-
Moghadam et al, 1995). PAR-3 and PAR-2 regulate the localization of each other 
and regulate the posterior localization of PAR-1 in the germline blastomeres Po 
to P3 (reviewed in Kemphues and Strome, 1997). However, it is not yet known 
how these proteins regulate the unequal divisions of the germline blastomeres. 

The products of the genes mes-1 and cib-1 are also required for the unequal 
divisions of the germline blastomeres (Capowski et al, 1991; Strome et al., 1995; 
Schnabel and Schnabel, 1990); the molecular identity and function of these genes 
remains unknown. In wild-type embryos, the germline blastomeres Po and Pi 
each generates an anterior somatic blastomere and a posterior germline 
blastomere, whereas the germline blastomeres ?2 and P3 each generates a 
posterior somatic blastomere and an anterior germline blastomere (Sulston et al , 
1983; Schierenberg, 1987). Thus the germline blastomeres Po and Pi appear to 
have a polarity that is opposite to the polarity of ?2 and P3. Mutations in the 
mes-1 gene result in the loss of the polarity in the division of P2 and P3 but not 
in the division of Po and Pi (Strome et al, 1995; reviewed in Kemphues and 
Strome, 1997). Thus, the product(s) of mes-1 gene appears to have a specific role 
in determining the polarity of the germline blastomeres P2 and P3. Mutations in 
cib-1 result in the loss of polarity of the germline blastomeres Pi, ?2 and P3; the 
product(s) of cib-1 appear to have a more general role in the establishment of 
germline polarity (Schnabel and Schnabel, 1990). 

The somatic and germline blastomeres also divide in distinct orientation 
patterns. The somatic blastomeres divide orthogonally to the previous division, 
whereas the germline blastomeres always divide parallel to the anterior posterior 
axis. The somatic pattern of division can be explained by the migration of the 
centrosomes, whereas the germline pattern of division requires additional 
movements of the centrosomes (Hyman and White, 1987; Hyman, 1989; 
reviewed in Kemphues and Strome, 1997). The movements of the centrosomes 
in the blastomeres of the 2-cell embryo are illustrated in Figure 1.2. The 
blastomeres AB and Pi each inherit one centrosome after the anterior-posterior 
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A-P division ( ■* 

AB P-| 

D-V division 

1) duplication 

2) migration 

3) rotation 

>- J A-P division 

Figure 1.2 
Centrosome movement and orientation of blastomere division in early embryos. The black dots 

represent the centrosomes and the curved arrows indicate the direction of centrosome movement. In 

newly born blastomeres,centrosomes duplicate (1) and then migrate to opposite sides of the nucleus (2). 

In the germline blastomeres, the centrosomes-nucleus complex rotates (3). The double-headed arrow 

shows the orientation of division of each blastomere; A-P is anterior-posterior;D-V is dorsal- ventral. 

Anterior is left and dorsal is up. (Data from Hyman and White, 1987). 
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division of the germline blastomere Po; this centrosome duplicates and the two 
centrosomes in each blastomere migrate away from each other to opposite sides 
of the nucleus. This migration results in the positioning of the centrosomes 
(and thus the mitotic spindle) in a dorsal-ventral orientation, 90° to the previous 
division. The AB blastomere divides along this dorsal-ventral orientation, but 
not the Pi blastomere. The centrosomes-nucleus complex undergoes a rotation 
in the Pi blastomere, resulting in the positioning of the centrosomes (and thus 
the mitotic spindle) in an anterior-posterior orientation. 

Microtubules and microfilaments are required for the rotation of the 
centrosomes-nucleus complex in the germline blastomeres (Hyman and White, 
1987). The anterior cortical site of the germline blastomeres also appears to play 
an essential role in that rotation (Hyman, 1989). This anterior cortical site has 
been shown to contain actin and actin-capping protein; however it is not known 
how these proteins regulate the rotation of the centrosomes-nucleus complex in 
the germline blastomeres (Waddle et al, 1994). The PAR proteins also participate 
in the regulation of the rotation. For example, PAR-2 is required for the rotation 
of the centrosomes-nucleus complex in the germline blastomeres, and PAR-3 is 
required to prevent the rotation of the centrosomes-nucleus complex in the 
somatic blastomeres (Cheng et al, 1995; Watts et al., 1996; reviewed in Kemphues 
and Strome, 1997). The mechanism by which the PAR proteins regulate the 
rotation of the centrosomes-nucleus complex in the germline blastomeres is not 
known. 

1.4.2- Germline blastomeres contain cytoplasmic granules 
Cytoplasmic granules that are present in the germline blastomeres but not 

in the somatic blastomeres were first characterized in the C. elegans embryo by 
electron microscopy (Krieg et al, 1978; Wolf et al, 1983). These germline-specific 
granules appear as electron-dense spherical bodies with an apparent fibrous 
nature (Wolf et al, 1983), similar to the appearance of granules described in other 
organisms (reviewed in Eddy, 1975). Wolf and collaborators found that these 
granules segregate with the germline; prior to the division of each germline 
blastomere, the granules localize to the cytoplasm that will be inherited by the 
germline daughter (Wolf et al, 1983). The morphology of the granules changes 
during the development of the germline. The granules are relatively small in 
the germline blastomere Po, and they become larger in each germline blastomere; 
in P4 the granules are very large (Wolf et al., 1983). 
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Cytoplasmic granules were also identified in germ cells at all stages of C. 
elegans life cycle in embryos, larvae and adults by immunofluorescence, using 
the monoclonal antibody K76 (Strome and Wood, 1982). The pattern of 
morphology and distribution of the electron-dense granules (Wolf et a l , 1983) 
and K76-positive granules (Strome and Wood, 1983) are identical. These 
granules are thought to be the same and are called P granules. Because P 
granules associate with all germline blastomeres and germ cells, P granules may 
function in germ cell development, though this function has not been 
determined. 

1.4.2.1- Biochemical constitution of P granules 
Several components of P granules have been described over the past few 

years (Table 1.1). In situ hybridization experiments have shown that P granules 
contain mRNA (Seydoux and Fire, 1994). This mRNA appears to be 
polyadenylated; P granules can be detected by in situ hybridization with oligo(dT) 
probes (Seydoux and Fire, 1994). This mRNA also appears to be capped; 
antibodies against the 5' trimethylguanosine cap can detect P granules (Seydoux 
and Fire, 1994). The molecular identity of these mRNAs is not yet known. 

P granule also contain proteins; the proteins identified independent of my 
work are GLH-1, GLH-2, PGL-1, GLD-1, MEX-3, and PIE-1 (Table 1.1). Interestingly 
GLH-1, GLH-2, PGL-1, GLD-1, and MEX-3 each contains RNA-binding motifs. 
GLH-1 and GLH-2 are RNA helicases that share sequence similarity with the 
protein Vasa of Drosophila melanogaster (Roussell and Bennett, 1993; Gruidl et 
a l , 1996; Hay et al., 1988); Vasa has been shown to be required for the 
development of the germ cells in Drosophila melanogaster (Schiipbach and 
Wieschaus, 1986, 1989). PGL-1 is a novel protein that contains an Arginine-
Glycine-Glycine (RGG) domain (Kawasaki et al., 1998); RGG domains have been 
shown to be RNA-binding domains (Kiledjian and Dreyfuss, 1992); GLD-1 is a 
presumptive RNA-binding protein that contains an RNA-binding domain called 
KH-domain (Jones et a l , 1996). MEX-3 is a presumptive RNA-binding protein 
that contains two KH-domains (Draper et a l , 1996); and PIE-1 is a novel protein 
that contains two copies of an unusual Cysteine-Histidine (Cys-His) motif 
characteristic of the vertebrate TISH/Nup475/TTP (TIS11) protein (Mello et a l , 
1996; Varnum et al., 1989; DuBois et al., 1990; Lai et a l , 1990); it is not known 
whether this motif in PIE-1 is an RNA-binding motif. 
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P granule component Constitutive/Transient RNA-binding motif Reference 

mRNA Transient (only?) Seydoux and Fire, 1994 mRNA Transient (only?) Seydoux and Fire, 1994 

GLH-1 Constitutive CCHC Finger Gruidl et al., 1996 

GLH-2 Constitutive CCHC Finger Gruidl et a l , 1996 

PGL-1 Constitutive RGG Box Kawasaki et al., 1998 

GLD-1 Constitutive KH-Domain Jones et al., 1996 

MEX-3 Transient KH-Domain Draper et al., 1996 

PIE-1 Transient CCCH Motif?? Mello et al., 1996 

Table 1.1 

P granule components identified in C. elegans. P granules contain mRNA that is capped and 

polyadenylated. All proteins except PIE-1 have presumptive RNA-binding motifs; it is not known 

whether the CCCH motif of PIE-1 is an RNA- binding motif. 
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GLH-1, GLH-2, PGL-1, and GLD-1 are detected in P granules at all stages of 
C. elegans development (Roussell and Bennett, 1993; Gruidl et a l , 1996; Kawasaki 
et al., 1998; Jones et a l , 1996). GLH-1, GLH-2, PGL-1, and GLD-1 can be called 
constitutive P granule components. In contrast, MEX-3 and PIE-1 are only 
detected in P granules in the germline blastomeres in the early embryos, and not 
in P granules in later embryos, larvae or adults (Draper et a l , 1996; Mello et al., 
1996). MEX-3 and PIE-1 can be called transient components of P granules. The 
function of each of these proteins in P granules is not known. 

1.4.2.2- P granules segregate to the germline blastomeres 
The segregation of P granules to the germline blastomeres has been 

intensively studied over the past few years (reviewed in Strome and Kemphues, 
1997). After fertilization there is a general flow of cytoplasm, including P 
granules, toward the posterior pole of the 1-cell embryo (Nigon et a l , 1960; 
Strome, 1986; Hird and White, 1993; Hird et al., 1996). While other cytoplasmic 
components cycle back anteriorly along the cortical margins of the 1-cell embryo, 
P granules appear to remain associated with the posterior cortex, and thus are 
partitioned by the first cleavage into the posterior cell, the germline blastomere 
Pi (Hird and White, 1993; Hird et a l , 1996). Differential stability of P granules in 

different regions of the cytoplasm also appears to contribute to the posterior 
localization of P granule; P granules in the anterior-most region of the 1-cell 
embryo do not move posteriorly and instead disappear from view (Hird et al., 
1996). This general pattern of asymmetric localization of P granules happens 
prior to each of the subsequent cleavages. 

Additional mechanisms appear to contribute to P granule localization at 
the cleavages of P2, P3, and P4 (Hird et a l , 1996). Prior to the division of ?2 and 
P3, P granules concentrate around the entire periphery of the nucleus. However, 

P granules disappear rapidly from the dorsal periphery of the nucleus, and are 
inherited only by the germline daughter. Prior to the division of P4, P granules 

concentrate around, and do not disappear from, the entire periphery of the 
nucleus (Hird et a l , 1996); after P4 divides, both its daughters Z2 and Z3 inherit P 

granules, and become germ cells. 
Disruption of the actin-based ot tubulin-based cytoskeleton with drugs in 

early embryos indicate that P granule segregation is dependent on the function of 
an actin-based motility system but not dependent on the function of a tubulin-
based system (Strome and Wood, 1983). P granule segregation also depends on 
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the normal pattern of division of the germline blastomeres; mutations in the 
genes par, cib-1, or mes-1 that affect the pattern of division of the germline 
blastomeres also affect P granule segregation (Kemphues et al., 1988b; Schnabel 
and Schnabel, 1990; Capowski et a l , 1991; Strome et a l , 1995). Mutations in the 
maternal gene, pie-1 also affect P granule segregation (Mello et al., 1992); the role 
of pie-1 in P granule segregation is not known. 

1.4.2.3- P granules are necessary for germ cell identity 
The germ granules have been shown to be essential for germ cell identity 

in other systems (see above). In C. elegans, P granules also appear to be necessary 
for germ cell identity. Mutations in the genes that encode P granule components 
disrupt the development of the germ cells. For example, mutations in the pgl-1 
gene cause sterility (Kawasaki et a l , 1998). 

The proper segregation of P granules also correlates with the ability to 
generate germ cells. P granules are partitioned to germline blastomeres during 
each of the early embryonic cleavages, and mutants that fail to properly segregate 
P granules fail to generate germ cells. These mutants include the par, cib-1, mes-
1, and pie-1 mutants. Some mutants have defects in P granule segregation as 
early as the 1-cell stage (reviewed in Strome and Kemphues, 1997). For example, 
par-6 mutants have defects in general flow of P granules toward the posterior 
pole of Po (Watts et a l , 1996). Other mutants have defects in P granule 

segregation later in embryogenesis; mes-1 mutants have defects in P granule 
segregation in P2 and P3 (Strome et a l , 1995), and pie-1 mutants only have 
defects in P granule segregation after the division of P3 (Mello et al., 1992). 

In all the mutants described in this section, the mis-segregation of P 
granules could result from a general defect in localizing multiple cytoplasmic 
factors. Thus, the defect in germ cell formation could result from other mis-
localized cytoplasmic factors, and not P granules. To test whether P granules are 
necessary for germ cell identity, these granules should be removed from the 
germline blastomeres and these germline blastomeres without P granules should 
be tested for their ability to generate germ cells. 

1.4.2.4- Do P granules determine germ cell identity? 
The defects in P granule segregation in par, cib-1, mes-1, or pie-1 

mutants result in the presence of P granule in multiple somatic blastomeres in 
these mutants. However these somatic blastomeres do not generate germ cells, 
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suggesting that P granules are not sufficient to determine germ cell identity. 
Mutations in the gene mex-3 also result in the presence of P granules in multiple 
blastomeres. In contrast to par, cib-1, mes-1, or pie-1 mutants, these blastomeres 
each can generate two cells that appear to be germ cells in mex-3 mutants (Draper 
et a l , 1996). 

Does the difference in the ability to generate germ cells between mex-3 
mutant embryos and par, cib-1, mes-1, or pie-1 mutant embryos correlate with 
the number of P granules present in each blastomere? It is possible that a 
minimum number of P granules is required to determine germ cell identity in 
wild-type embryos. In par, cib-1, mes-1, or pie-1 mutant embryos, the number of 
P granules in each blastomere could be too low to determine germ cell identity. 
In contrast, the number of P granules in each blastomere in mex-3 mutant 
embryos could be sufficient to determine germ cell identity. Results obtained by 
Cowan and Mcintosh suggest that the wild-type number of P granules is not 
sufficient to determine germ cell identity (Cowan and Mcintosh, 1985). These 
researchers performed experiments with drugs that prevent cytokinesis but not 
nuclear division. If Po, Pi , or P2 were prevented from undergoing cytokinesis, 

somatic cell differentiation would occur, although these blastomeres contained 
the wild-type number of P granules (Cowan and Mcintosh, 1985). 

1.4.3- Germline blastomeres do not respond to somatic transcription factors 
Germline and somatic blastomeres differ in their ability to respond to 

certain transcription factors. Some somatic cell fates in the early embryo appear 
to be specified, at least in part, by two maternally-provided transcription factors, 
SKN-1 and PAL-1 (Bowerman et a l , 1992; Hunter and Kenyon, 1996). SKN-1 and 
PA1-1 are present in both somatic and germline blastomeres, however germline 
blastomeres do not generate SKN-l-or PAL-1-dependent cell types (Bowerman et 
a l , 1992, 1993; Hunter and Kenyon, 1996). Thus, germline blastomeres do not 
appear to respond to SKN-1 or PAL-1. 

Why do germline blastomeres not respond to SKN-1 or PAL-1? Mutations 
in the maternal gene pie-1 enable the germline blastomeres to respond to SKN-1 
or PAL-1 (Mello et a l , 1992; Hunter and Kenyon, 1996). The P blastomeres 
generate SKN-1-dependent cell types in pie-1 mutant embryos or PAL-1-
dependent cell types in pie-l;skn-l double mutant embryos (Mello et al., 1992). 
Thus pie-l(+) function is required to prevent the germline blastomeres from 
responding to somatic transcription factors. The pie-1 gene encodes a novel 
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protein, PIE-1, that contains two unusual Cys-His motifs (Mello et al., 1996). In 
wild-type embryos, PIE-1 localizes predominantly to the nucleus of the germline 
blastomeres and is a component of P granules (see above; Mello et a l , 1996; Fig. 
1.3). The molecular function of PIE-1 has not yet been determined, nor has the 
basis for the germline-restricted distribution of the PIE-1 protein. 

Recent studies have shown that embryonically-transcribed mRNAs can 
not be detected in the germline blastomeres; in contrast, these mRNAs can be 
detected in somatic blastomeres as early as the 4-cell stage (Seydoux and Fire, 
1994; Seydoux et a l , 1996; Fig. 1.4). These results indicate that transcription of 
embryonic genes may be repressed in germline blastomeres, presumably making 
these blastomeres refractory to factors that might otherwise direct somatic 
differentiation, such as SKN-1 or PAL-1 (for convenience, I refer to the absence of 
embryonically-transcribed mRNAs in the germline blastomeres as repression of 
embryonic transcription, although the molecular basis for such absence has not 
yet been determined). The PIE-1 protein has been shown to be required for the 
repression of embryonic transcription in the germline blastomeres (Seydoux et 
al., 1996). Repression of embryonic transcription in the germline blastomeres is 
lost in embryos from pie-1 homozygous mothers (Seydoux et a l , 1996). In these 
embryos, the blastomere P4 does not generate germ cells and instead generates 

SKN-1-dependent cell types (Mello et al., 1992). Thus, repression of embryonic 
transcription appears to be at least part of the mechanism that determines germ 
cell identity. 

The presence of PIE-1 in the germline blastomeres correlates with the 
absence of a specific phosphoepitope of the large subunit of RNA Polymerase II 
in the germline blastomeres (RNAPII-H5); cells that have wild-type levels of PIE-
1 fail to accumulate RNAPII-H5 (Seydoux and Dunn, 1997; Fig. 1.4). After PIE-1 
disappears from the embryo (around the 100-cell stage), embryonically-
transcribed mRNAs and RNAPII-H5 can be detected in all blastomeres (Seydoux 
and Dunn, 1997). RNAPII-H5 has been shown to be involved in transcriptional 
elongation in mammalian cells (Zeng et a l , 1997). Thus PIE-1 might repress 
embryonic transcription in the germline blastomeres by blocking transcriptional 
elongation. 
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PIE-1 SKN-1 PAL-1 

PAL-1-cell types 

Figure 1.3 
Localization of the PIE-1, SKN-1, and PAL-1 proteins in 2-cell, 4-cell, and 8-cell stage wild-type embryos. 
The expression patterns of PIE-1, SKN-1, and PAL-1 are shown schematically in red, grey, and blue 
respectively; the darker color indicates higher levels of protein. PIE-1 represses the function of SKN-1 
and PAL-1 in the germlineblastomeres; these blastomeres generate germ cells (left column). The ventral 
blastomeres MS and E generate SKN-1-dependent cell types (middle column). The dorsal blastomere C 
generate PAL-1-dependent cell types (right column). Anterior is to the left and dorsal is up. (Data from 
Bowerman et al., 1992,1993; Mello et al., 1992,1996; Hunter and Kenyon, 1996). 
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PIE-1 RNAPII - H5 embryonic mRNA 

Figure 1.4 
Pattern of embryonic transcription in early embryos. The germline blastomere is shown in bold. PIE-1 
is shown in red, a specific phosphoepitope of the large subunit of RNA Polymerase II (RNAPII-H5) in 
black, and embryonically-transcribed mRNAs in grey. Top row: wild-type early embryos. PIE-1 is 
present in the germline blastomeres but not in the somatic blastomeres. Embryonic transcription is 
repressed in the germline blastomeres but not in the somatic blastomeres; embryonically-transcribed 
mRNAs and RNAPII-H5 can not be detected in the germline blastomeres but can be detected in all 
somatic blastomeres. Bottom row: pie-1 mutant embryos. PIE-1 can not be detected in any blastomere. 
Embryonic transcription is not repressed in any blastomere; embryonically-transcribed mRNAs and 
RNAPII-H5 can be detected in all blastomeres. (Data from Mello et al., 1996; Seydoux et al., 1996; 
Seydouxand Dunn, 1997). 
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In conclusion, I have described in this section several characteristics of the 
germline blastomeres that are essential for germ cell identity in the nematode C. 
elegans. Germline blastomeres divide unequally and parallel to the anterior-
posterior axis. This pattern of division result in the unequal distribution of 
factors, such as the germline-specific P granules. The pattern of division of the 
germline blastomeres appears to be under the control of maternal factors, but not 
under the control of embryonic factors; if embryonic transcription is inhibited, 
germline blastomeres divide in a wild-type pattern (Powell-Coffman et al, 1996). 
I have described multiple maternal proteins that are essential for germ cell 
identity. The cortical PAR proteins are essential for the unequal and properly 
oriented divisions of the germline blastomeres. The nuclear PIE-1 protein is 
required for the repression of embryonic gene expression in the germline 
blastomeres. However, the mechanisms by which these proteins regulate the 
specification of germ cell identity are not yet understood. 

1.5- The mex-1 gene 

I became interested in yet another maternal factor that is essential for the 
proper development of the germ cells; this factor is the product of the gene mex-
1. The function of the mex-1 gene is required in Po to regulate the localization of 
posterior factors, such as P granules (Mello et al, 1992; Schnabel et al., 1996). This 
could suggest that the product of the mex-1 gene was another PAR protein. 
However, the product of the mex-1 gene does not appear to be essential for the 
unequal and properly oriented divisions of the germline blastomeres (Mello et 
al, 1992). Thus, the product of the mex-1 gene does not appear to be a PAR-like 
protein. One exciting possibility is that the product of the mex-1 gene functions 
downstream of the PAR proteins to regulate the localization of posterior factors. 
The molecular characterization of product of the mex-1 gene may help us 
understand better the molecular mechanisms that regulate the specification of 
germ cell identity. 

1.5.1- Identification of the mex-1 gene 
Mutations in the mex-1 gene were identified in maternal effect lethal 

screenings (Mello et al, 1992); these screenings were performed to isolate 
maternal effect lethal mutants that have abnormal specification of blastomere 
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identity. Briefly, maternal effect lethal mutations are isolated as follows (Priess et 
a l , 1987). Wild-type young hermaphrodites (FO) are mutagenized and allowed to 
reproduce. The progeny of these mutagenized worms can be heterozygous for 
the mutation m (Fl is m/+); Fl is allowed to grow and self-reproduce. Fl 
hermaphrodites segregate either wild-type progeny (+/+ F2), heterozygous 
mutant progeny (m/+ F2), or homozygous mutant progeny (m/m F2) (in 
maternal effect lethal screenings, the mutations that cause lethality in m/m F2 
embryos are ignored; these mutations are zygotic lethal mutations and thus are 
not likely to be required for the specification of blastomere identity), m/m F2 
hermaphrodites are allowed to grow and self-reproduce, and its progeny (m/m 
F3) is examined. The mutation m is called maternal effect lethal mutation if at 
least some m/m F3 progeny dies during embryogenesis and if this lethality can 
not be rescued by introducing a wild-type copy of the mutagenized gene (e. g. by 
mating with a wild-type male). 

Mutations in the mex-1 gene cause a maternal effect lethal phenotype that 
is 100% penetrant; all the progeny of homozygous mex-1 mutant mothers dies 
during embryogenesis and all the dead embryos look similar (Mello et al., 1992). 
mex-1 mutant embryos have defects in the development of multiple blastomeres 
(Mello et al., 1992; Schnabel et a l , 1996; Table 1.2). For example, the 
granddaughters of AB all can produce MS-derived muscle in mex-1 mutant 
embryos (mex stands for muscle excess; Mello et a l , 1992). The phenotype of 
mex-1 mutant embryos is described below. 

1.5.2- Mutations in the mex-1 gene cause defects in germ cell development 
The studies performed by Mello and collaborators also have shown that 

mex-1 is essential for the development of germ cells. In mex-1 mutant embryos 
the blastomere P4 does not generate germ cells and instead adopts the identity of 

its somatic sister D (Mello et a l , 1992; Table 1.2). Mello and collaborators 
analyzed the distribution of P granules in mex-1 mutant embryos to test whether 
mutations in mex-1 cause defects in P granule segregation. They found that mex-
1 mutant embyos have defects in the segregation of P granules during the first 
embryonic cleavage (Mello et al., 1992; Schnabel et a l , 1996). P granules 
accumulate posteriorly in newly fertilized mex-1 mutant embryos, but they do 
not associate properly with the cortex and are thus spread throughout the 
posterior half of the 1-cell embryo (Mello et al., 1992; Fig. 1.5). In the first and 
subsequent cleavages of the germline blastomeres, this incomplete localization 
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Early 
blastomeres 

AB MS E C D P4 

wild-type hypodermis 
neurons 
pharynx (i) 

Body muscle intestine Body muscle 
pharynx (a) hypodermis 

Body muscle Germ cells 

mex-1(-) Body muscle 
pharynx (a) 
intestine 

Body muscle intestine Body muscle 
pharynx (a) hypodermis 

Body muscle Body muscle 

Table 1.2 

General terminal differentiation of the early blastomeres in wild-type and mex-1 mutant embryos. The 

terminal differentiation of AB, MS, E, C, D, and P4 in mex-1 mutant embryos was analyzed both in 

partial embryos (Mello et al., 1992) and in intact embryos (Schnabel et al., 1996). AB can generate MS-

like and E-like cell types in mex-1 mutant embryos; pharynx (a) is autonomous posterior pharynx and 

pharynx (i) is induced anterior pharynx. MS,E, C, and D generate wild-type cell types inmex-1 mutant 

embryos; however, the lineage of each founder is abnormal. P4 does not generate germ cells in mex-1 

mutant embryos; instead P4 generates cell types that are similar to the cell types generated by its 

somatic sister D. 

23 



Chapter 1 - Introduction 

WT mex-1(-) 

Figure 1.5 
Localization of P granules and SKN-1 in wild-type and mex-1 mutant embryos. SKN-1 is shown in grey 

and P granules are shown in small black dots, mex-1 mutant embryos have defects in the localization of 

SKN-1 and P granules. In wild-type embryos, SKN-1 is detected at high levels only in the posterior 

blastomeres; in mex-1 mutant embryos, SKN-1 is detected at high levels in both anterior and posterior 

blastomeres. In wild-type embryos, P granules are detected exclusively in germline blastomeres; in 

mex-1 mutant embryos, P granules are detected in both somatic and germline blastomeres. Anterior is 

to the left and dorsal is up. (Data from Strome and Wood, 1982,1983; Mello et al., 1992; Bowerman et 

al., 1993; Schnabel et al., 1996). 

24 



Chapter 1 - Introduction 

leads to the mis-partitioning of P granules into somatic blastomeres, and a 
progressive loss of P granules in cells that would normally be germline 
blastomeres (Mello et al., 1992; Schnabel et a l , 1996). 

1.5.3- Mutations in the tnex-1 gene cause defects in somatic development 
mex-1 mutant embryos have complex defects in the development of all 

founder somatic blastomeres (Mello et a l , 1992; Schnabel et alv 1996). The AB 
blastomere can produce body muscle cells, posterior pharyngeal cells and 
intestinal cells in mex-1 mutant embryos (Mello et al., 1992; Schnabel et a l , 1996; 
Table 1.2). These cell types are characteristic of the posterior blastomeres MS and 
E (Sulston et a l , 1983). For example, the MS blastomere is the precursor of the 
grinder, which is a specialized structure from the posterior pharynx (Sulston et 
al., 1983). Wild-type embryos contain one grinder, whereas mex-1 mutant 
embryos contain ectopic grinders that derive from the AB descendants (Mello et 
al., 1992; some ectopic grinders in mex-1 mutant embryos are shown in Figure 2.2 
of Chapter 2). The SKN-1 transcription factor is required for the specification of 
the identity of the blastomeres MS and E, and is expressed at high levels in these 
blastomeres in wild-type embryos (Bowerman et al., 1993). In mex-1 mutant 
embryos, SKN-1 is expressed at high levels in the AB blastomere and its 
descendants (Bowerman et a l , 1993; Fig. 1.5). This abnormal expression (and 
function) of SKN-1 cause AB descendants to inappropriately generate MS-like 
(Mello et a l , 1992) or E-like (Schnabel et a l , 1996) cell types; in mex-l;skn-l 
double mutants, AB descendants do not produce MS-like or E-like cell types 
(Mello et al., 1992). 

The MS, E, C, and D blastomeres produce wild-type cell types in mex-1 
mutant embryos (Table 1.2). However, intensive lineage analysis of these 
blastomeres indicated that the pattern of development of MS, E, C, and D is not 
normal (Schnabel et a l , 1996). For example, C produces a lower than wild-type 
number of epithelial and muscle cells in mex-1 mutant embryos, mex-1 mutants 
also have a temperature-sensitive defect in the E blastomere, such that at low 
temperature E does not produce intestinal cells in 50% of the mex-1 mutant 
embryos. In these embryos, E produces hypodermis and muscle, similar to C 
(Mello et a l , 1992). 
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1.5.4- Current model for the function of mex-1 in early development 
Phenotypical and genetic analysis of mex-1 mutant embryos led Mello and 

collaborators to propose that mex-l(+) function was required for the localization 
or regulation of factors that determine the fate of the MS blastomere. This mex-
1(+) function appeared to be required already at the first division of the embryo. 
These studies also predicted that one of these factors was the SKN-1 protein. The 
analysis of SKN-1 distribution in mex-1 mutant embryos confirmed that 
prediction; mex-l(+) function was shown to be required for the posterior 
localization of SKN-1 (Bowerman et al., 1993). Mello and collaborators also 
showed that mex-l(+) is required for the posterior localization of P granules 
(Mello et a l , 1992). This result suggested that mex-l(+) function is probably 
required for the posterior localization of multiple factors (Fig. 1.6A). 

Schnabel and collaborators proposed later that mex-l(+) function is 
required for the general anterior-posterior polarity of the embryo (Schnabel et al., 
1996). These researchers described defects in multiple blastomeres of mex-1 
mutant embryos that are similar to the defects observed in par mutant embryos; 
such defects in mex-1 mutant embryos are consistent with loss of the general 
polarity in the 1-cell embryo (Schnabel et a l , 1996). Schnabel and collaborators 
proposed that mex-l(+) may function together with the par genes to establish the 
general polarity of the embryo (Fig. 1.6B). 

1.5.5- Summary of my research 
Mutations in the mex-1 gene cause defects in the development of all 

founder blastomeres (Mello et a l , 1992; Schnabel et al., 1996); however the 
majority of these defects can not be explained. In this thesis, I describe the results 
of my research on the mex-1 gene and discuss how the function of this gene 
might regulate the development of the early embryo. My research on the mex-1 
gene started with the identification of the mex-1 locus and molecular 
characterization of the MEX-1 protein (Chapter 2). I also examined the 
expression patterns of the products of the mex-1 gene in wild-type embryos 
(Chapter 3). The distribution pattern of the mex-1 mRNA was examined by in 
situ hybridization and the expression pattern of the MEX-1 protein was examined 
by immunocytochemistry using a MEX-1-specific antiserum that I obtained. 

I found that the mex-1 gene can encode for a protein that contains two 
copies of a Cysteine-Histidine (Cys-His) motif also found in the PIE-1 protein of 
C. elegans (Mello et a l , 1996). PIE-1 is a predominantly nuclear protein that 
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B 

par(+) 
par(+) 

mex-1(+) 

anterior-posterior axis 

mex-1(+) 

anterior-posterior axis 

Posterior localization of 
SKN-1 and P granules 

Posterior localization of 
multiple factors 

Figure 1.6 
mex~l(+) is required for the localization of posterior factors. (A) Mello et al. (1992). mex-l(+) is 
required for the posterior localization of SKN-1 and P granules but mex-l(+) is not required for the 
general anterior-posterior asymmetry of the embryo. (B) Schnabel et al. (1996). mex-l(+) is required 
with the par genes for the general anterior-posterior axis of the embryo. 
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localizes exclusively to the germline blastomeres and is a component of P 
granules (Mello et al., 1996). I found that the MEX-1 protein is a cytoplasmic 
protein that localizes predominantly to the germline blastomeres and is a 
component of P granules (Chapter 3). I also found that mex-l(+) function is 
required for proper P granule organization; some P granule components are not 
properly localized to the P granules in mex-1 mutant embryos (Chapter 3). 
Together these results suggest that mex-l(+) functions mainly in the germline 
blastomeres. 

pie-l(+) function is required for the general repression of embryonic 
transcription in the germline blastomeres (Seydoux et a l , 1996; see above). To 
test whether mex-1 and pie-1 have similar functions in the germline 
blastomeres, I examined the pattern of embryonic transcription in mex-1 mutant 
embryos. My results suggest that mex-l(+) is not required for the general 
repression of embryonic transcription in the germline blastomeres. However, 
mex-l(+) is required for the wild-type pattern of embryonic transcription, 
apparently through its role in localizing the PIE-1 protein to the germline 
blastomeres (Chapter 4). Thus, mex-1 and pie-1 appear to have distinct functions 
in the germline blastomeres. Some possible functions of mex-1 in the 
development of the germline blastomeres are discussed (Chapter 6) 

To further study mex-l(+) function I started a yeast two-hybrid screening 
to identify proteins that interact with the MEX-1 protein. The construction of the 
two-hybrid vectors and the first steps of a small scale two-hybrid screening are 
described (Chapter 5). Several candidate MEX-1-interacting proteins were 
identified. 
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Chapter 2 - mex-1 cloning 

2.1- Abstract 

Previous studies have shown that the mex-1 gene mapped to linkage 
group II, between the unc-4 and rol-1 genes (Mello et a l , 1992). A strain carrying 
the yeast artificial chromosome Y17G7 (provided by A. Newman and P. 
Sternberg) was shown by genetic crosses to complement mex-l(zul20) (B. Draper, 
unpublished results), but the exact mex-1 locus was not known. This chapter 
describes the identification of the mex-1 locus and the molecular cloning of the 
mex-1 gene. Germline transformation experiments indicate that the phage clone 
VT#YL17 contains the mex-1 gene. RNA-mediated interference (RNAi) 
experiments and the analysis of mex-1 mutant alleles are used to identify the 
mex-1 gene within VT#YL17. 

The mex-1 gene encodes a novel protein, MEX-1, that contains two copies 
of an unusual Cysteine-Histidine (Cys-His) motif of the type CX8CX5CX3H, 
where X is any amino acid. Similar Cys-His motifs have been found in multiple 
proteins, including the C. elegans PIE-1 and POS-1 proteins, and the vertebrate 
U2AF35. Five Cys-His motifs have also have been identified in the Drosophila 
protein CLIPPER. CLIPPER and U2AF35 have been shown to be involved in 
RNA endo-cleavage and pre-mRNA processing, respectively. 

2.2- Material and Methods 

2.2.1- Strains and Alleles 
Bristol strain N2 was used as the standard wild-type strain, mex-1 alleles 

used were: zu!20, zul21, zul22 and zuUO (Mello et a l , 1992), it9 (Kemphues et 
a l , 1988a), zu221 (provided by R. Lin), e2569 (provided by J. Ahringer). 
Nematode strains were cultured as described in Brenner (1974). 

2.2.2- Germline transformation 
The mex-1 locus was identified through a series of germline 

transformation experiments with cosmids and phage spanning Y17G7 (provided 
by A. Newman and P. Sternberg; Papp et al, 1991). For germline transformation 
experiments, DNA was injected simultaneoulsy with a convenient marker into 
the gonad of an adult hermaphrodite heterozygous for the mex-1 mutation. 
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Complementation (the rescuing ability of the DNA injected) is scored in the next 
generations. Cosmids and phage were injected individually or in groups with 
the marker rol-6 (Mello et al., 1991) into the syncytial gonad of mex-l(zul20)unc-
4(el20)/mnCI(II) animals. The composition of the DNA groups is shown in the 
legend of Table 2.1. 

2.2.3- RNA-mediated interference (RNAi) 
RNA-mediated interference (RNAi) experiments were performed by 

injection of mex-1 mRNA into wild-type embryos. The mex-1 mRNA was 
produced by in vitro transcription of mex-1 cDNA templates. To obtain the mex-
1 cDNA templates, a 7.2 Kilobase pairs (Kbp) BamHl-Hindlll genomic DNA 
fragment isolated from VT#YL17 was used to screen a mixed stage C. elegans 
cDNA library (provided by A. Fire; Maniatis et al, 1982). From the library, six 
clones that showed the strongest hybridization with the genomic probe were 
pulled out. The cDNA inserts were amplified by PCR (Polymerase Chain 
Reaction, Perkin Elmer). All PCR products crosshybridized, suggesting that they 
share at least part of the same message (data not shown). The cDNA clones SGI 
and SG4 were used to construct Bluescript plasmids pJPSGl (2.7 kbp insert) and 
pJPSG4 (1.1 kbp insert). Antisense RNAs corresponding to the full cDNA inserts 
were produced using an in vitro transcription kit (Promega). RNA injections 
were as described in Guo and Kemphues (1995). RNAs from pJPSGl and pJPSG4 
(RNA#1 and RNA#4, respectively) were injected at concentrations of 0.5 and 1.8 
ug/|iL, respectively. RNA#1 and RNA#4 were shown to correspond to the 3' 
end of the mex-1 mRNA (carboxi-half of the predicted MEX-1 protein and the 3 ' 
untranslated region (3' UTR). Embryonic lethality was scored the next day and 
dead embryos were analyzed using Normarski optics. 

2.2.4- mex-1 sequence and mex-1 mutant analysis 
A total of 4 mex-1 cDNAs clones isolated in the cDNA library screening 

were sequenced on both strands using a Taq DyeDeoxy™ Terminator Cycle 
Sequencing Kit provided by Applied Biosystems (all sequencing reactions 
described in this thesis were performed using this system). A potential SL1 trans-
spliced acceptor (Krause and Hirsh, 1987) was analyzed by reverse transcription of 
total mixed stage RNA (provided by M. Morrison and M. Roth) using a random 
hexamer primer mix (Boehringer Mannheim), followed by PCR using a mex-1 
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specific primer (msg#6; see Fig. 2.6) and a primer specific for either the trans-
spliced leader SL1 or SL2 as described in Spieth et al. (1993). 

The mex-1 alleles zul20, zulll, zulll, zul40, it9, zulll, and e2569 were 
examined for deletions in the mex-1 gene by single worm PCR (Barstead and 
Waterson, 1991), using combinations of primers specific for the mex-1 gene. The 
intron-exon structure of the mex-1 genomic DNA was analyzed by PCR using 
either the phage clone VT#YL17, mex-1 cDNA or DNA from a wild-type animal 
as DNA templates. The results obtained were confirmed subsequently by the 
sequence of the Yeast Artificial Chromosome Y17G7 obtained from the C. elegans 
Genome Sequencing Project. After analyzing the sizes of the PCR products from 
the different templates, each PCR cycle was designed as follows: 50 seconds 
template denaturation at 94°C; 45 seconds primer annealing at 50°C; 2 minutes 
primer extention at 72°C; each cycle was repeated 30 times. The combinations of 
primers specific for the mex-1 gene were: msg#10-msg#7/ msg#5-msg#8, msg#2-
msg#ll, msg#5-msg#ll/ msg#17-msg#7, and msg#17-msg#6 (see Fig. 2.6). The 
regions of genomic DNA surrounding deletions in the mex-l(znl40) and mex-
l(zn221) alleles were isolated by PCR and sequenced. 

2.3- Results 

2.3.1- The phage clone VT#YL17 contains the mex-1 gene 
Germline transformation experiments were performed (see Material and 

Methods) using the strain mex-l(zul20)nnc-4(el20)/mnCl(II). The homozygous 
mnCl animals are dumpy (Dpy) and uncoordinated (Une) (mnCl is mutant in 
the genes dpy-10 and unc-52) and thus are easily recognizable. The homozygous 
mex-1 animals (Mex) are also easily recognizable because they are Une {mex-1 
gene is linked to a mutated unc-4 gene). Injection of the dominant marker rol-6 
into C. elegans induces a roller (Rol) phenotype. Rol animals do not move like 
wild-type animals but instead they roll due to a right-handed twist in the body. 
Cosmids and phage spanning the region covered by the yeast artificial 
chromosome Y17G7 are represented in Figure 2.1. The DNA molecules that are 
injected into C. elegans animals form stable extrachromosomal DNA arrays 
(Mello et al., 1991). The animals that carry extrachromosomal DNA arrays are 
called transgenic animals. If transgenic animals transmit the extrachromosomal 
DNA array to their progeny, they become transgenic lines. Transgenic lines 
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Y17G7  

W03C9 VT#YL82 

T1SQ9 * |VT#YL17 | YSIiffl VT#YI M 

VT#YL34 jl VT#YL95 II VT#YL85 II yr#YL77 

genetic map 
egl-29 

Figure 2.1 

Diagram of the physical map covering the region of linkage group II that surrounds the mex-1 gene 

(adapted from ACEDB). This diagram shows the Yeast Artificial Chromosome Y17G7 that rescues the 

mex-1 mutation, and the cosmids(*) and phage clones used in the germline transformation experiments 

described in this thesis. The mex-1 rescuing phage VT#YL17 is boxed. Vertical double bars indicate 

gaps between cosmids. The genetic marker egl-29 is shown. 
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segregating Rol Unc(Mex) hermaphrodites were isolated. Rol Unc(Mex) 
hermaphrodites were analyzed for their ability to produce viable embryos. The 
composition of the DNA groups that were injected and the results obtained for 
each injection are shown in Table 2.1. 

Several transgenic lines were obtained that segregated Rol Unc(Mex) 
hermaphrodites that were able to produce viable progeny, indicating that the 
mex-1 mutant phenotype was rescued. For example, transgenic lines obtained 
with DNA groups #1 and #2 (Table 2.1) segregated Roi Une hermaphrodites that 
produced viable progeny. Rescued progeny became Une, or Roi Une, larvae later 
in development. The same Rol Unc(Mex) rescued hermaphrodites also 
produced inviable Mex progeny, suggesting that only part of the Rol Unc(Mex) 
progeny inherited the rescuing extrachromosomal DNA array. In contrast, 
transgenic lines obtained with DNA group #3 (Table 2.1) segregated Rol 
Unc(Mex) hermaphrodites that produced all inviable Mex progeny. Together, 
these results indicated that DNA groups #1 and #2, but not DNA group #3, 
contained a DNA fragment that was able to rescue the mex-1 mutant phenotype. 

Analysis of the composition of DNA groups #1, #2, and #3 indicated that 
the phage VT#YL17 could be the rescuing DNA fragment. VT#YL17 was co-
injected with rol-6 (DNA groups #4 and #5) and multiple transgenic lines were 
obtained that segregated Rol Unc(Mex) hermaphrodites that were able to produce 
viable progeny. These results confirmed that the phage VT#YL17 was able to 
rescue the mex-1 mutant phenotype, and possibly contained the mex-1 gene. 

2.3.2- Identification of the mex-1 gene within VT#YL17 
To identify the mex-1 gene within the rescuing phage VT#YL17, three 

different approaches were followed (the third approach is described in a different 
section). The first approach was to try to rescue the mex-1 mutant phenotype 
with a DNA fragment contained within VT#YL17. VT#YL17 was divided into 
smaller DNA fragments using different restriction enzymes (Maniatis et al., 1982; 
VT#YL17 subclones). The VT#YL17 subclones were tested for their ability to 
rescue the mex-1 mutant phenotype by germline transformation. No VT#YL17 
subclone tested was able to rescue the mex-1 mutant phenotype (data not shown). 

The second approach to identify the mex-1 gene was to interfere with the 
function of the mex-1 gene by RNA-mediated interference (RNAi). Introduction 
of antisense RNA fragments into cells has been shown previously to interfere 
with the function of an endogenous gene (Izant and Weintraub, 1984). In C. 
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Table 2.1 

Identification of the mex-1 locus by germline transformation. The different DNA groups (#1 to #5) 

injected into the gonad of mex-l(zul20)unc-4(el20)/mnCI(II) hermaphrodites are shown below. 

N(No), Y(Yes), and YY are the symbols used to indicate no rescue, rescue or strong rescue of the mex-

1 phenotype, respectively. Rol corresponds to the roller phenotype induced by injection of rol-6 

DNA. Injection of rol-6 DNA does not rescue the mex-1 phenotype and does not cause lethality in 

the progeny of injected mothers (not shown). Une is the uncoordinated phenotype resulting from the 

itnc-4 marker linked to mex-1. Fl is the first progeny of the injected hermaphrodites, F2 is the 

progeny of the Fl animals, etc. 

#1 #2 

VT#YL80 15 ng/uL 1.5 uL 
VT#YL82 15 ng/uL 1.5 uL 
VT#YL95 30ng/uL 1.0 uL 
VT#YL68 15 ng/uL 3.0 uL 
VT#YL85 60ng/uL 0.5 uL 
VT#YL77 15 ng/uL 1.5 uL 
VT#YL17 15 ng/uL 1.5 uL 

rol-6 DNA 850ng/ uL 1.0 uL 
Total DNA concentration 102ng/uL 

W03C9 15 ng/uL 2.0 uL 
T15G9 15 ng/uL 2.0 uL 
VT#YL34 15 ng/uL 2.0 uL 
VT#YL17 15 ng/uL 2.0 uL 

rol-6 DNA 850ng/ uL 1.0 uL 
Total DNA concentration 97ng/uL 

VT#YL85 
VT#YL68 
VT#YL82 
VT#YL77 

_group #3 . 

60 ng/uL 
15 ng/uL 
15 ng/uL 
15 ng/uL 

1.0 uL 
3.0 uL 
3.0 uL 
2.0 uL 

VT#YL17 

.group #4_ 

15 ng/uL 

rol-6 DNA 850ng/ uL 
Total DNA concentration 

3.0 uL 

1.0 uL 
89.5 ng/uL 

rol-6 DNA 850ng/ uL 1.0 uL 
Total DNA concentration 103 ng/uL 

VT#YL17 

.group #5_. 

250 ng/uL 2.8 uL 

rol-6 DNA 850ng/uL 1.2 ̂ L 
Total DNA concentration 172 ng/uL 
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elegans, the introduction of RNA fragments has been widely used to remove 
gene function (Guo and Kemphues, 1995; Lin et a l , 1995, 1997; Rocheleau et al., 
1997; Thorpe et al. 1997). Interestingly, in C. elegans, not only antisense, but also 
sense and double strand RNA, fragments can remove gene function (Fire et a l , 

1998). 
Antisense RNA from candidate mex-1 cDNAs (RNA#1 and RNA#4 from 

cDNA#l and cDNA#4, respectively) was injected into wild-type animals and the 
phenotype of the progeny was analyzed the following day (see Material and 
methods). Approximately 60% of the resulting embryos resembled mex-1 
mutant embryos when viewed by Nomarski optics (Fig. 2.2C). The mex-l-\ike 
phenotype obtained with injection of RNA#1 or RNA#4 suggested that the 
candidate mex-1 cDNA#l and cDNA#4 contained at least part of the mex-1 
message, if not the whole message. Injection of RNA#1 also produced several 
dead embryos with variable non-mex-2-like phenotypes (e.g., Fig. 2.2D), which 
could suggest a non-specific interference with wild-type messages or specific 
interference with more than one wild-type message. The later seemed to be true. 
Sequence analysis revealed that the 5' end of cDNA#l corresponded to a 
ribosomal protein (data not shown) and the 3' end of cDNA#l corresponded to 
mex-1 (see below). The 5' end and the 3' end were linked by a small DNA 
fragment identical to sequences used for cloning into the cDNA library vectors. 

In summary, two experiments described here showed that the mex-1 gene 
was identified. First, a single DNA fragment, the phage VT#YL17, was shown to 
rescue the mex-1 mutant phenotype by germline transformation. This result 
indicated that VT#YL17 contained the mex-1 gene. Second, the function of the 
mex-1 gene could be removed by RNAi, using RNAs derived from VT#YL17-
specific DNA; injection of these RNAs into wild-type animals produced embryos 
phenotypically indistinguishable from mex-1 mutant embryos. The third 
evidence that support the gene that was identified is indeed the mex-1 gene 
comes from the sequence of mex-1 mutant animals and it will be described 
below. 

2.3.3- The mex-1 gene products 
The sequence derived from four independent mex-1 cDNA clones is 

shown in Figure 2.3; this sequence represents part of the transcript of the mex-1 
gene and will be called mex-1. The sequence of the predicted MEX-1 protein is 
also shown. At the 5' end of mex-1, a potential SL1 frans-spliced acceptor (Krause 
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Figure 2.2 
Loss of function of the mex-1 gene by RNA-mediated interference (RNAi). (A) Wild-type embryo. The 
pharynx is the organ that connects the bucal cavity to the intestine and it is surrounded by a basement 
membrane (arrowheads). At the posterior end of the pharynx there is a muscular structure called the 
grinder (long arrow). (B) mex-l(zulll) mutant embryo. Note the excess of phaynx at the anterior side 
of the embryo, recognized by the ectopic grinders (long arrows) and surrounded by a basement 
membrane (arrowheads). (C) Wild-type embryo after RNAi with RNA#4. The embryo has a phenotype 
similar to the mex-l(zul21) mutant embryo. Excess of pharynx is recognized by the ectopic grinders at 
the anterior side of the embryo (long arrows). A basement membrane surrounding the pharynx is 
indicated by an arrowhead. (D) Wild-type embryo after RNAi assay with RNA#1. The embryo has a 
phenotype that is not related to any mex-1 mutant embryo described before. Anterior is to the left. 
Embryos are about 50 |J,m in length. 
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and Hirsh, 1987) was identified (see Fig. 2.3), suggesting that the mex-1 message is 
frans-spliced to an SL1 RNA. Trans-splicing is an intermolecular event where a 
small leader sequence, the spliced leader (SL), is spliced onto the 5' ends of 
multiple mRNA (for review, see Bonen, 1993). Trans-splicing is used by several 
organisms to form the mRNA, instead of, or in addition to, czs-splicing. For 
example, in trypanossomes, mRNA formation seems to occur exclusively by 
frans-splicing and nearly all trypanosome mRNAs have a 35 nucleotide leader 
sequence (Murphy et al., 1986; Sutton and Boothroyd, 1986). In C. elegans, 
approximately 70% of the genes are subjected to frans-splicing (for review, see 
Blumenthal and Steward, 1997) and two abundant irans-spliced leader sequences 
have been identified, SL1 and SL2 (Krause and Hirch, 1987; Huang and Hirch, 
1989). The potential SL1 frans-spliced acceptor in the mex-1 mRNA was analyzed 
as described in Material and Methods. A single product with the predicted size of 
260 bp was obtained only when the SL1 primer was included (Fig. 2.4A, arrow); 
this product was transferred to a nitrocellulose membrane where it hybridized 
with a mex-1 cDNA probe (Fig. 2.4B, arrow; Maniatis et al., 1982). Finally, 
sequence analysis has shown that the 260 base pairs (bp) product coincided with 
the 5' end of mex-1 (data not shown). 

The 3' end of mex-1 shown in Figure 2.3 may not represent the true end of 
the mex-1 3' UTR as suggested by two observations (not shown). First, the polyA 
sequence present at the end of mex-1 shown in Figure 2.3 is also present in the 
mex-1 gene (C. elegans Genome Sequencing Project). Second, Northern analysis 
revealed that the mex-1 gene is transcribed into a single transcript of 
approximately 2.5 Kbp in size. 

The mex-1 cDNA can encode a 494 amino acid protein, MEX-1, that 
contains two copies of a predicted Cys-His motif with the unusual spacing 
CX8CX5CX3H, of unknown function. The Cys-His motif was initially described 
in the mouse TIS11 protein (Fig. 2.5; Varnum et a l , 1989; DuBois et a l , 1990; Lai 
et al., 1990). TISll is induced in 3T3 cells in their immediate response to growth 
factor or serum stimulation. TISll is a nuclear protein and is able to bind zinc 
(DuBois et a l , 1990), suggesting that TISll may play a role in regulating gene 
expression (for review, see Herschman et al., 1994). This class of Cys-His motif 
also has been identified in proteins from several organisms including S. 
cerevisiae, Drosophila and C. elegans (Ma et al., 1994; Ma and Herschman, 1995; 
Mello et al., 1996). The PIE-1 protein in C. elegans has two motifs similar to the 
predicted MEX-1 protein (Fig. 2.5; Mello et a l , 1996). PIE-1 activity is required to 
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TTTGAGGAAAGGAGAAGGATGCAATCTTCAAATGGAGAœATCACCAACAAT^GCAGACGCCGTACTTCATGAATGCTCCATGCGACCCGGCTCTTCTCGCGTTGGCT 
M Q S S N G E H H Q Q K Q T P Y F M N A P C D P A L L A L A 

CAACAAACGTTTCTAGGCTTCCAACCACAAAAGAATATGTATCAACATGGATTTCCCCCGATGCTTCCCCACAGGAACCTCATTCCGTCGCTGGCGGCCGCGATTCCC 
Q Q T F L G F Q P Q K N M Y Q H G F P P M L P H R N L I P S L A A A I P 

GAAATGGATAAGCTAATGTTGGAGGAGCCAATTGAGGCTGGAAGCATGCCATATCGCAGAGCCACCAACAAGAATATCTCTGTGTCCGATGACTCATTCAACAACATG 
E M D K L M L E E P I E A G S M P Y R R A T N K N I S V S D D S F N N M 

CATCGGTCCTCTTCCTCATCGCAATATCGCCGTCATTCCGCTCAATGGGAGACTATGACTGATGACGAACGAGAGTCGGTTCAGCGTCAGAAGCGCAAGC5AAGAAGCA 
H R S S S S S Q Y R R H S A Q W E T M T D D E R E S V Q R Q K R K E E A 

TTCAAGACGGCACTTTGTGACGCTTTTAAGCGCTCAGGCTCCTGCCCGTACGGCGAAGCTTGCCGGTTTGCTCACGGCGAGAACGAGCTGAGGATGCCGTCGCAGCCA 
F K T A L I C D A F K R S G S C P Y G E A C R F A H l G E N E L R M P S Q P 
CGTGGCAAGGCGCATCCAAAGTACAAGACGCAGCTGTGCGACAAGTTTTCCAACTTTGGACAGTGTCCCTATGGACCACGATGCCAGTTTATTCATAAGCTGAAGAAG 
R G K A H P K Y K T Q L | C D K F S N F G Q C P Y G P R C Q F I H | K L K K 
GGTCTTCCACTGAGCGAGTACAACCGTGCTCTTCAAGAAGGCGAGATCTCACCGGCTCGCGACGACGAGATCACCAATCCCGACGAATCATCATCCCAAGTGGAGGAT 
G L P L S E Y N R A L Q E G E I S P A R D D E I T N P D E S S S Q V E D 
CTGAGTGAGCTTCACCATCGACAACATCAGCAGCAGCAGCAGTACCAACAACGCTATCGTCGGCCACCATTCAACAATTTCCACGATATGTCGGATAGTGGATACAGT 
L S E L H H R Q H Q Q Q Q Q Y Q Q R Y R R P P F N N F H D M S D S G U S 
GCTCCTCGCCGCCGGCTTCATCATCAATTCGAGCATCTTGGTAGTGAGCAGCAGCAGCAGCAGCAGCAGCAGACACCAGCTCCGAAGATTGTCTATCCATCGATGCAA 
A P R R R L H H Q F E H L G S E Q Q Q Q Q Q Q Q T P A P K I V Y P S M Q 

GTTGTCAATATTGAAATGGCAACTGGTGACGGACCTAAAAGGTCTGACAATCATCATTATCATCATCATCATCATCAACGTCGTCATATTCCGGCGCCACCATCCACC 
V V N I E M A T G D G P K R S D N H H Y H H H H H Q R R H I P A P P S T 

GGTCCACTGAGCTCTCTCATTGATCAGGCCGACTATGAAGCTTCTATGGCAAGCGGGAAAATGTTCGGAAAACCAGAGAACATTCGCACCTATGGAGCCATGATCCGC 
G P L S S L I D Q A D Y E A S M A S G K M F G K P E N I R T Y G A M I R 

GCCAACGAGGAGCACGTCGAGCGTAATCAGACTGGAGTTGTCAAGAAGGAACGGGCGACGGTTCTACCGAAAAGGGATCTTTCACTGATTCGCGAGGAGGATACACTG 
A N E E H V R E N Q T G V V K K E R A T V L P K R D L S L I R E E D T L 

CTCGTCGACGGTTCTCATCTGAATATGACGTCATCGGCGATTCTGCCAGCTCATCAAATCCCTTCCACCACGACCACCAGCACATCATCTCCAGTCCAAGAACAGCCG 
L V D G S H L N M T S S A I L P A H Q I P S T T T T S T S S P V Q E Q P 

TGGTACGAGAAGATTTTCGGGAAAATGACAATGATCCAAGAGGAATCATCGATGGGCGGTGAAGACGACGATGCTCACGAAGATCATTATTCGAGATAATCTGGATTC 
W Y E K I F G K M T M I Q E E S S M G G E D D D A H E D H Y S R * 
CTCCGTCCACCCCCTACCTACTACCTAAAAATCTœCAAATTCTCACAAATTGTCCCAGTCCAAAATCTCTTACAACAAGAACAAAAAATCCCCTCCAAATTTTCATG 

TCATATCATAATTTTCCCCCCACACCACCAAAAAAATGTCCATATTTTGTATTTTTGTGTCCCACCCCCCGGCCAATCTGAGCCATATTTATTTTGATAATGATTGTA 

AAAAGTTATTTTGTGATCTCTACCGTTTCCCCCCAAACATTCCCCATTTCTCTATCTCTCTCTCTAGTCTATCTCACTCTCTCTATCGGTGTCTCGCCACGATACCCA 

CCGACCCAGAACGCCAAGAACAAATATGAAGAGATTTGAATTTTTATTCAAAAAAAAAAAAAAAAAAAA 

Figure 2.3 

Sequence of a mex-1 cDNA and corresponding MEX-1 protein. The mex-1 mRNA is irans-spliced to SL1 

(Krause and Hirsh, 1987) at the acceptor site underlined. The presumptive start codon is shown in bold. 

The two Cys-His motifs of the MEX-1 protein are shown in shaded boxes, with the Cys-His residues in 

bold. The GenBank accession number for mex-1 sequence is U81043. 
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396 bp -
220 bp -

Figure 2.4 

mex-1 mRNA is an SL1 trans-spliced message. A reverse transcription reaction (see Material and 

Methods) was performed with (+) or without (-) reverse transcriptase (Boehringer Mannheim M-MLV 

Reverse Transcriptase). (A) Amplification of the reversed transcribed products by PCR using either SL1 

or SL2 primers and the mex-2-specific primer msg#6 (see Fig. 2.6). A single 260 base pairs (bp) PCR 

product can be detected with the SL1 primer (arrow) but not with the SL2primer. The mex-1 cDNA#9 

was also loaded on the DNA gel (arrowhead). (B) Southern Blot analysis of the SLl-msg#6 PCR 

product. Both the SLl-msg#6 PCR product (arrow) and mex-1 cDNA#9 (arrowhead) cross-hybridi/e 

with the radioactively labelled mex-1 cDNA#7. X is the 1 Kb DNA ladder marker (GIBCO). 
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Cys-His motif 1 
MEX-1 (C. elegans) 
TIS 11 (mouse) 
PIE-1 (C. elegans) 
POS-1 (C. elegans) 
F38C2 (C. elegans) 
Y57G11C. 6 (C. elegans) 
ZC513.6 (C. elegans) 
F38B7.1 (C. elegans) 
C09G9.6 (C. elegans) 
MEX-5 (C. elegans) 
AH6.5 (C. elegans) 

Cys-His motif 2 

MEX-1 (C. elegans) 
TIS11 (mouse) 
PIE-1 (C. elegans) 
POS-1 (C. elegans) 
F38C2 (C. elegans) 
Y57G11C 6 (C. elegans) 
ZC513.6 (C. elegans) F38B7.1 (C. elegans) 
C09G9.6 (C. elegans) 

MEX-5 (C. elegans) 
AH6.5 (C. elegans) 

Y K T R 
F K T R 

W M 
W L 

L C M M H A S G 
L C M T H A A G 

P C D M G A R C 
P C A L G A R C 

K F A H 
K F A H 

Y 
Y 
N 
Y 
Y 
Y 
Y 
Y 
Y 

K T Q L C 
K T E L C 
R R Q I C 
K T V L C 
K T V L C 
K T V L C 
R T K L C 
K T E A C 
K T K L C 

D K F 
H K F 
H N F 
D K F 
N N F 
D N F 
D K Y 
Q S F 
D K Y 

S N F G Q C 
Y L Q G R C 
E R - G N C 
S M T G N C 
S T T G H C 
S T T G H C 
T T T G L C 
H Q S G Y C 
T T T G L C 

P Y G P R C 
P Y G S R C 
R Y G P R C 
K Y G T R C 
K Y G I R C 
K Y G T K C 
P Y G K R C 
P Y G P R C 
P Y G K R C 

Q F I H 
H F I H 
R F I H 
Q F I H 
Q F I H 
Q F I H 
L F I H 
H F I H 
L F I H 

Y K T K 
Y K T K 

L C K N F A R G G T G F C P Y G L R C E F V H 
L C K N F A R G G S G V C P Y G L R C E F V H 

B 

U2AF35 (mammalian, 2 m o t i f s ) C x ( 6 ) 
URP (mammalian, 2 m o t i f s ) C X(5_6) 
CLIPPER (Drosophila, 5 m o t i f s ) C x ( 5 - 6 ) 

G X C X X G X X C X X X H 
G A C R F G D R C S R K H 
G X C X X G X X C X F X H 

Figure 2.5 

Cys-His motifs in MEX-1 and other proteins. (A) Alignment of the two Cys-His domains, including the five 

preceding amino acids, in MEX-1, TIS11, PIE-1 and several C. elegans proteins that share sequence similarity with 

MEX-1 (C. elegans Genome Sequencing Project). The Cys-His motifs are separated by 23 amino acids in MEX-1, 

POS-1, Y57G11C.6, MEX-5 and AH6.5, 22 amino acids in Z513.6 and C09G9.6, 21 amino acids in F38C2,18 amino 

acids in the mouse TIS 11 and F38B7.1 (F38B7.1 is the TIS11 C. elegans homologue), and 66 amino acids in PIE-1. 

(B) Cys-His motifs found in other proteins, such as the mammalian splicing factors U2AF35 and URP and the 

Drosophila protein CLIPPER. U2AF35 and URP have two Cys-His motifs, like MEX-1, whereas CLIPPER has five 

Cys-His motifs. Identical amino acids in MEX-1 and other sequences are shaded. 
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repress embryonic transcription in the germline blastomeres (Seydoux et al., 
1996; See Chapter 1). The predicted MEX-1 protein does not have significant 
similarity to PIE-1 or TIS11 outside of the "finger" domains, and does not contain 
any known nuclear localization sequence that might suggest its cellular 
distribution. MEX-1, but not PIE-1 or TIS11, contains two glutamine-rich, and 
one histidine-rich, regions of unknown significance. 

2.3.4- Analysis of mex-1 mutant alleles 
Seven mex-1 mutant alleles were examined for deletions in the mex-1 

gene by PCR (see Material and Methods), using different combinations of primers 
specific for mex-1 (shown in Fig. 2.6). Two mex-1 mutant alleles were found that 
had DNA deletions in the mex-1 gene; these were mex-l(zn221) and mex-
l(zuUO) alleles. 

The mex-l(zu221) deletion initially was detected with primers msg#7 and 
msg#10. In contrast to wild-type animals, the predicted 1592 bp PCR product 
could not be detected in mex-l(zu221) animals (Fig. 2.7A, arrow). However, the 
region surrounding msg#7 did not seem to be affected in mex-l(zu221) animals 
(data not shown). Together, these results suggested that the mex-1 5' UTR could 
be abnormal in mex-l(zu221) animals. The 5' end deletion in mex-l(zu221) 
animals was confirmed using primers msg#17 and msg#7. With these primers, 
an approximately 1.5 Kbp PCR product was detected in mex-l(zu221) (Fig. 2.7B, 
short arrow), whereas the predicted 1.9 Kbp PCR product was detected in wild-
type animals (Fig. 2.7B, long arrow). The msg#17-msg#7 PCR product (wild-type 
and mutant) was shown to be specific for the mex-1 gene by a second PCR 
reaction, using primers msg#17 and msg#6 (Fig. 2.7C). The msg#17-msg#6 PCR 
product obtained in wild-type and mex-l(zn221) animals was isolated and 
sequenced; the sequence data confirmed that mex-l(zu221) contains a 440 bp 
deletion surrounding the mex-1 5' UTR that includes the first 36 amino acids of 
the predicted MEX-1 protein (data not shown). 

The mex-l(zul40) allele deletion was found with primers msg#2 and 
msg#3. A similar PCR protocol was followed to identify a 606 bp deletion in 
mex-l(znl40); this deletion includes 300 bp of the last mex-1 intron, 80 amino 
acids in the C-terminal region of the predicted MEX-1 protein and 66 bp of the 3 ' 
UTR (data not shown). 
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1 

mex-1 cDNA 

msg#9 
msg#3 rnseffi 

2000bp 

3' 

mse#ll 

B 

oligonucleotide (5' start)-sequence-(3' end) orientation 

msg#2 (111 l)-gactatgaagcttctatg-(l 128) sense 

msg#3 ( 1513)-ggaatccagattatctcg-( 1496) antisense 

msg#5 (406)-cagcgtcagaagcgcaagg-(424) sense 

msg#6 (261 )-gcttccagcctcaattggc-(243) antisense 

msg#7 (704)-gccggtgagatctcgcc-(688) antisense 

msg#8 (1096)-gagagctcagtggaccgg-(1079) antisense 

msg#9 (1507)-ggattcctccgtccaccc-(1524) sense 

msg#10 (14)-gaaggatgcaatcttcaaatgg-(35) sense 

msg#ll ( 1834)-ggcgttctgggtcggtgg-( 1851 ) antisense 

msg#17 (-406)-gaaagaagctttcagacatgcg-(-385) sense (not shown) 

Figure 2.6 

Oligonucleotide primers used for analysis of mex-1 mutant animals. (A) Localization of mex-1 specific 

primers within the mex-1 cDNA. (B) Sequence and orientation of the mex-1 specific primers. Primer 

msg# 17 is located 406 base pairs upstream of the SL1 trans-splicing acceptor site (bar) and was designed 

based on genomic sequence released by the C. elegans Genome Sequencing Project. 
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Figure 2.7 

Analysis of mex-1 mutant alleles. Genomic DNA was amplified by single worm PCR (SW-PCR, see 

Material and Methods) using combinations of mex-1- specific primers (Fig. 2.6). In lanes + and -, the 

DNA templates used in the PCR reaction were the mex-1 rescuing clone VT#YL17 and water, 

respectively. (A) SW-PCR products using primers msg#10 and msg#7. The predicted 1592 bp DNA 

fragment can be detected in all animals except mex-l(zu221) (arrow). Non-specific PCR products can be 

detected in all animals (*). (B) SW-PCR products using primers msg#17 and msg#7. The predicted 

1900 bp DNA fragment can be detected in wild-type animals (lanes 1 to 3, long arrow), whereas a 1500 

bp DNA fragment is detected in mex-l(zu221) animals (lanes 4 to 11, short arrow). (C) SW-PCR 

products using primers msg#17 and msg#6. The predicted 667 bp DNA fragment can be detected in 

wild-type animals (lanes 1 and 2, long arrow), whereas a 227 bp DNA fragment is detected in mex-

l(zu221) animals (lanes 3 to 7, short arrow). In (A), X is the 1 Kb DNA ladder marker (GIBCO). In (B) 

and (C), X DNA is digested with BstE II (New England Biolabs). 
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2.4- Discussion 

2.4.1- The mex-1 gene locus 
The germline transformation experiments described here showed that mex-

1 mutant animals can be rescued by the phage clone VT#YL17. mex-1 mutant 
animals can be completely rescued by injection of VT#YL17 alone but not by 
injection of VT#YL17 in combination with other DNA molecules (DNA groups #1 
and #2). For example, several transgenic lines obtained by injection of DNA group 
#4 segregated homozygous mex-1 mutant animals (Mex animals) that produced all 
viable progeny (see Table 2.1). 

The strong rescue obtained with VT#YL17 alone could be explained by the 
injection of homogeneous DNA molecules. The injection of DNA molecules into 
C. elegans induces the formation of heritable extrachromosomal arrays at high 
efficiency (Mello et al., 1991). The stability of the extrachromosomal arrays varies, 
depending on the number, size and similarity of the DNA molecules injected 
(Mello et al, 1991). Efficient rescue of mutant animals depends not only on the 
type of DNA molecules injected but also on the stability of the extrachromosomal 
arrays. 

Several transgenic lines obtained by injection of DNA groups #1 and #2 
segregated Mex animals that produced some progeny with variable phenotypes. 
For example, transgenic line #1.3 segregated Mex animals that produced inviable 
non-Mex, or viable sterile, progeny (see Table 2.1). These phenotypes could be 
explained by the fact that some injected DNA molecules could interfere with wild-
type functions and thus be toxic to the injected animal and its progeny. 
Alternatively, the inviable non-Mex and viable sterile progeny segregated by Mex 
animals could be explained by a partial rescue of the Mex phenotype. This is most 
likely to be the case, since the same Mex animals also produce viable progeny 
(rescue). Non-rescued Mex animals segregate inviable embryos that have a 
somatic and a germ cell defect (Mello et a l , 1992, see Chapter 1). Partially rescued 
Mex animals could segregate inviable embryos with multiple different phenotypes 
if part of the Mex somatic defects are rescued or all Mex somatic defects are 
partially rescued. Also, partially rescued Mex animals could segregate viable 
embryos that develop into sterile adults if the Mex somatic defects are rescued but 
not the Mex germ cell defects. 
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2.4.2- The mex-1 gene product 
The mex-1 gene is inms-spliced to SL1, as indicated by the presence of the 

SL1 splice donor sequence and not the SL2 splice donor sequence. The function of 
irans-splicing in C. elegans, or the function of SL1 and SL2 leader sequences, is not 
known. However, the presence of any leader sequence can reflect genomic 
organization of the genes whose mRNAs are irans-spliced to the leader sequences; 
conventional genes begin with an exon, while frans-spliced genes begin with an 
intron (called an "outron"; Conrad et a l , 1991). The presence of either SL1 or SL2 
can reveal more details about gene structure; genes that contain an outron are 
mostly irans-spliced to SL1, whereas genes that have a downstream position 
within a cluster of closely-spaced genes that are transcribed together, seem to be 
frans-spliced to SL2 (Spieth et al., 1993). 

The MEX-1 protein contains two Cys-His motifs of unknown function. 
Proteins containing similar motifs have been identified that seem to regulate 
different aspects of RNA metabolism. Note that MEX-1 is not the C. elegans 
homologue of any of these proteins. The Drosophila protein CLIPPER and its 
mammalian homologue (cleavage and polyadenylation specific factor, CPSF) each 
contain five Cys-His motifs. CLIPPER and CPSF both seem to bind RNA directly 
and are required for cleavage of RNA hairpins and pre-mRNA polyadenylation, 
respectively (Bai and Tolias, 1996; Barabino et a l , 1997). The vertebrate splicing 
factors U2AF35 (Zhang et a l , 1992) and the U2AF35-related protein (Urp; 
Tronchère et al., 1997) each contain two Cys-His motifs. U2AF35 and Urp seem to 
interact with other splicing factors via domains that contain the Cys-his motifs 
(Zhang et al., 1992; Tronchère et a l , 1997). The vertebrate TIS11 protein is 
primarily a nuclear protein and has been thought to regulate gene expression 
(reviewed in Herschman et al., 1994). However, the level of TIS11 appears to 
decrease in the nucleus and increase in the cytoplasm of NIH/3T3 cells upon 
serum-stimulation (Taylor et a l , 1996). Recent observations suggest that TIS11 is 
involved in the degradation of specific mRNA molecules; these mRNA molecules 
contain AU-rich elements in the 3'UTR, and TIS11 may bind to these elements 
(Carballo et a l , 1998). 

The PIE-1 protein of C. elegans seems to be involved in regulating gene 
expression (Mello et al., 1996; Seydoux et al., 1996). PIE-1 is primarily a nuclear 
protein and could regulate gene expression by regulating pre-mRNA processing, 
similarly to the U2AF35 and Urp proteins described above. PIE-1 also could 
regulate transcription. No DNA-binding activity has been associated with this 
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protein that could suggest transcriptional regulation. However, PIE-1 could 
regulate transcription indirectly, by regulating transcriptional proteins. For 
example, PIE-1 seems to be required for the proper pattern of phosphorylation of 
RNA polymerase II (Seydoux and Dunn, 1997; see Chapter 1). 

Recently, several C. elegans proteins were identified that are closely related 
to MEX-1, in addition to PIE-1 (Fig. 2.5; Tabara et al., in press and data from the C. 
elegans Genome Sequencing Project). The POS-1 protein (cosmid F52E1.1) is very 
closely related to MEX-1 (Tabara et a l , in press). POS-1, like MEX-1, is essential for 
the development of the early C. elegans embryo and is required for the proper 
development of germ cells (Tabara et a l , in press). The MEX-5 protein is more 
distantly related to MEX-1; the spacing between the Cysteine and Histidine residues 
in the Cys-His motifs is not well conserved (Fig. 2.5). MEX-5 is essential for the 
development of the early C. elegans embryo, but MEX-5 does not seem to be 
required for the proper development of the germ cells (C. Schubert, personal 
communication). 

Proteins related to MEX-1 also seem to function together in the developing 
C. elegans embryo. For example, the protein AH6.5 alone does not appear to have 
any function in the developing C. elegans embryo but, together with MEX-5, AH6.5 
seems to be required for the proper development of the germ cells (C. Schubert, 
personal communication). Similarly, it is possible that MEX-1 and other members 
of this group of proteins, function together to specify different cell fates in the early 
C. elegans embryo. 
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Chapter 3 - MEX-1 expression pattern 

3.1- Abstract 

The expression pattern of the mex-1 mRNA and the MEX-1 protein are 
described in this chapter. By in situ hybridization and immunocytochemistry, it 
is shown that the mex-1 mRNA and the MEX-1 protein localize predominantly 
to the germline blastomeres in the early C. elegans embryo. MEX-1 is primarily, 
if not exclusively, a cytoplasmic protein and is a transient component of the 
germline-specific P granules. Immunocytochemistry analysis of several P 
granule components, including PIE-1 and others recently described, indicates that 
mex-l(+) function is required for the proper P granule localization of some P 
granule components, and thus mex-l(+) function is required for normal P 
granules. 

3.2- Material and Methods 

3.2.1- In situ hybridization 
In situ hybridization using either mex-1 or cexj-2 probes was done 

according to Seydoux and Fire (1994, 1995). mex-1 sense and antisense RNA 
probes labeled with digoxigenin-11-dUTP (Boehringer Mannheim) were made 
from pJPSG9, a plasmid containing part of the mex-1 cDNA that includes the 
entire coding region and 387 bp of the 3' UTR. The detection reaction with 
alkaline phosphatase-conjugated anti-digoxigenin (Boehringer Mannheim) was 
allowed to develop for approximately 45 minutes. Photographs were taken with 
Ektachrome 160T professional color reversal film (Kodak). Images were digitized 
using a Nikon Coolscan slide scanner (Nikon). The digitized images were 
assembled using Adobe Photoshop 3.0 (Adobe). 

3.2.2- Production of antibodies and immunostaining 
Rabbit polyclonal antisera 82301, 83471 and 83251 were generated against 

branched chain peptides 1, 2, and 3 corresponding to amino acids 74-96, 225-246 
and 273-296 of the predicted MEX-1 protein, respectively (see Chapter 2; Fig. 2.3). 
Peptides were synthesized using a prepared 4-branch MAPs core attached to a 
Wang resin (Novabiochem) on an Applied Biosystems model 430 peptide 
synthesizer. Peptide sequences were chosen to exclude the highly conserved 
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finger domains of the MEX-1 protein (see Chapter 2; Fig. 2.5). Immunizat ions 
(Lin et a l , 1995) and affinity purification (Robinson et a l , 1988) of antibodies were 
as described previously. Antibodies were eluted from matrix-bound antigen 
with 0.2 M Glycine with 1.0% Bovine Serum Albumin, pH 2.5, and dialyzed 
against phosphate-buffered saline. 

The ability of the non-affinity-purified and affinity-purified antibody from 
antiserum 82301 to recognize endogenous MEX-1 protein was verified on 
Western blots, as described in Guo and Kemphues (1995). Approximately 100 
wild-type, mex-l(zul20), and mex-l(zul40) animals were picked by hand and 
protein extracts prepared. The extracts were resolved by SDS-PAGE and blotted 
onto nitrocellulose filters. The filters were incubated with non-affinity purified 
82301 antiserum or affinity purified 82301 antiserum; non-affinity-purified and 
affinity-purified antiserum 82301 were diluted respectively 5000X and 100X in 
1.5% Bovine Serum Albumin. The secondary antibody used was horseradish 
peroxidase-linked donkey anti-rabbit IgG; no signal could be detected on 
Westerns incubated with the secondary antibody alone. The SuperSignal® 
Chemiluminescent Substrate detection system (Pierce) was used according to the 
manufacturer instructions. Autoradiograph film was exposed to the blots for 10 
seconds. The developed autoradiograph films were digitized using a high 
resolution color scanner (Sharp JX-325). 

The affinity-purified MEX-1 82301 antiserum was used in all staining 
experiments. Embryos were fixed and stained with antiserum, and with 4', 6-
diamidino-2-phenylindole (DAPI) to visualize DNA, as described previously (Lin 
et a l , 1995). P granule/MEX-1 double staining experiments were as described in 
Draper et al. (1996); goat rhodamine-conjugated anti-mouse and goat FITC-
conjugated anti-rabbit (Tagoimmunologicals) were used as secondary antibodies. 
Images of P granule/MEX-1 double-stained embryos were collected on a 
Deltavision SA3.1 wide-field deconvolution optical sectioning microscope and 
were deconvolved using the reiterative constrained method of Sedat and Agard 
(Hiraoka et a l , 1991). 

Embryos were prepared and stained for PIE-1 with the mouse monoclonal 
antibody P4G5 (Tenenhaus et al., 1998), as described previously (Mello et al., 
1996). Embryos were prepared and stained for POS-1 with a rabbit polyclonal 
antiserum as described elsewhere (Tabara et a l , in press). Images were collected 
on a Deltavision SA3.1 wide-field deconvolution optical sectioning microscope 
(Applied Precision, Inc.). Embryos were prepared and stained for GLH-1, GLH-2, 
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PGL-1, GLD-1 and MEX-3 with polyclonal antisera as described previously (Gruidl 
et al, 1996; I. Kawasaki et al, 1998; Jones et al., 1996; Draper et al, 1996). Images 
were collected on a compound fluorescent microscope (Zeiss) and captured using 
NIH Image 1.62b4 (National Institute of Health). 

Embryos were prepared for MEX-1/GLH-1 double staining experiments as 
described in Albertson (1994) and stained as described in Draper et al. (1996). The 
82301 affinity-purified MEX-1 antiserum and a mouse monoclonal anti-GLH-1 (K. 
Bennett, personal communication) were used as primary antisera. Goat 
rhodamine-conjugated anti-rabbit and goat FITC-conjugated anti-mouse 
(Tagoimmunologicals) were used as secondary antibodies. Images of MEX-
1/GLH-l double-stained embryos were collected on a Deltavision SA3.1 wide-
field deconvolution optical sectioning microscope. A total of 64 optical sections 
were collected from the germline blastomeres and were used to construct three-
dimensional images of the germline blastomeres. The three-dimensional 
images were deconvolved using the reiterative constrained method of Sedat and 
Agard (Hiraoka et al, 1991). All images were assembled using Adobe Photoshop 
3.0 (Adobe). 

3.3- Results 

3.3.1- The mex-1 mRNA localizes to germline blastomeres 
The distribution of the mex-1 mRNA was analyzed by in situ 

hybridization (see Material and Methods). There is no genetic evidence for 
embryonic expression of mex-1 (Mello et al., 1992), therefore it is likely that the 
expression pattern I describe here represents maternally-expressed mex-1 mRNA, 
though this has not been tested directly, mex-1 mRNA is detected in the 
syncytial core of the maternal gonad beginning in the meiotic region of the distal 
arm (Fig. 3.1A right), and is distributed uniformly in maturing oocytes (Fig. 3.1A 
left). In embryos, mex-1 mRNA appears to be distributed uniformly in 1-cell 
embryos (Fig. 3.1B) but in 2-cell (Fig. 3.1C) and dividing 2-cell (Fig. 3.1D) embryos, 
mex-1 mRNA is detected at higher levels in the PI blastomere (long arrow) than 
in the AB blastomere or the AB daughters (short arrow). After each of the 
subsequent cleavages, mex-1 mRNA persists at high levels in the germline 
blastomere, but gradually decreases to undetectable levels in the somatic sister of 
the germline blastomere. For example, in the 28-cell stage embryo, before 

53 



Chapter 3 - MEX-1 expression pattern 

Figure 3.1 

Localization of mex-1 mRNA. Photomicrographs of a wild-type hermaphrodite gonad (A) and early 

embryos at different developmental stages (B through H) after in situ hybridization with a probe for 

mex-1 mRNA; positive staining is indicated by purple (see Materials and Methods). (A) Maternal gonad 

(right) and maturing oocytes (left). (B) 1-cell embryo. (C) Early 2-cell embryo. (D) Dividing 2-cell 

embryo. (E) 8-cell embryo. (F) Early 28-cell embryo. (G) Gastrulation-stage embryo. After the division 

of each germline blastomercmex-l mRNA persists at high levels in the germline daughter (long arrow) 

but not in the somatic daughter (short arrow). (H) 2-cell wild-type embryo stained with a sense probe 

for mex-1 mRNA. (I) 4-cell wild-type embryo stained with an antisense probe for the class II cey-2 

mRNA (Seydoux and Fire, 1994). C. elegans embryos are about 50 urn in length. 
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gastrulation occurs, mex-1 mRNA is detected only in the germline blastomere P4 

and its somatic sister D (Fig. 3.IF, long and short arrows, respectively). In the 
gastrulating embryo, mex-1 mRNA is detected in P4 (Fig. 3.1G, long arrow) and 

not in D (Fig. 3.1G, short arrow). After the division of the germline blastomere 
P4, mex-1 mRNA can no longer be detected in the embryo (data not shown). 

3.3.2- The MEX-1 protein can be detected with rabbit polyclonal antisera 
To analyze the localization pattern of the MEX-1 protein, three rabbit 

polyclonal antisera were raised against different regions of the MEX-1 protein. 
The antiserum 82301 was raised against peptide 1 (See Material and Methods) and 
is described here. 

The ability of the antiserum 82301 to recognize endogenous MEX-1 was 
verified on Western blots (Fig. 3.2; see Material and Methods). Protein extracts 
were prepared from >1000 wild-type animals, resolved by SDS-PAGE and blotted 
onto nitrocellulose filters. The filters were incubated either with the antiserum 
82301 or with pre-immune serum. MEX-1 has a predicted molecular weight of 
56.6 Kilodalton (KD), assuming the first ATG is the start codon; however, no 56.6 
KD band can be detected on Western blots. Instead, one prominent band of 
approximately 62 KD can be detected with the antiserum 82301, but not with the 
pre-immune serum (Fig. 3.2A, arrow). The antiserum 82301 was affinity-purified 
against peptide 1 and tested on Western blots; the -62 KD band can still be 
detected with the affinity-purified antiserum 82301 (Fig. 3.2B, long arrow). 

To test whether the -62 KD band is MEX-1, protein extracts from -100 
animals homozygous for the mex-1 mutations zullO and zul40 were prepared 
and analyzed by Western blots using the affinity-purified antiserum 82301 (Fig. 
3.2B). The zul20 mutation is a strong mex-1 mutat ion used in the majority of 
the experiments described in this thesis. The -62 KD band can be detected at high 
levels with the affinity-purified antiserum 82301 in wild-type animals but not in 
animals homozygous for the mex-1 mutation zullO (Fig. 3.2B, long arrow). The 
zul40 mutation is a partial deletion in the mex-1 gene (see Chapter 2); the zul40 
deletion would be predicted to result in a truncated MEX-1 protein of 
approximately 48 KD. In animals homozygous for the mex-1 mutation zul40, a 
band of -48 KD, but not -62 KD, can be detected with the affinity purified 
antiserum 82301 (Fig. 3.2B, short arrow). Together these results indicate that the 
antiserum 82301 can recognize the MEX-1 protein, and that the MEX-1 protein 
has an apparent molecular weight of -62 KD. 
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Figure 3.2 

Detection of endogenous MEX-1 on Western blots. (A) Non-affinity-purified antiserum 82301, before (-) 

and after (+) immunization with a MEX-1-specific peptide (see Material and Methods). The protein 

extracts were prepared from >1000 wild-type animals (without protease inhibitors). The arrow 

indicates a -62 KD band detected by the antiserum 82301 after immunization but not before. The two 

lanes belong to the same gel. (B) Affinity-purified antiserum 82301. The protein extracts were prepared 

from -100 wild-type, mex-l(zul20) mutant and mex-l(zul40) mutant animals in the presence of the 

protease inhibitors Aprotinin, Leupeptins, and Pepstatin A. The -62 KD band can be detected in 

extracts from wild-type but notmex-1 mutant animals (long arrow). A -48 KD band can be detected in 

extracts from mex-l(zul40) animals (short arrow). The three lanes belong to the same gel. Positions of 

molecular mass markers are indicated on the left. 
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3.3.3- The MEX-1 protein localizes to the germline blastomeres and is a 
component of P granules 

The affinity-purified antiserum 82301 was used to examine the MEX-1 
expression pattern in wild-type embryos and larvae by immunocytochemistry. I 
obtained similar results to those described here with two additional antisera, 
83251 and 83471, raised against MEX-1-specific peptides (see Material and 
Methods). MEX-1 first is detected at low levels in the cytoplasm of mature 
oocytes (data not shown). The level of MEX-1 increases markedly after 
fertilization. As described below, MEX-1 is present in the cytoplasm of each of 
the germline blastomeres, Po to P4 (Fig. 3.3A-K). However, MEX-1 does not seem 

to be present in nuclei; the level of fluorescence in nuclei is similar to the 
background level in all early embryos examined. 

MEX-1 appears to be distributed uniformly in the early 1-cell stage embryo, 
but at the late 1-cell stage, MEX-1 appears most abundant in the posterior half of 
the embryo (Fig. 3.3A). In 2-cell embryos, MEX-1 is present at high levels in the 
germline blastomere Pi and at lower levels in the somatic blastomere AB (Fig. 
3.3C). After the division of Pi , MEX-1 is detected at high levels in the germline 
blastomere ?2 and at lower levels in the somatic blastomere EMS (Fig. 3.3E); 
MEX-1 disappears from EMS later in that cell cycle (compare the early 4-cell 
embryo in Fig. 3.3E with the late 6-cell embryo in Fig. 3.3G; in these embryos, 
EMS (short arrow) is in interphase and telophase, respectively). This localization 
pattern is repeated after the division of P2 and P3: MEX-1 is detected initially in 
both daughters of P2 or P3, but MEX-1 then disappears from the somatic 

daughters later in that cell cycle. At the onset of gastrulation, MEX-1 is present 
only in the germline blastomere P4 (Fig. 3.3K). During the division of P4, MEX-1 
level decreases and after the division of P4, MEX-1 generally can not be detected 
in the daughters of P4 (see Fig. 3.4F and data not shown). 

In addition to the cytoplasmic staining described above, distinct granules 
are stained prominently by the affinity-purified antiserum 82301 in the cytoplasm 
of each germline blastomere. These granules closely resemble P granules in size, 
number, and distribution (Strome and Wood, 1982; see Chapter 1). To test 
whether these granules were P granules, wild-type embryos were stained 
simultaneously with the affinity-purified antiserum 82301 and an anti-P granule 
antibody. It was found that the majority of the granules showed staining with 
both reagents in the germline blastomeres Po, P b P2, P3/ ar>d P4 (the P2 
blastomere is shown in Fig. 3.4A-C). P granules are present in both daughters of 
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DAPI 

Figure 3.3 

Localization of the MEX-1 protein. The left column shows immunofluorescent photomicrographs of 

fixed wild-type embryos after staining with the affinity-purified MEX-1 antiserum 82301 (see Materials 

and Methods). The right column shows DAPI images of nuclei for each embryo shown on the left; in 

each of these images the germline blastomere (long arrow) and its sister (short arrow) are indicated. 

(A,B) 1-cell embryo. (C,D) 2-cell embryo. (E,F) 4-cell embryo, with EMS and P2 in interphase. (G,H) 

Dividing 6-cell embryo with EMS in telophae and P2 in metaphase. (IJ) 12-cell embryo. (K,L) Late 28-

cell embryo. All images are shown at the same magnification; embryos are about 50 um in length. 
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P granules Merged MEX-1 

Figure 3.4 

MEX-1 is a component of P granules. (A-C) Immunofluorescent photomicrogrEphs at the top focal 

planes of a single 4-cell embryo double-stained for P granules (A) and MEX-1 (C); the merged image is 

shown in (B). (D-F) Immunofluorescent photomicrogrcph at high magnification of the gonad 

primordium of a near-hatching embryo stained as above. The gonad primordium contains the two 

daughters of P4 (arrows); the nucleus of each daughter is surrounded by P granules (visible in D) but 

appear to have only background levels of MEX-1 staining (F). Embryo in A-C is about 50 urn in length; 

Gonad primordium in D-F is about 8 urn in length. 
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the P4 blastomere (Fig. 3.4D), however MEX-1 is not detectable in either daughter 
(Fig. 3.4F). Similarly, P granules are present in the germ cells of larvae and 
adults, but MEX-1 is not detectable at these later stages (data not shown). Thus 
MEX-1 may either associate with P granules only transiently during the early 
embryonic cleavages, or MEX-1 immunoepitopes may be masked in P granules at 
all other stages. 

The affinity-purified antiserum 82301 was also used to examine the MEX-1 
expression pattern in embryos from homozygous mex-1 mutant mothers. N o 
staining was detected in embryos from homozygous mex-l(zul20) mothers, 
consistent with the results obtained on Western blots (see this chapter, previous 
section) nor in embryos from homozygous mex-l(zul21), mex-l(zu221), or mex-
l(e2569) mutant mothers (data not shown). Staining was detected in embryos 
from homozygous mex-l(zul40) mothers, in a pattern that is similar to the 
pattern described for wild-type embryos, although the staining appeared to be less 
intense than wild-type (data not shown). 

In conclusion, I have obtained three rabbit polyclonal antisera that 
specifically recognize the MEX-1 protein. By Western blot analysis, MEX-1 
appears to have a molecular weight of 62 KD, although the molecular weight 
predicted for MEX-1 is 56.6 KD. In wild-type embryos, MEX-1 is a cytoplasmic 
protein that is present primarily in the germline blastomeres, and MEX-1 is a 
component of P granules. 

3.3.4- Mutations in mex-1 cause defects in P granules 
Previous studies have shown that mex-l(+) function is required for the 

proper cortical localization of P granules in germline blastomeres during the 
early, asymmetrical cleavages (Mello et a l , 1992; Schnabel et a l , 1996; see Chapter 
1). I have shown that MEX-1 is a component of P granules during these 
cleavages. P granule-associated MEX-1 might affect cortical localization if MEX-1 
is required for the proper structure or assembly of P granules. For example, 
analysis of Drosophila mutants defective in polar granules indicates that the 
proper assembly of polar granules requires the sequential addition of specific 
components (for review see Lehmann and Ephrussi, 1994). 

To test whether mex-l(+) function is required for normal P granules, 
seven P granule components were examined in embryos from homozygous 
mex-l(zul20) mutant mothers (see Material and Methods). Four of these P 
granule components, GLH-1, GLH-2, PGL-1, and GLD-1, are detected in P granules 
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of wild-type animals at all stages of development (Gruidl et a l , 1996; Kawasaki et 
a l , 1998; Jones et a l , 1996; see Chapter 1) and thus can be called constitutive P 
granule components. Three other P granule components, PIE-1, POS-1, and 
MEX-3, are detected in P granules of wild-type embryos only during the early 
embryonic stages (Mello et alv 1996; Tabara et al., in press; Draper et al., 1996, see 
Chapter 1) and thus can be called transient P granule components. 

In early embryos from homozygous mex-l(zullO) mutant mothers, MEX-3 
and the constitutive P granule components GLH-1, GLH-2, PGL-1, and GLD-1 
appear by immunofluorescence to be present in P granules at wild-type levels 
(Fig. 3.5 and data not shown). In these mutant embryos, constitutive P granule 
components can be detected in both germline and somatic blastomeres (Fig. 3.5, 
long and short arrows, respectively), as expected because this mex-1 mutat ion 
cause P granule mislocalization (Mello et a l , 1992). Thus, mex-l(+) function 
does not seem to be required for the P granule association of either MEX-3 and at 
least some constitutive P granule components in early embryos. 

In contrast, mex-l(+) function seems to be required for the proper 
association of PIE-1 with P granules (Fig. 3.6). In wild-type embryos, PIE-1 can be 
detected in the nucleus of the germline blastomeres and in P granules (Mello et 
a l , 1996; Fig. 3.6A, C). In embryos from homozygous mex-l(zul20) mutan t 
mothers, PIE-1 can not be detected at wild-type levels in P granules; PIE-1 is either 
absent or present at very low levels in the P granules of these embryos (Fig. 3.6; 
compare P granule-associated PIE-1 in wild-type (A, C) and in mex-l(zullO) 
mutant (B, D) embryos). In embryos from homozygous mex-l(zul20) mutant 
mothers, PIE-1 can be detected in the nucleus of the germline blastomeres and 
also in the nucleus of somatic blastomeres; the nuclear localization of PIE-1 will 
be discussed below. 

mex-l(+) function also appears to be required for the proper association of 
POS-1 with P granules (Fig. 3.7). In wild-type embryos, POS-1 can be detected 
primarily in the cytoplasm of germline blastomeres and in P granules (Tabara et 
a l , in press; Fig. 3.7). POS-1 first is detected at low levels in the 2-cell embryo 
(Tabara et a l , in press; Fig. 3.7 A, arrow). After the 2-cell stage, POS-1 can be 
detected at high levels in the germline blastomeres and in P granules (Tabara et 
a l , in press; Fig. 3.7C, E, and G, arrows). In embryos from mex-l(zul20) mutant 
mothers, POS-1 can be detected at low levels in the cytoplasm of the germline 
blastomeres (Fig. 3.6D, F). However, little or no POS-1 can be detected in P 
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WT mex-1(zu120) 

Figure 3.5 

P granule components in wild-type and in mex-l(zul20) mutant embryos. Immunofluorescent 

photographs of the expression of P grande components in 4cell stage wild-type (left) and mex-l(zul20) 

mutant embryos (right). (A, B) MEX-3; the transient P granule component MEX-3 can be detected at 

high levels in the P granules (arrows) both in wild type (A) and mex-l(zul20) mutant (B) embryos. (C, 

D) PGL-1; the constitutive P granule component PGL-lcan be detected at high levels in the P granules 

(long arrow) both in wild type (C) aid mex-l(zul20) mutant (D) embryos;similar results were obtáned 

with the constitutive P granule components GLH-1, GLH-2, and GLD-1. Note that in mex-1 (zul20), P 

granules can be detected both in the germline blastomere (long arrow) and its somatic sister (short 

arrow). Embryos are about 50 jam in length. 
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WT mex-1(zu120) 

Figure 3.6 
PIE-1 in mex-l(zul20) mutant embryos. MEX-1(+) activity is required for the wild-type expression 

pattern of PIE-1 protein. Immunofluorescent photomicrographs of wild-type embryos (left) and mex-
l(zul20) mutant embryos (right) after staining with a monoclonal antibody that recognizes PIE-1. PIE-1 

is detected in P granules at high levels in wild-type embryos but not in mex-l(zullO) mutant embryos. 

The nuclear expression of PIE-lwill be discussed in Chapter 4. (A, B) 4-cell stage embryos. (C, D) 8-cell 

stage embryos. Embryos are about 50 [iva in length. 
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WT mex-1(zu120) 
4 H i -

31 If» 

Figure 3.7 
POS-1 in mex-l(zullO) mutant embryos. MEX-1(+) activity is required for the wild-type levels of POS-1 
protein in the germline blastomeres. Immunofluorescentphotomicrographs of wild-type embryos (left) 
and mex-l(zullO) mutant embryos (right) after staining with an polyclonal antibody that recognizes POS-
1. In mex-l(zul20) mutant embryos, POS-1 can be detected in the cytoplasm of the germline blastomeres 
at low levels but POS-1 can not be detected in the P granules. (A, B) 2-cell embryo. (C, D) 4-cell embryo. 
(E, F) 12-cell embryo. (G, H) 28-cell embryo. Embryos are about 50 urn in length. 
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granules. Thus, mex-l(+) function seems to be required for the wild-type levels 
of POS-1 expression in P granules. 

In conclusion, mex-l(+) function is required for normal P granules; mex-
1(+) function appears to be required for the proper P granule association of at 
least two P granule components, PIE-1 and POS-1. However, mex-l(+) function 
does not appear to be required for P granule association of several other P 
granule components. 

3.3.5- Is there heterogeneity in P granules? 
P granules are described in the literature as a homogeneous population of 

germline-specific granules. However, during my analysis of P granules, I 
observed that the expression pattern of a subset of granules from embryos 
double-stained with the affinity-purified MEX-1 antiserum (82301) and the P 
granule monoclonal antibody (K76), did not appear to coincide (Fig. 3.4B; green 
or red dotes, respectively). This result suggests that P granules are 
heterogeneous. To test this possibility further, I examined embryos double-
stained with the affinity-purified MEX-1 antiserum 82301 and an antibody specific 
for the constitutive P granule component GLH-1 (see Material and Methods). 
Sixty-four optical sections of these embryos were collected and used to construct a 
three-dimensional image of the germline blastomeres P2 (Fig. 3.8) and P3 (data 

not shown). MEX-1 and GLH-1 can be detected simultaneously in the majority of 
P granules in the germline blastomere P2 (Fig. 3.8A-C). However, some P 
granules seem to contain either MEX-1 (Fig. 3.8A-C, long arrow) or GLH-1 (Fig. 
3.8A-C, short arrows), but not both. Similarly, in the germline blastomere P3, 
some P granules seem to contain one, but not the other, P granule component 
(data not shown). Thus, P granules appear to be heterogenous. 

3.4- Discussion 

3.4.1- Distribution pattern of the mex-1 mRNA 
mex-l(+) function has been shown to be required for germ cell formation 

(Mello et al., 1992). In this chapter I showed that only one cell contains mex-1 
mRNA after the 28-cell stage of embryogenesis; this cell is P4, which is the 

precursor of all germ cells. I also showed that mex-1 mRNA localizes primarily 
to the germline blastomeres (the precursors of P4) in embryos at earlier stages. 

65 



Chapter 3 - MEX-1 expression pattern 

MEX-1 GLH-1 MEX-1 +GLH-1 DAPI 

Figure 3.8 

Heterogeneity in P granules. Immunofluorescent photomicrographs of a wild-type 4-cell stage 

germline blastomere P 2 simultaneously stained for MEX-1 (A) and GLH-1 (B); the merged image is 

shown in (C). DAPI was used to visualize DNA (D); P2 is in profase. Images were collected and 

processed as described in Material and Methods. Although many P granules contain both MEX-1 and 

GLH-1, some P granules seem to contain either MEX-1 (long arrow) or GLH-1 (short arrows), but not 

both. (E) Scheme of a 4-cell embryo, showing a magnification of the germline blastomere P2; 4-cell 

embryos are about 50 |am in length. 
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This mRNA distribution pattern is similar to the distribution patterns of several, 
unrelated, maternally-expressed mRNAs, that have been described previously 
and that are called class II mRNAs (Seydoux and Fire, 1994). 

All class II mRNAs remain at high level in the germline blastomeres but 
disappear from the somatic blastomeres. The mechanism by which this 
asymmetry is achieved remains unclear; class II mRNAs may be preferentially 
stabilized in the germline blastomeres, or degraded in the somatic blastomeres, 
or both. The persistence of class II mRNAs in the germline blastomeres could be 
part of a mechanism to specify the germ cell fate; class II mRNAs include 
mRNAs from genes that are required for the specification of germ cell fate, such 
as pie-1 (Mello et a l , 1996; Tenenhaus et a l , 1998) or pos-1 (Tabara et a l , in press). 
However, class II mRNAs also include mRNAs from genes that do not appear to 
be required for the specification of the germ cell fate, such as glp-1 and skn-1 
(Seydoux and Fire, 1994); glp-1 is required for the proper development of anterior 
somatic blastomeres (Priess et a l , 1987) and skn-1 is required for the proper 
development of posterior somatic blastomeres (Bowerman et a l , 1992). 

3.4.2- The MEX-1 protein 
I have shown that the rabbit polyclonal antiserum 82301 can detect a MEX-

1-specific band of approximately 62 Kilodalton (KD) by Western blot analysis. 
However, the molecular weight predicted for MEX-1 by the mex-1 cDNA 
sequence is 56.6 KD. The difference in molecular weight could result from post-
translational modifications in the MEX-1 protein. The mex-l(zuUO) mutat ion 
deletes part of the mex-1 gene, and would generate a predicted, truncated MEX-1 
protein of 48 KD. This is precisely the molecular weight of the MEX-1 protein 
that is detected in protein extracts from mex-l(zul40) animals. This result 
suggests that the mex-l(zuléO) deletion could remove a region of the MEX-1 
protein that normally is post-translationally modified. Alternatively this region 
could be required for the post-translational modifications; the nature of these 
modifications has not yet been determined. 

3.4.3- Expression pattern of the MEX-1 protein 
MEX-1 first is detected at low levels in the cytoplasm of mature oocytes. 

Since the first apparent defect in mex-1 mutant embryos is in the 1-cell embryo 
(Mello et a l , 1992; Schnabel et a l , 1996), MEX-1 may not have any function in the 
oocytes; the low levels of MEX-1 may simply indicate that the translation of the 
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tnex-1 mRNA begins before fertilization, to ensure that MEX-1 is present in the 
1-cell embryo. 

In wild-type embryos, MEX-1 localizes primarily to the germline 
blastomeres in a pattern that is similar to the pattern of distribution of m ex-1 
mRNA; the cells that have high levels of mex-1 mRNA have high levels of 
MEX-1 protein, and cells that do not have mex-1 mRNA do not have detectable 
MEX-1 protein. Thus, the localization of mex-1 mRNA may be the main process 
by which the MEX-1 protein becomes localized. 

After the asymmetrical division of each germline blastomere, Po to P3, 

MEX-1 can be detected at high level in the germline daughter and at low level in 
the somatic daughter. The high level of MEX-1 in the germline daughters 
persists even after multiple divisions of the germline blastomeres, suggesting 
that the MEX-1 protein is being produced de novo; this de novo production 
probably results from the translation of the mex-1 mRNA that is present in the 
germline daughters. In contrast, the level of MEX-1 in each somatic daughter 
decreases rapidly, suggesting that MEX-1 is not being produced de novo in the 
somatic daughters. These somatic daughters may even degrade the MEX-1 they 
inherit when they are born from the division of a germline blastomere. During 
the symmetrical division of P4, the level of MEX-1 in P4 decreases and MEX-1 is 
not detected in the daughters of P4. This pattern of MEX-1 expression suggests 
that MEX-1 is degraded after P4 is born, and raises the interesting possiblity that 
MEX-1 is required only during the asymmetrical divisions of the germline 
blastomeres. 

The MEX-1, PIE-1, and POS-1 proteins are required for germ cell 
development (Mello et al., 1992; Tabara et al., in press) and share sequence 
similarity (see Chapter 2). However, the cellular distribution pattern of MEX-1 
and POS-1 differ from that of PIE-1. MEX-1 (described here) and POS-1 (Tabara et 
al, in press) appear to be exclusively cytoplasmic proteins. In contrast, PIE-1 
(Mello et a l , 1996) is a predominantly nuclear protein; PIE-1 has a presumptive 
nuclear localization signal that is not found in MEX-1 or POS-1. MEX-1 and POS-
1 can be detected in both the germline blastomeres and their somatic sisters after 
the division of each germline precursor. However, PIE-1 is detected exclusively 
in the germline blastomeres. One possible explanation for this difference is that 
PIE-1 may be degraded more rapidly than MEX-1 or POS-1 in the somatic 
blastomeres. Alternatively, PIE-1 may not be inherited by the somatic 
blastomeres after the division of each germline precursor. During this division, 
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PIE-1 first becomes localized exclusively to both germline centrosomes. 
However, PIE-1 disappears from the centrosome that is inherited by the somatic 
blastomere before the division of the germline precursor is completed. Thus, the 
difference between the distribution patterns of MEX-1 or POS-1, and PIE-1 may 
result from different mechanisms of localization of these proteins. 

The distribution patterns of mex-1 and pos-1 mRNAs are identical. 
However, the MEX-1 protein is detected earlier than the POS-1 protein; MEX-1 is 
detected in 1-cell stage embryos, whereas POS-1 is first detected consistently in 2-
cell stage embryos. The different expression of MEX-1 and POS-1 may result 
from different translation of mex-1 and pos-1 mRNAs, respectively. One 
possibility is that there is a special mechanism for the early translation of mex-1 
mRNA. Another possibility is that the translation of mex-1 and pos-1 mRNAs 
begins at the same time, but the translation of mex-1 mRNA is more efficient. 
No domains involved in translational control have been identified in either 
mex-1 or pos-1 mRNAs, and this should be an interesting problem to study in 
future experiments. The different expression of MEX-1 and POS-1 could also 
result from different protein stability. MEX-1 could be more stable than POS-1; 
POS-1 could be stabilized by factors that are only available in the early 2-cell stage. 

3.4.4- MEX-1 and P granules 
Previous studies have shown that mex-l(+) function is required for proper 

localization of P granules (Mello et a l , 1992). I have shown that the MEX-1 
protein is a component of P granules and that, in the absence of mex-l(+) 
function, P granules shown little or no immunostaining for PIE-1 and POS-1. 
This lack of staining could be due to the absence of PIE-1 and POS-1 in P granules, 
or could result from a masking of the epitopes recognized by my marker antisera. 
For convenience, I refer to this lack of PIE-1 and POS-1 immunostaining in P 
granules as a lack of association of PIE-1 and POS-1 with P granules. 

The level of nuclear PIE-1, or cytoplasmic POS-1, in the early germline 
blastomeres of mex-1 mutant embryos is slightly lower than in wild-type 
germline blastomeres. I consider it unlikely that this general reduction in 
protein levels alone can explain the lack of PIE-1 and POS-1 in P granules, mex-1 
mutant embryos also show a decrease in their levels of MEX-3 and some 
constitutive P granule components in the germline blastomeres, since these P 
granule components are mislocalized to somatic blastomeres. However, MEX-3 
and constitutive P granule components appear to be properly associated with P 
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granules at wild-type levels in mex-1 mutant embryos. Thus, mex-l(+) function 
may specifically regulate the association of PIE-1 or POS-1, or both, with P 
granules. For example, P granule-associated MEX-1 might recruit PIE-1 and POS-
1 into the granules. 

Why do PIE-1 and POS-1, but not MEX-3 or other P granule components, 
require mex-l(+) function for proper association with P granules? Among the P 
granule components I examined, PIE-1 and POS-1 are the only ones that have 
sequence similarity with MEX-1; PIE-1 and POS-1 contain two Cys-His motifs that 
are also found in MEX-1. An intriguing possibility is that MEX-1 might recruit 
PIE-1 and POS-1 to P granules through these Cys-His motifs. In future 
experiments it will be interesting to determine whether there are direct 
interactions between the MEX-1, PIE-1 and POS-1 proteins. It would also be 
interesting to test whether other proteins that contain Cys-His motifs, such as 
MEX-5 (see Chapter 2) require wild-type MEX-1 for P granule association. 

3.4.5- Heterogeneity in P granules 
I have described here preliminary results that suggest that P granules are 

heterogeneous in the germline blastomeres P2 and P3; most P granules contain 
both MEX-1 and GLH-1, but some appear to contain only one of the two proteins. 
One interesting possibility is that different types of P granules have different 
functions in the germline blastomeres. Alternatively, the heterogeneous P 
granules may simply represent P granules that are not completely formed, and 
thus can be called "immature" P granules. The germline blastomeres Pi, P2 and 
P3 could be called "immature" germline blastomeres, since they give rise to both 
germ and somatic cells. In contrast, P4 could be called a "mature" germline 

blastomere since it only gives rise to germ cells. Therefore, P granules present in 
P2 and P3 might represent immature, and therefore heterogeneous, structures 
that are the precursors of the mature, homogeneous, P granules present in P4; all 
P granules appear to co-localize in P4 (my unpublished observation; Tabara et al., 
in press). By analogy, polar granules in Drosophila, show dynamic changes in 
morphology and protein composition during the formation of the pole cells 
(Mahowald, 1968; Lehmann and Ephrussi, 1994); for example, polar granules 
fragment prior to the formation of the pole cells but then they coalesce again 
(Mahowald, 1968). 

To test whether heterogeneous P granules have different behaviors, these 
granules could be examined in living embryos using specific fluorescent tags to 
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label different P granule components. Hird and collaborators used the tagged 
antibody K76 to follow the behavior of K76-containing granules. They found 
that the posterior localization of K76-containing granules to the germline 
blastomeres involves perinuclear localization and degradation of anteriorly-
localized P granules (Hird et al., 1996; see Chapter 1). Using tagged MEX-1 or 
GLH-1 antisera, MEX-1-containing, or GLH-1-containing, granules could be 
followed in vivo and one could test whether these different granules have 
different behaviors. With this technique one could also study other aspects of P 
granules, such as assembly of different P granule components, variation of P 
granule morphology during the maturation cycle of the germ cells, possible 
interaction of P granules with different cellular organelles, or regulation of P 
granule movement and localization to the germline blastomeres. 
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Chapter 4 - MEX-1 function 

4.1- Abstract 

The molecular analysis of the MEX-1 protein revealed that MEX-1 shares 
sequence similarity with the PIE-1 protein of C. elegans (Chapter 2). MEX-1, like 
PIE-1, localizes to the germline blastomeres and is a component of P granules 
(Chapter 3). PIE-1 has been shown to be required for the repression of embryonic 
transcription in the germline blastomeres (Seydoux et al., 1996). In this chapter, I 
show that MEX-1 is not required for the general repression of embryonic 
transcription in the germline blastomeres. However, I show that MEX-1 is 
required for proper localization of PIE-1, and thus that MEX-1 plays a role in 
determining which blastomeres repress transcription. Thus, MEX-1 and PIE-1 
seem to have distinct functions in the germline blastomeres in early C. elegans 
embryogenesis. 

4.2- Material and Methods 

4.2.1- Strains and Alleles 
Bristol strain N2 was used as the standard wild-type strain. mex-l(zul20) 

and pie-l(zul54) were used in the experiments described here. 

4.2.2- In situ hybridization and immunostaining 
In situ hybridization using pes-10 probes was done according to Seydoux 

and Fire (1994, 1995). Photographs were taken with Ektachrome 160T 
professional color reversal film (Kodak). Images were digitized using a Nikon 
Coolscan slide scanner (Nikon). The digitized images were assembled using 
Adobe Photoshop 3.0 (Adobe). 

Embryos were prepared and stained for PIE-1 with the mouse monoclonal 
antibody P4G5 (Tenenhaus et al., 1998), as described previously (Mello et al., 
1996). Wild-type, mex-1, pie-1, and mex-l;pie-l animals were incubated at 15 °C 
or 22°C for 2 days prior to collecting embryos. Images were collected on a 
Deltavision SA3.1 wide-field deconvolution optical sectioning microscope 
(Applied Precision, Inc.) and assembled using Adobe Photoshop 3.0 (Adobe). 
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4.3- Results 

In wild-type embryos, one of the major diferences between germline and 
somatic blastomeres is that no embryonically-expressed mRNAs have been 
detected in the germline blastomeres (Seydoux and Fire, 1994). For convenience, 
this phenomenon has been called repression of embryonic transcription, 
although the molecular basis for the lack of embryonically-expressed mRNAs 
has not yet been determined. PIE-1 has been shown to be required for the 
repression of embryonic transcription (Seydoux et al., 1996). PIE-1 is a novel 
protein that localizes exclusively to the germline blastomeres; PIE-1 can be 
detected in the nucleus of the germline blastomeres and in the P granules (Mello 
et a l , 1996). 

4.3.1- MEX-1 and PIE-1 have distinct functions in the germline blastomeres 
The MEX-1 and PIE-1 proteins share a common Cys-His motif, localize to 

the germline blastomeres, and are components of P granules (this study, 
Chapters 2 and 3; Mello et a l , 1996). To test whether MEX-1 and PIE-1 have 
similar functions in the germline blastomeres, embryonic transcription was 
analyzed in early mex-1 mutant embryos. 

Embryonic transcription in the early embryo can be monitored 
conveniently by analyzing the appearance of pes-10 mRNA (Seydoux and Fire, 
1994). The pes-10 gene is transcribed in the early embryo, and pes-10 mRNA is 
present at high levels in all somatic blastomeres from the 8-cell stage until the 
15-cell stage. However pes-10 mRNA is not detected in germline blastomeres at 
any stage (Seydoux and Fire, 1994). For example, in a wild-type 15-cell stage 
embryo, only one blastomere does not contain detectable levels of pes-10 mRNA; 
this blastomere is the germline blastomere P3 (Fig. 4.1A; see also Seydoux and 
Fire, 1994). In pie-1 mutant embryos, pes-10 mRNA accumulates in all 
blastomeres equally, indicating that pie-l(+) is required for the repression of pes-
10 transcription (Seydoux et al., 1996). 

pes-10 mRNA was examined in 8-cell to 16-cell mex-1 mutant embryos by 
in situ hybridization. If mex-l(+) has the same function as pie-l(+), pes-10 
mRNA might be detected in all blastomeres in mex-1 mutant embryos. Instead, I 
found that pes-10 mRNA was not detected in all blastomeres in mex-1 mutant 
embryos. I also found that pes-10 mRNA was not detected in multiple 
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pes-10 mRNA PIE-1 

Figure 4.1 
Embryonic gene expression aid PIE-1 localization. Each row shows apair of different embryos thà are 

at the same developmental stage; genotypes are listed above each pair of embryos. Embryos in the left 

column were cultured at 22°C and fixed and hybridized with a probe for pes-10 mRNA. Embryos in the 

right column were fixed and immunostained for PIE-1 protein (see Materials and Methods). (A,B) Wild-

type (WT) embryos, pes-10 mRNA is not detected in the germline blastomere P 3 (A, arrow), but is 

present in all other blastomeres. PIE-1 is visible in the nucleus of P3 (B, arrow), and associated with P 

granules in the cytoplasm of P3. (C,D) mex-l(zul20) mutant embryos, pes-10 mRNA is not detected in 

the P2 granddaughters as follows: P4 (long arrow), the two daughters of C (short arrows), and D (not 

visible in focal plane); each of these blastomeres contains PIE-1 protein. (E,F) mex-l(zul20)pie-l(zul54) 

double mutants, pes-10 mRNA is present in all blastomeres, and PIE-1 is not detected in any blastomere. 

All embryos shown were fixed approximately 75 minutes after fertilization (about the 15-cell stage). 

Embryos shown are about 50 um in length. 
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blastomeres in all mex-1 mutant embryos examined (n > 100), in contrast to the 
single blastomere lacking pes-10 mRNA in wild-type embryos. These 
blastomeres in the mex-1 mutant embryos were identified by comparison with 
the positions of blastomeres in living, lineaged mex-1 mutant embryos (Mello et 
al., 1992; Schnabel et al., 1996). In all cases, multiple descendants of ?2 (Chapter 1; 

see lineage diagram in Fig. 1.1) did not contain pes-10 mRNA. For example, pes-
10 mRNA could not be detected in either C or P3, the daughters of P2, in all 8-cell 

stage embryos examined (data not shown). At the 16-cell stage, pes-10 mR NA 
could not be detected in any of the four granddaughters of P2, namely Ca, Cp, D, 
and P4 (Fig. 4.1C). In a minority of mex-1 mutant embryos (about 3%), the level 

of pes-10 mRNA was also slightly reduced in the E blastomere (data not shown); 
the E blastomere is a daughter of EMS, the sister of P2 (see lineage chart in Fig. 

1.1). Thus mex-l(+) function seems to be required for the proper pattern of pes-
10 transcription. Flowever, mutations in the mex-1 and pie-1 genes cause 
opposite defects in this pattern; transcription of pes-10 is not repressed in any 
blastomere in pie-1 mutant embryos, but is repressed in multiple blastomeres in 
mex-1 mutant embryos. 

To test whether pes-10 repression in ectopic blastomeres in mex-1 mutant 
embryos requires pie-l(+) activity, pes-10 mRNA was examined in mex-l;pie-l 
double mutants, pes-10 mRNA was detected in all blastomeres in mex-l;pie-l 
double mutant embryos (Fig. 4.IE), as in pie-1 single mutant embryos (Seydoux et 
a l , 1996). These results suggest that the abnormal pattern of pes-10 repression in 
mex-1 single mutant embryos could result from incorrect localization of PIE-1. 

4.3.2- PIE-1 is mislocalized in mex-1 mutants 
mex-1 mutant embryos were stained with an antibody that recognizes the 

PIE-1 protein. I found that PIE-1 was present in the nucleus of multiple 
blastomeres. In nearly all mex-1 mutant embryos, PIE-1 could be detected in the 
nucleus of the daughters and granddaughters of the P2 blastomere (90%, n - 75; 

Fig. 4.1D). In about 46% of the 8-cell stage mex-1 mutant embryos, low levels of 
PIE-1 also were detected in the nucleus of E and MS blastomeres (Fig. 4.2A; see 
lineage chart in Fig. 1.1). 

I also observed that mex-1 mutant embryos had reduced levels of P 
granule-associated PIE-1 compared to wild-type embryos (compare P granules in 
the wild-type P3 blastomere in Fig. 4.IB to the P3 blastomeres in the mex-1 
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PIE-1 DAPI 

22°C 

15°C 

Figure 4.2 

Temperature-dependent PIE-1 mislocalization. Each row shows a single, late 8-cell stage, mex-1 mutant 

embryo that was cultured at either 22°C or 15°C prior to fixation. Left column: Immunofluorescence 

photomicrographs of embryos stained for PIE-1 protein. Right column: Immunofluorescence 

photomicrographs of nuclei stained with DAPI. Arrows point to the P3 blastomere, and arrowheads point 

to the E blastomere. Embryos are about 50 um in length. 
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mutant embryos in Fig. 4.2A,C). The localization of PIE-1 to the P granules was 
already discussed in Chapter 3. 

Previous studies have documented a requirement for mex-l(+) in the 
development of the intestinal precursor E (Mello et a l , 1992). At low 
temperature, E fails to generate intestinal cells and instead generates epidermal 
and muscle cells in some mex-1 mutant embryos (Mello et a l , 1992). Because in 
some mex-1 mutant embryos PIE-1 is mislocalized to E, I asked if PIE-1 
mislocalization becomes more severe at low temperature. I found that at low 
temperature (15°C) 74% of the mex-1 mutant embryos (n=47) contained 
relatively high levels of PIE-1 in E and MS (Fig. 4.2C), while only 46% of the 
embryos had detectable PIE-1 in E and MS at the standard culture condition of 
22°C (Fig. 4.2A). 

4.4- Discussion 

4.4.1- MEX-1, PIE-1 and embryonic transcription 
MEX-1 and PIE-1 share sequence similarity and both localize to the 

germline blastomeres. In spite of the molecular similarities, MEX-1 and PIE-1 
appear to have distinct functions in the early embryo. PIE-1 is required for the 
general repression of embryonic transcription of genes such as pes-10 in the 
germline blastomeres (Seydoux et a l , 1996). I have shown that MEX-1 is not 
required for the general repression pes-10 transcription. However, MEX-1 is 
required for the proper spatial pattern of pes-10 transcriptional repression, 
apparently through its role in localizing PIE-1. Ectopic expression of pie-1 driven 
by a heat-shock promoter has been shown to reduce the level of mRNA from an 
embryonically-transcribed reporter gene by about 75% in all blastomeres 
(Seydoux et a l , 1996). This result has suggested that PIE-1 may be sufficient to 
repress embryonic transcription, and is consistent with my finding that ectopic 
PIE-1 in mex-1 mutants results in ectopic repression of pes-10 embryonic 
transcription. 

Repression of embryonic transcription in the germline blastomeres is 
necessary for germ cell identity. However, repression of embryonic transcription 
does not appear to be sufficient for germ cell identity. I have shown that 
embryonic transcription of pes-10 is repressed in the germline blastomeres P3 
and P4 in mex-1 mutant embryos. However, mex-1 mutant embryos do not 
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generate any germ cells; instead, the germline blastomere P4 generates muscle 
cells (Mello et a l , 1992). I have shown that P3 and P4 contain slightly less than 

wild-type levels of PIE-1. Nevertheless, this level of PIE-1 is sufficient to repress 
pes-10 transcription in P3 and P4. However, the lower level of PIE-1 could be 

insufficient to prevent the action of factors that might promote somatic 
differentiation in P3 and P4, such as SKN-1 or PAL-1 (Bowerman et al., 1992, 

1993; Hunter and Kenyon, 1996; see Chapter 1). I do not know whether the lower 
level of PIE-1 in the germline blastomeres alone is sufficient to explain the loss of 
germ cell identity in mex-1 mutant embryos. It is possible that this lower level of 
PIE-1, coupled with the low level of other germline factors such as POS-1 (see 
Chapter 3), causes that loss of germ cell identity (discussed in Chapter 6). 

I have shown that the somatic blastomeres C, Ca, Cp, and D have 
detectable PIE-1 in mex-1 mutant embryos, in contrast to wild-type embryos. The 
low level of PIE-1 in C, Ca, Cp, and D is sufficient to repress the wild-type 
embryonic transcription of pes-10 in those somatic blastomeres in mex-1 mutant 
embryos. Blastomere isolation and lineage analysis in living mex-1 mutant 
embryos has shown that the blastomeres C, Ca, Cp, and D can generate the wild-
type cell types (see Chapter 1; Table 1.2). Thus the low level of PIE-1 appears to be 
insufficient to prevent the action of factors that might promote somatic 
differentiation. 

It has been shown previously that somatic differentiation does not occur if 
embryonic transcription is abolished (Powell-Coffman et al., 1996). The 
observation that the blastomeres that are the descendants of C, D, and P4 produce 

differentiated somatic cell types suggests that embryonic transcription is occuring 
in these blastomeres. It is possible that only genes required for the somatic 
differentiation of the descendants of C, D, and P4 are being embryonically 

transcribed. Alternatively, very low level of general embryonic transcription is 
occuring but embryonic transcription of pes-10 is not being detected by my in situ 
hybridization experiments. This last hypothesis raises the interesting possibility 
that the regulation of embryonic transcription is sensitive to PIE-1 dosage; very 
high level of PIE-1 is required for the general repression of embryonic 
transcription. 

The monoclonal antibody mABH5 was recently used by Seydoux and 
Dunn to evaluate transcription in the C. elegans embryo (Seydoux and Dunn, 
1997); this antibody recognizes a specific phosphoepitope of the large subunit of 
RNA Polymerase II (RNAPII-H5; Kim et al., 1997). Seydoux and Dunn found 
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that embryonic transcription in C. elegans correlates with the distribution of 
RNAPII-H5; wild-type cells that are transcriptionally active have a high level of 
RNAPII-H5 whereas cells that are transcriptionally repressed do not have 
detectable RNAPII-H5 (Seydoux and Dunn, 1997). These researchers also showed 
that PIE-1 is required for the distribution pattern of RNAPII-H5 (Seydoux and 
Dunn, 1997; see Chapter 1). This result led Tenenhaus and collaborators to 
analyze the distribution pattern of RNAPII-H5 in several mutant embryos that 
have abnormal low level of PIE-1 in multiple blastomeres, including mex-1 
mutant embryos. In their analysis of mex-1 mutant embryos, these researchers 
found that RNAPII-H5 can be detected at low levels in C, D, P4, and their 

descendants (Tenenhaus et a l , 1998). This result supports my hypothesis that the 
low level of PIE-1 might result in low level of general embryonic transcription in 
these blastomeres in mex-1 mutant embryos. 

4.4.2- MEX-1 and PIE-1 localization 
MEX-1 is required for the proper localization of PIE-1 to the germline 

blastomeres; in mex-1 mutant embryos, PIE-1 can be detected in both germline 
and somatic blastomeres. It is possible that PIE-1 becomes mislocalized in mex-1 
mutant embryos simply because PIE-1 is a P granule component, and P granules 
are mislocalized in mex-1 mutant embryos. However P granules may not be 
required for the proper localization of PIE-1; the basis for the wild-type pattern of 
PIE-1 localization has not been determined (Mello et a l , 1996). For example, PIE-
1 appears to be concentrated at the centrosomes of cells prior to division, and is 
not detected in P granules when cells are dividing (Mello et a l , 1996). In 
dividing cells, PIE-1 is detected at high levels in the centrosome destined for the 
germline daughter, but is present at much lower levels, or not detected, in the 
centrosome destined for the somatic daughter. In mex-1 mutant embryos, I have 
observed some mitotic spindles with PIE-1 at similar levels in both centrosomes 
(my unpublished observation). Thus mex-1 mutations may cause defects in the 
localization of PIE-1 that are independent of P granules. 

4.4.3- Cold-sensitive defect in mex-1 mutants 
The mislocalization of PIE-1 to the 8-cell stage intestinal precursor E in 

mex-1 mutant embryos is cold-sensitive, and may correlate with the cold-
sensitive defect in intestinal development in these embryos. Somatic 
development appears to be mainly under the control of two transcription factors, 
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SKN-1 and PAL-1 (Bowerman et al., 1992; Waring and Kenyon, 1991). SKN-1, but 
not PAL-1, plays a role in the development of the 8-cell stage E blastomere in 
wild-type embryos, although both transcription factors are present in E. This is 
presumably because SKN-1 appears before PAL-1 in the parent of E, and PIE-1 is 
not present in that parent. In contrast, PAL-1, but not SKN-1, plays a role in the 
development of the 8-cell stage C blastomere in wild-type embryos, although 
both factors also are present in C. This appears to be due to the fact that PIE-1 is 
present in the parent of C, blocking the activities of both PAL-1 and SKN-1. 
SKN-1 disappears immediately after C is born, allowing C to respond only to 
PAL-1. In about 50% of mex-1 mutant embryos cultured at low temperature, the 
E blastomere is transformed into a C-like blastomere (Mello et al., 1992). This is 
precisely the transformation in fate that would be predicted from my finding that 
PIE-1 is mislocalized to the E blastomere and the parent of E; PIE-1 would be 
expected to prevent SKN-1 from functioning in this lineage, allowing E to 
respond to PAL-1 once SKN-1 and PIE-1 were no longer present. 

To test whether ectopic PIE-1 affects intestinal development in mex-1 
mutant embryos that are raised at low temperature, future studies could examine 
intestinal development in mex-l;pie-l mutant embryos raised at low 
temperature. If mex-1 mutant embryos fail to produce intestinal cells because 
they accumulate ectopic PIE-1 in E, then mex-1 ;pie-l mutant embryos raised at 
low temperature should be able to restore intestinal development from E. mex-
l;pie-l mutant embryos may produce intestinal cells from multiple precursors. 
mex-l;pie-l mutant embryos may produce AB-derived intestinal cells because 
these embryos lack mex-l(+) function (Schnabel et a l , 1996); mex-l;pie-l mutan t 
embryos may also produce P3-derived intestinal cells because these embryos lack 

pie-l(+) function (Mello et al., 1992). Thus, to examine E-derived intestinal 
development in mex-l;pie-l mutant embryos, the E blastomere might have to be 
isolated from the other possible intestinal precursors. This isolation of E can be 
achieved either by blastomere isolation techniques (Edgar, 1995; Shelton and 
Bowerman, 1996) or by killing cells using a laser microbeam (Mello et al., 1992; 
Bargmann and Avery, 1995). 
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Chapter 5 - Two-hybrid screen 

5.1- Abstract 
The yeast two-hybrid screen has been widely used to identify proteins that 

interact (Fields and Song, 1989). In this screen, the expression of a reporter gene 
linked to a specific promoter results from the interaction between a hybrid 
protein that binds the promoter and a hybrid protein that activates the 
expression of the reporter gene. In order to identify proteins that physically 
interact with MEX-1, and possibly learn more about the function of MEX-1 in the 
germline blastomeres in C. elegans, I designed a two-hybrid screen with a MEX-1 
hybrid protein. 

I constructed a plasmid to express a hybrid protein consisting of full length 
MEX-1 fused to the DNA-binding domain of the Gal4 protein (Gal4BD::MEX-l; Fig 
5.1A). To determine whether Gal4BD"MEX-l could be used in a yeast two-hybrid 
screen I had to ask whether it was toxic to yeast and whether it, alone, would 
inappropriately activate transcription. I found that Gal4BD::MEX-l could be used 
in the two-hybrid screen, although Gal4BD"MEX-l was slightly toxic to yeast and 
it, alone, could activate transcription at low level. I designed experimental 
conditions for the screen with Gal4BD::MEX-l, and I tested them by doing a small 
scale two-hybrid screen. The first steps of this screen are described here. I 
identified some proteins that may interact with MEX-1. I also identified proteins 
that do not appear to interact specifically with MEX-1; these proteins are often 
called "false positives". The incidence of "false positives" was relatively high, 
suggesting that the experimental conditions I designed for the screen with 
Gal4BD"MEX-l may not be ideal. 

5.2- Material and Methods 

5.2.1- Yeast Strain 
The yeast Saccharomyces cerevisiae used in the two-hybrid screening was 

PJ69-4A (James et al, 1996). The genotype of this yeast strain is MATa trpl-901 
leu2-3, 112 ura3-52 his3-200 gal4 A gal80 A LYS2::GAL1-HIS3 GAL2-ADE2 
met2::GAL7-lacZ. This strain contains three different reporter genes, each driven 
by a different GAL4-dependent promoter to reduce the incidence of background; 
these reporter genes are GAL2-ADE2, GAL1-HIS3, and GAL7-LacZ. The reporter 
GAL2-ADE2 displays high sensitivity and extremely low background induction 
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MEX-1 h* 
Gal4BD 

UASGAL 

IBRARYJ 

Gal4AC 

REPORTERS 
GAL1-HIS3 
GAL2-ADE2 
GAL7-LacZ 

B Transform GAL4BDmex-1 and ÀACT-RB1 library into Yeast 

I 
Incubate onto HC-TrpLeuAde 

Select for activation of GAL2-ADE2 

\ 
Streak onto HC-TrpLeuAdeHis+5 mM 3-AT 

Select for activation of GAL2-ADE2 and GAL1-HIS3 

I 
P-Galactosidase assay 

\ 
Select for activation of GAL7-LacZ 

\ 
Eliminate GAL4BDmex-l plasmid 

I 
Test for reporter expression 

\ 
Identify MEX-1-interacting proteins 

Figure 5.1 

Two-hybrid screen with Gal4BD::MEX-l. (A) Representation of the DNA-binding hybrid protein 

Gal4BD::MEX-l and the Activating hybrid protein Gd4AC::LIBRARY. Activation of the reporter genes 

GAL2-ADE2, GAL1-H1S3, and GAU-LacZ occurs upon interaction between Gal4BD::MEX-l and 

Gal4AD::LIBRARY (vertical lines; adapted from Fields and Song, 1989). (B) Diagram that describes the 

initial steps of the screen; this diagram summarizes what I have done to date. 
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(James et al, 1996); this reporter was used in the first screen for putative MEX-1-
interacting proteins. GAL2-ADE2 together with GAL1-HIS3 were used in a 
second screen for putative MEX-1-interacting proteins. The reporter GAL7-LacZ 
was used in the third screen for putative MEX-1-interacting proteins ((3-
Galactosidase test). 

5.2.2- Construction of two-hybrid vectors 
The plasmids XAS1 and ÀACT (S. Elledge, gift) were used as expression 

vectors for the Gal4::MEX-l hybrid protein. ÀAS1 encodes for the DNA-binding 
domain of the protein Gal4 (Gal4BD) and has a TRP1 gene that allows the yeast 
cells to grow in the absence of tryptophan. ÀACT encodes for the transcriptional 
activation domain of Gal4 (Gal4Ac) and has a LEU2 gene that allows the yeast 
cells to grow in the absence of leucine. A mex-1 cDNAs encoding the full length 
MEX-1 protein was inserted in frame to Gal4BD/ using the cloning sites Nde I and 
BamH I of the plasmid ÀAS1; this hybrid plasmid is called GALA^mex-l. The 
mex-1 cDNA was also inserted in frame to Gal4AO using the cloning sites Xho I 
and Bgl II of the plasmid XACT; this hybrid plasmid is called GAL4Acmex-l. 
Both hybrid plasmids were sequenced using primers specific for the mex-1 gene 
(described in Chapter 2). The DNA sequences obtained confirmed that the GAL4 
DNA and mex-1 DNA are fused in the appropriate open reading frame to 
produce the hybrid proteins Gal4BD-MEX-l or Gal4AC-MEX-l. 

5.2.3- C. elegans library 
The C. elegans library ÀACT-RB1 was constructed and kindly provided by 

R. Barstead. The C. elegans cDNA was primed with oligo dT and was cloned into 
the Xhol site of the vector ÀACT. The library represents 107 independent clones 
(R. Barstead, personal communication). 

5.2.4- Media 
Media was prepared as described elsewhere (Gottschling et al., 1990). 

Hartwell-Complete media lacking specific components will be called HC-three-
letter-code components; for example, HC-TrpLeuAdeHis contains all 
components required for PJ69-4A growth except tryptophan, leucine, adenine 
and histidine. 
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5.2.5- Yeast transformation and selection for activation of GAL2-ADE2 and GAL1-

HIS3 
All yeast transformations were done using the high efficiency Lithium 

Acetate method of Gietz and Schiestl (1995). Plasmids transformed into 
competent yeast cells for various controls are shown on Table 5.1. The yeast 
transformation protocol was scaled up 30-60 fold for transformations with the C. 
elegans library. 

The transformed yeast cells were plated onto 150 mm diameter agar plates 
containing HC-TrpLeuAde and were incubated at 30°C for 1 week. Growth on 
HC-TrpLeuAde media requires that the yeast cells contain both GALA^mex-l 
and a library plasmid, and that together they activate the GAL2-ADE2 reporter. 
Cells that grew were re-streaked onto agar plates containing HC-TrpLeuAde to 
confirm their color. These cells were also streaked onto HC-TrpLeuAdeHis 
media with 5mM 3-aminotriazole (3-AT; Sigma). The HC-TrpLeuAdeHis media 
selects for cells that activate simultaneously the GAL1-HIS3 and GAL2-ADE2 
reporters; cells that express both genes will be able to grow on this media. The 
drug 3-AT was added to the media to reduce the background activation of the 
GAL1-HIS3 reporter. Yeast cells that were able to grow well on HC-
TrpLeuAdeHis with 5mM 3-AT and that were white or light-pink on HC-
TrpLeuAde after 6 days at 30°C were selected for the P-Galactosidase assay. 

5.2.6- P-Galactosidase assay 
The (3-Galactosidase liquid assay described in Ausubel et al. (1989) was used 

to test the production of the protein (3-Galactosidase by the yeast cells; the 
production of P-Galactosidase results from the activation of the reporter GAL7-
LacZ in the yeast cells. The amount of (3-Galactosidase produced is represented in 
Miller Units (U) and is calculated as follows: 

U = 1000 x [(OD420) - (1.75xOD550)] / [(Time) x (Volume) x (OD600)], where 
OD420 and OD550 represents the optical density at 420 nm and 550 n m , 
respectively; OD420 measures cell debris and the amount of the o-nitrophenol 
produced by the chemical reaction between P-Galactosidase released by the yeast 
cells and o-nitrophenyl-P-D-galactoside (ONPG) in the media, and OD550 
measures cell debris. Time represents duration of the reaction between ONPG 
and P-Galactosidase at 30°C (minutes); Volume represents the amount of the cell 
culture used in that reaction (0.1 mL); and OD600 represents the optical density of 
the cell culture at 600 nm and measures the cell concentration of that culture. 
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Plasmid Hybrid protein Source 

pAS1 Gal4 B D S. Elledge 

GAL4ftE,mex-l Gal4BD::MEX-1 This study 

GAL4BDpos-l Gal4BD::POS-1 T-H Shin & C. Mello 

GAL4BDSNF-1 Gal4BD::SNF-1 S. Elledge 

gb\9pah2 Gal4BD::PAH-2 C. Laherty 

pACT Gal4 A C S. Elledge 

GAL4^Qtnex-l Gal4AC::MEX-1 This study 

GAL4A(yos-l Gal4AC::POS-1 T-H Shin & C. Mello 

GAL4ACSNF-4 Gal4AC::SNF-4 S. Elledge 

vp16mad VP16::MAD C. Laherty 

Table 5.1 
Plasmid DNA transformed into the PJ©-4A strain. Each plasmid shown in the left column cai encode 

for the hybrid protein shown in the right column. 
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5.2.7- Elimination of GALásD-inex-l plasmid and test for reporter expression 
To test whether the activation of the reporter genes required Gal4BD-MEX-

1, the plasmid GAL^vmex-l was eliminated from the yeast cells and the 
activation of the reporter gene GAL2-ADE2 was analyzed (Fig. 5.2). Yeast cells 
expressing both Gal4BD-MEX-l and candidate MEX-1 -interacting protein were 
allowed to grow without selection for GAL4BDmex-l on HC-Leu liquid media for 
24 hours at 30°C. This media selects for the maintainance of the library plasmid 
(Leu) but does not select for the maintainance of the plasmid GAEÍBDmex-1 
(Trp) in yeast cells. After that time, approximately 500 cells were plated onto 150 
mm diameter agar plates containing HC-Leu. After 3 days at 30°C, the yeast cell 
colonies were transferred to plates containing either HC-Leu, HC-LeuTrp or HC-
LeuAde by replica-plating and incubated for 5 days at 30°C. HC-LeuTrp media 
allows identification of cells that lost the plasmid GAL4BDmex-l; cells that lost 
the plasmid do not grow on HC-LeuTrp, whereas cells that maintain the plasmid 
grow on HC-LeuTrp. The activation of GAL2-ADE2 was analyzed on the HC-
LeuAde media; cells that activate GAL2-ADE2 grow on this media and form large 
white colonies, whereas cells that do not activate GAL2-ADE2 do not grow and 
form small red colonies. 

Yeast colonies that were shown to require Gal4BD"MEX-l for activation of 
the reporter GAE2-ADE2 (no growth on HC-LeuTrp and red on HC-LeuAde) 
were selected from the original HC-Leu plates, and the candidate MEX-1 
interacting protein was identified. 

5.2.8- Identification of MEX-1-interacting proteins 
The DNA encoding for the candidate MEX-1-interacting protein was 

isolated by PCR using the primers 5'-CGCGTTTGGAATCACTACAGGG-3' and 
5'-GCACAGTTGAAGTGAACTTGCGG-3'; these primers correspond to the 
flanking region of the cDNA insert in the plasmid ÀACT of the library. The yeast 
cells were prepared for the PCR reaction as described in Chapter 2 (Barstead and 
Waterson, 1991). Each PCR cycle was designed as follows: 50 seconds template 
denaturation at 94°C; 50 seconds primer annealing at 62°C; 2 minutes primer 
extention at 72°C; each cycle was repeated 30 times. The amplified DNA was 
isolated using a DNA-purification kit (Promega). The DNA from clone #6 was 
isolated by a plasmid rescue protocol (L. Breeden, personal communication). 
Briefly, yeast cells are re-suspended in an aquous solution containing 1% SDS, 
2% Triton X100, 100 mM NaCl, 10 mM TrisCl pH 8,1 mM EDTA and acid-washed 
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f 
HC-Leu 

HC-Leu 

HC-LeuTrp HC-Leu HC-LeuAde 

{ I I 

Figure 5.2 

Elimination of G A L 4 B D " M E X - 1 and analysis of activation of the reporter gene GAL2-ADE2. Cells 

expressing G A L 4 B D " M E X - 1 and a protein from the library are incubated in liquid HC-Leu media for 24 

hours at 30°C. Cells are plated onto HC-Leu, incubated for 3 days at 30°C, and then cells colonies (dots) 

are replica-plated onto HC-LeuTrp, HC-Leu or HC-LeuAde. Colonies that lose GAL4BD::MEX-1 (no 

growth on HC-LeuTrp) and fail to activate GAL2-ADE2 (no growth on HC-LeuAde;formation of small, 

red colonies (small black dots) with residual cells) are selected from the HC-Leu plates (small arrows) 

for identification of the protein from the library. 
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glass beads (Sigma). Cells are shaken roughly in the vortex apparatus for 5 
minutes at room temperature and spun down for 10 minutes at 14,000 rpm. 4 (iL 
of the supernatant are used to transform E. coli supercompetent cells (109 

transformants/\ig DNA; Novagen); bacteria transformation was done following 
a standard protocol (Maniatis et a l , 1982). 

The DNA obtained either by PCR or plasmid rescue was sequenced and 
each candidate MEX-1 -interacting protein was identified using the C. elegans 
Genome Sequencing database. Each candidate MEX-1-interacting protein was 
used to search for protein homologues in other species; the program tBlastn 
(Altschul et al., 1990) was the tool used to search the non-redundant 
GenBank+EMBL+DDBJ+PDB database. 

5.3- Results 

5.3.1- Gal4BD::MEX-l inhibits slightly the growth of the yeast cells 
Hybrid proteins that inhibit the growth of yeast cells may not be suitable 

for yeast two-hybrid screens. In order to evaluate whether Gal4BD-MEX-l could 
be used in a yeast two-hybrid screen, I analyzed the effect of Gal4BD"MEX-l on the 
growth of yeast. The plasmid that encodes for Gal4BD"MEX-l was transformed 
into yeast cells. Transformed cells were incubated on selective media for 5 days 
(30°C) and the average diameter of the yeast colonies that developed during that 
period was determined (in mm; Table 5.2). 

Yeast cells expressing control proteins (Gal4BD/ Gal4BD"SNF-l, or 
Gal4BD-PAH-2) can form colonies with an average diameter of 2.0 to 2.5 m m ; 
these proteins have been shown previously not to affect significantly the growth 
of yeast cells (James et a l , 1996; C Laherty, personal communication). I found 
that cells carrying Gal4BD::MEX-l formed colonies with an average diameter of 1 
mm after 5 days at 30°C. I found a similar average diameter in colonies of cells 
carrying the hybrid protein Gal4BD::POS-l; Gal4BD"POS-l has been used 
successfully in previous two-hybrid screens in a different yeast strain (Y190; K. 
Ogura, personal communication). Thus, Gal4BD::MEX-l and Gal4BD::POS-l may 
attenuate slightly the growth of PJ69-4A cells. 

I also compared the growth of PJ69-4A cells carrying either the DNA-
activation hybrid protein Gal4AC"MEX-l or the control protein Gal4AC- I found 
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x » ^ ^ media 
Hybrid protem",--««^. 

HC-Trp HC-TrpLeu 

none — — 

Gal4BD 2 mm — 

Gal4BD::MEX-1 1 mm — 

Gal4BD::POS-1 1 mm — 

Gal4BD::SNF-1 2 mm — 

Gal4BD::PAH-2 2.5 mm — 

Gal4BD::MEX-1 

Gal4AC 

ND 1.5 mm 

Gal4BD::MEX-1 

Gal4AC::SNF-4 
ND 1.5 mm 

Gal4BD::POS-1 

Gal4AC::POS-1 
ND 1.5 mm 

Gal4BD::SNF-1 

Gal4AC::SNF-4 ND 2.5 mm 

Gal4BD::PAH-2 

VP16::MAD ND 2.5 mm 

Table 5.2 

Average diameter (in mm) of colonies containing cells that express different hybrid proteins. These 

hybrid proteins (leftmost column) are either DNA-binding proteins (BD), or pairs of DNA-binding and 

Activating (AC or VP16) proteins. Yeast cells were incubcted on different selective media(top row) for 

5 days at 30°C. - indicates no colony formation. ND indicates not determined. 
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that cells carrying Gal4AC"MEX-l grow slightly slower than cells carrying Gal4Ac 
(data not shown). 

The experiments described above indicate that MEX-1 inhibits the growth 
of yeast cells. However, this inhibition appears to be weak, and should not 
prevent me from doing a two-hybrid screen with Gal4BD-MEX-l. 

5.3.2- Gal4BD::MEX-l can activate the reporter genes GAL2-ADE2, GAL1-HIS3, 
and GAL7-LacZ 

In the yeast two-hybrid system, interactions between a DNA-binding 
proteins (such as Gal4BD::MEX-l) and an Activating hybrid protein (in my case, 
the library to be screened) strongly activate transcription of reporter genes (Fields 
and Song, 1989; James et a l , 1996). It is therefore essential that the DNA-binding 
hybrid protein does not strongly activate transcription of these reporter genes by 
itself. For this reason, I examined how Gal4BD"MEX-l and control proteins 
affected the transcription of three reporter genes, GAL2-ADE2, GAL1-HIS3, and 
GAL7-lacZ. 

DNA-binding proteins that do not activate any transcription of the 
reporter GAL2-ADE2, or GAL1-HIS3 do not allow the growth of yeast on selective 
media (Table 5.3 and Material and Methods). In contrast, I found that cells 
expressing Gal4BD-MEX-l were able to form small colonies (Table 5.3). DNA-
binding proteins that do not activate any transcription of the reporter GAL7-lacZ 
result in little or no (3-Galactosidase (less than 1 Miller Unit; James et a l , 1996). 
In contrast, I found that Gal4BD::MEX-l resulted in about 19 Miller Units of (3-
Galactosidase (Fig. 5.3). 

Although the experiments described above indicate that Gal4BD::MEX-l 
results in the activation of the reporter genes tested, in all cases this activation 
appeared to be low. First, low activation of GAL2-ADE2 has been shown 
previously to result in red or dark pink colonies, and my colonies were dark pink 
(Table 5.3). Second, the level of (3-Galactosidase resulting from Gal4BD::MEX-l 
was much lower than the levels observed in yeast containing "positives" from 
two-hybrid screens. For example, Gal4BD::PAH2 and VP16::MAD, which bind 
each other, result in more than 200 Miller Units (Fig. 5.3). 
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Hybrid proteîrï~--^ 
HC-TrpAde 

HC-TrpAdeHis 
+5mM 3-AT 

HC-TrpLeuAde HC-TrpLeuAdeHis 
+5mM 3-AT 

none — — — — 

Gal4BD — — ND ND 

Gal4BD::MEX-1 0.5 mm 
dark pink 0.5 mm ND ND 

Gal4BD::POS-1 0.5 mm 
dark pink 

<0.5 mm ND ND 

Gal4BD::SNF-1 — — ND ND 

Gal4BD::PAH-2 — — ND ND 

Gal4BD::MEX-1 

Gal4AC 

ND ND 
1.5 mm 
pink 

1 mm 

Gal4BD::MEX-1 

Gal4AC::SNF-4 
ND ND 

1.5 mm 
pink 

1 mm 

Gal4BD::POS-1 

Gal4AC::POS-1 
ND ND 

1.5 mm 
white 

1 mm 

Gal4BD::SNF-1 

Gal4AC::SNF-4 
ND ND 

2.5 mm 
white 

2 mm 

Gal4BD::PAH-2 

VP16::MAD 
ND ND 

2.5 mm 
white 2 mm 

Table 5.3 

Activation of the reporter genes GAL2-ADE2 and GAL1-HIS3 in cells expressing different hybrid 

proteins (leftmost column). The activation of these reporter genes was measured by the average 

diameter (mm) and color of isolated cell colonies in different selective media (top row). The activation 

of the reporter genes in cells expressing Gal4BD::MEX-l was compared with the activation in cells 

expressing a Gal4BD::MEX-l-related protein (Gal4BD::POS-l), negative controls (Gal4BD::SNF-l, 

Gal4BD::PAH-2) or positive controls (Gal4BD::SNF-l+Gal4AC::SNF-4 or Gal4BD::PAH-2+VP16::MAD). 

Cells were incubated for 6 days at 30°C. - indicates that no colonies formation and ND indicates not 

determined. 
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GaMg^MEX-l Qal^p-POS-l Oal4gD::POS-l Oal4BD::PAH2 
Gal4.„::POS-l VPI6::MAD 

Hybrid Protein 

Figure 5.3 

Expressionof the reporter gene GAL7-LacZ in yeast cells expressingGal4BD::MEX-l. Expressionof GAL7-

LacZ was compared between cells expressing either Gal4BD : :MEX"l/ a Gal4BD::MEX-l-related protein 

(Gal4BD::POS-l), or positive controls (Gal4BD::PAH2+VP16::MAD or Gal4BD::POS-l+Gal4AC::POS-l). 

Expressionof GAL7-LacZ was measured as described in Material and Methods. 
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In conclusion, I have shown that Gal4BD"MEX-l attenuates the growth of 
yeast cells on non-selective media and alone can activate (weakly) the expression 
of reporter genes. This represents two problems in the execution of the two-
hybrid screen with Gal4BD"MEX-l: The preparation of competent cells containing 
Gal4BD"MEX-l, and background activation of reporter genes. To overcome the 
first problem, I transformed GALUBDmex-l and the C. elegans library ÀACT-RB1 
simultaneously into competent yeast cells instead of sequentially (see Material 
and Methods). I then conducted a small scale two-hybrid screen to test whether I 
would be able to detect activation of reporter genes above my background level. 

5.3.3- Summary of small-scale two hybrid screen 
The strategy for the small scale two-hybrid screen is summarized in Figure 

5.1B. A total of 100,000 transformed clones were analyzed in this screen. I 
sequentially isolated transformed clones that can activate GAL2-ADE2, GAL1-
HIS3, and GAL7-LacZ (described below). Clones that failed to activate GAL2-
ADE2 in the absence of Gal4BD::MEX-l were selected for further tests (see 
Discussion). Finally, I identified the candidate MEX-1-interacting protein in each 
selected clone 

5.3.4- Selection of transformants that activate strongly the reporter genes 
Transformed cells that express simultaneously Gal4BD-MEX-l and an 

Activating hybrid protein were selected for their ability to activate strongly the 
reporter gene GAL2-ADE2. A total of 129 clones were selected from HC-
TrpLeuAde plates, and were subsequently tested for their ability to activate 
simultaneoulsy the expression of GAL2-ADE2 and GAL1-HIS-3. The 129 clones 
were grouped into six classes, according to the color of the colonies on HC-
TrpLeuAde and the size of the colonies on HC-TrpLeuAdeHis with 5mM 3-AT 
(Table 5.4). Class A clones form white, > 2 mm diameter colonies (11 clones; 
color and size of colonies similar to positive control; see Table 5.3); Class B clones 
form white, > 1.5 mm diameter colonies (21 clones); Class C clones form white, 
>1 mm diameter colonies (54 clones); Class D clones form white, < 1 m m 
diameter colonies (27 clones); Class E form light-pink, > 1.5 mm diameter 
colonies; and Class F form light-pink, < 1.5 mm diameter colonies. Classes A, B, 
C, and E clones were selected for further tests. The colors and sizes of colonies 
formed by cells in these classes are distinct from those of cells expressing 
Gal4BD"MEX-l alone or expressing Gal4BD::MEX-l and a non-MEX-1-interacting 
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# Clone HC-TrpLeuAde HC-Trpl_euAdeHis+5 mM 3-AT Selection? 

+ 

red 

white 

<0.5 mm 

2 mm 

- control 

+ control 

Class A 
11 clones 
(#1-11) 

white >2mm Yes 

Class B 
21 clones 
(#12-32) 

white >1.5 mm Yes 

Class C 
54 clones 
(#33-#86) 

white >1 mm Yes 

Class D 
27 clones 
(#87-114) 

white <1 mm No 

Class E 
4 clones 

(#115-118) 
Light pink >1.5 mm Yes 

Class F 
12 clones 

(#119-130) 
Light pink <1.5 mm No 

Table 5.4 

Identification of cell clones that activate strongly the expression of the reporter genes GAL2-ADE2 and 

GAL1-HIS3 . These clones were grouped into 6 different classes, according to their color and colony 

size on selective media. Classes A, B, C, and E were selected (Yes) for further tests. + is a positive 

control (expresses the interacting proteins Gal4BD::PAH2 and VP16::MAD) and - is a negative control 

(expresses Gal4BD::MEX-l and an unknown non-MEX-1-interacting protein). Cells were incubated in 

different selective media (top row) for6 days at 30°C. 
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protein (Table 5.4). Classes D and F clones were considered to activate the 
reporter genes relatively weakly, and thus were discarded. A total of 90 clones 
were selected for the (3-Galactosidase assay. 

The amount of (3-Galactosidase produced by Class A, B, C, and E clones was 
measured (Table 5.5); this amount is represented graphically in Figures 5.4 and 
5.5. The clones that, like positive controls (e.g. cells expressing Gal4BD::POS-l and 
Gal4Ac"POS-l; Fig. 5.3), produced more than 100 Units of (3-Galactosidase were 
selected for further tests. A total of 46 clones were selected: 9 Class A clones, 14 
Class B clones, 22 Class C clones, and 1 Class E clone. 

5.3.5- Selection of transformants that require Gal4BD::MEX-l to activate GAL2-
ADE2 

To test whether reporter activation depended on Gal4BD-MEX-l, I 
eliminated the encoding plasmid from the selected yeast clones (see Fig. 5.2 and 
Material and Methods). Cells that lose the plasmid can not grow on HC-LeuTrp, 
whereas the cells that maintain the plasmid can grow on HC-LeuTrp. I found 
that all 46 clones (and the positive control) generated cells fail to grow on HC-
LeuTrp (Table 5.6). The activation of the reporter GAL2-ADE2 in cells that lost 
GAL4BDtnex-l was determined by the growth and color of the cell colonies on 
HC-LeuAde. Cells that lost GAL4BDmex-l should not activate GAL2-ADE2, and 
thus should be form small red colonies on the selective media. I found that cells 
that lost GAL4BDmex-l formed small colonies that were either dark-pink or red 
on HC-LeuAde for the majority of Class A, B, C clones and for the Class E clone 
analyzed (Table 5.6). Thus, activation of GAL2-ADE2 required Gal4BD::MEX-l; 
these clones were selected for identification of the candidate MEX-1-interacting 
proteins. 

Some Class B (#31) and Class C (#42, #57, #60, #66, #68, #72, #81) clones 
generated cells without GALáBD^ex-l that formed white colonies on HC-
LeuAde (Table 5.6). This result suggests that the initial white color of these 
clones (Table 5.5) did not result from the activation of the reporter GAL2-ADE2 
by Gal4BD::MEX-l and a candidate MEX-1-interacting protein; these clones were 
discarded. 

5.3.6- Identification of candidate MEX-1-interacting proteins 
To identify the candidate MEX-1-interacting protein in each clone, the C. 

elegans DNA insert in the ÀACT-RB1 library plasmid was amplified by PCR and 
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Class # Clone (S-Galactosidasc Units 

44 25 
45 137 
46 135 
47 153 
48 166 
49 27 
50 228 
51 39 
52 161 
53 38 
54 106 
55 74 
56 65 
57 308 
58 49 
59 101 
60 128 
61 182 
62 68 
63 50 

C 64 40 
65 183 
66 244 
67 93 
68 121 
69 80 
70 42 
71 72 
72 203 
73 36 
74 50 
75 74 
76 53 
77 46 
78 91 
79 41 
80 24 
81 128 
82 179 
83 57 
84 51 
85 65 
86 59 

115 95 
E 116 175 

117 75 
118 63 

Class # Clone P-Galactosidase Units 

+ 217 
- 49 

1 290 
2 245 
3 202 
4 81 
5 144 

A 6 272 
7 72 
8 216 
9 129 
10 189 
11 378 

12 73 
13 46 
14 68 
15 249 
16 156 
17 291 
18 95 
19 197 
20 57 

B 21 205 B 22 158 
23 75 
24 83 
25 156 
26 213 
27 374 
28 239 
29 168 
30 235 
31 121 
32 275 

33 150 
34 122 
35 70 
36 78 
37 77 

c 38 145 
39 59 
40 40 
41 96 
42 188 
43 133 

Table 5.5 

Identification of cell clones that activate strongly the reporter gene GAL7-LacZ. The amount of f> 

Galactosidase (in Miller Units) produced by these cells was measured as described in Material and 

Methods. + and - are as described in Table 5.4. 
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Class # Clone HC-LeuTrp HC-LeuAde Selection? 

+ growth 

no growth 

white 

red 

control 

A 
(9 clones) 

all growth 

no growth 

white 

red 

Yes 

B 
(14 clones) 

all except 
31 

31 

growth 

no growth 

growth 

no growth 

white 

red 

white 

white 

Yes 

No 

c 
(22 clones) 

all except 
42, 57, 60, 66, 

68, 72, 81 

42, 57, 60, 66, 
68, 72, 81 

growth 

no growth 

growth 

no growth 

white 

red 

white 

white 

Yes 

No 

E 
(1 clone) 

116 growth 

no growth 

white 

red 

Yes 

Table 5.6 

Elimination of Gal4BD::MEX-l and test for activation of the reporter gene GAL2-ADE2. Elimination of 

Gal4BD::MEX-l was detected by failure of cells to grow on HC-LeuTrp, and activation of GAL2-ADE2 

was analyzed by the color of the colonies Clones that form red colonies (no activation of GAL2-ADE2) 

in the absence of Gal4BD"MEX-l were selected (Yes), whereas clones with white colonies in the absence 

of Gal4BD"MEX-l were not selected (No) for further tests. See Figure 5.2 and Material and Methods for 

details. 
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sequenced (see Material and Methods). A single PCR product was obtained for 
the majority of the clones (data not shown). The identity of the candidate MEX-
1-interacting proteins in each of these clones is shown in Table 5.7. Some of 
these proteins have known homologues in other species, whereas other proteins 
appear to be novel proteins. 

For some clones, I could not obtain any PCR product. This could result 
from failed PCR reaction with this library plasmid or absence of C. elegans cDNA 
insert in this plasmid (library plasmid alone). To address these possibilities, I 
isolated the DNA from one of these clones (#6) by plasmid rescue and sequenced 
it (see Material and Methods). I found that this DNA corresponded to the library 
plasmid without any insert (data not shown). 

5.4- Discussion 

5.4.1- Gal4BD::MEX-l and the two-hybrid screen 
I performed several experiments to acess the suitability of Gal4BD::MEX-l 

for two-hybrid experiments. Although I concluded that Gal4BD::MEX-l could be 
used, it presented some problems that had to be circumvented or addressed. 
Because Gal4BD::MEX-l caused slow growth of the yeast, it was necessary to 
transform the encoding plasmid GAL4BD::MEX-1 and the C. elegans cDNA library 
simultaneously, rather than sequentially, into the yeast cells. This approach 
worked, although it resulted in a low efficiency of transformation (103 colonies 
per jig DNA). Expression of foreign proteins often inhibits yeast growth, and can 
be due to competition between the foreign protein and a related yeast protein. 
For example, expression of the vertebrate TIS11 protein (see Chapter 2) inhibits 
yeast growth, and TIS11 shares a Cys-His motif with two yeast proteins (Varnum 
et a l , 1989; Ma and Herschman, 1995; Thompson et a l , 1996); mutant TIS11 
protein lacking this motif does not inhibit yeast growth (Ma and Herschman, 
1995; Thompson et a l , 1996). MEX-1 contains two copies of a similar Cys-His 
motif (Chapter 2), and this motif could be the cause of the poor yeast growth in 
my experiments. Because I felt that the poor growth would not prevent my two-
hybrid screen, I decided to leave MEX-1 intact. 

I found that Gal4BD::MEX-l alone caused some transcription of the 
reporter genes in the yeast cells. MEX-1 is a cytoplasmic protein, and thus not 
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Class # Clone Identity of candidate MEX-1-interacting protein 

A 

1 
2 
5 
8 
9 

11 

Novel protein (F56C6.9) 
Dihydropyrimidine dehydrogenase 
Methionine Aminopeptidase I 
Collagen (T15B7.3) 
tRNA-guanine transglycosylase 
Novel protein (F59B2) 

B 

15 
16 
17 
19 
21 
22 
25 
27 
29 
30 
32 

Novel protein (F56C6.9) 
Novel protein (F56C6.9) 
Novel protein (F56C6.9) 
Similar to NADH dehydrogenase 
Glutamate transporter, ATP synthase subunit 
Novel protein (C44B9) 
Collagen (C01B12) 
Collagen (C01B12) 
Novel protein (F56C6.9) 
Collagen (C01B12) 
Novel protein (F56C6.9) 

C 

33 
34 
43 
45 
47 
48 
50 
52 
54 
59 
61 
65 
82 

Novel protein (C44B12.5) 
Weak similarity to Na+- dependent phosphate co-transporter 
Cathepsin B-like cysteine protease (F57F5) 

Cathepsin B-like cysteine protease (F44C4) 

Similar to ADP/ATP carrier protein 

Novel protein (CD4) 
Cathepsin B-like cysteine protease (F57F5) 
Similar to Human Nucleoprotein Interactor 1 
Similar to Mitochondrial Processing Protease 
4-nitrophenylphosphatase and synaptosomal-associated protein (NIPSNAP) 
Novel protein (F56C6.9) 
Thyroid receptor 
Serine Carboxypeptidase, similar to Mouse Protective Protein 

E 116 Cathepsin L-like cysteine protease 

Table 5.7 

Identity of candidate MEX-1-interacting proteins. 
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domains, and glutamine-rich domains in several proteins have been implicated 
in transcriptional activation (Courey and Tjian, 1989). Thus, the nuclear 
localization of MEX-1 in yeast cells (by the hybrid protein Gal4BD"MEX-l) might 
cause the innapropriate activation I observe. In future experiments, there are 
three possible approaches toward reducing the interference of Gal4BD::MEX-l in 
transcription. First, the expression of Gal4BD"MEX-l could be reduced in the 
yeast cells. Gal4BD::MEX-l is expressed by a plasmid (Gal4BDmex-l) that is 
normally present in each yeast cell in relatively high number (2 (im-based 
plasmid, 20-40 copies per cell; reviewed in Schneider and Guarente, 1991). mex-1 
cDNA could instead be cloned into a plasmid that is present in the yeast cells at 
low copy number (centromeric plasmid; reviewed in Schneider and Guarente, 
1991). Second, Gal4BD::MEX-l domains that might activate transcription (e.g. 
glutamine-rich domains) could be modified. However, I do not know whether 
these domains are essential for the interaction between MEX-1 and other 
proteins. 

Recently, a new genetic screen has been described for identifying protein-
protein interactions (Aronheim et al., 1997; Broder et a l , 1998). This screen, 
unlike the conventional two-hybrid screen (Fields and Song, 1989), does not 
require the localization of the hybrid proteins to the nucleus, and is not based on 
a transcriptional readout. Instead, the hybrid proteins remain in the cytoplasm, 
and protein-protein interactions are detected through a signaling transduction 
readout. Thus, this screen might be a suitable alternative method for identifying 
MEX-1-interacting proteins. 

5.4.2- Selection of candidate MEX-1-interacting proteins 
From my two-hybrid screen I found four classes of yeast clones with high 

to moderate activation of the reporters GAL2-ADE2 and GAL1-HIS3 (Class 
A>Class B>Class C or Class E). Class A clones activate the reporters at levels 
compared to control clones containing interacting proteins. Class B clones 
activate the reporters at slightly lower levels than Class A. In both Class A and 
Class B clones, I found clones (-20%) with very low activation of the third 
reporter {GAL7-LacZ; Figs 5.4 and 5.5). I do not know the reason for this 
unexpected low activation. 

Class C or Class E clones had much less activation of GAL2-ADE2 and 
GAL1-HIS3, but still higher than background. However, the majority of these 
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clones (70-75% in each class) were discarded in subsequent tests. This raises the 
question whether these clones should be selected in future screens. 

5.4.3- Identification of candidate MEX-1-interacting proteins 
The sequence data that I obtained does not allow me to predict whether 

any of the proteins identified in this two-hybrid screen interact with MEX-1. 
Further tests will be required (see below). Examples of proteins that, without 
further tests, could be predicted to bind MEX-1 are proteins containing KH-
domains; KH-domains are RNA-binding domains (see Chapter 1). These types of 
proteins have been shown to interact with proteins from C. elegans that contain 
Cys-His motifs similar to MEX-1. For example, the protein POS-1 has been 
shown to interact with the KH-domain protein MEX-3 (K. Ogura, personal 
communication) and the protein PIE-1 has been shown to interact with the KH-
domain protein ALP-1 (T-H Shin and C. Mello, personal communication). It is 
possible that I will identify a MEX-1-interacting protein(s) that contains KH-
domains if a larger number of clones are screened. 

The sequence data I obtained, however, allows me to predict that some of 
the proteins identified are unlikely to functionally interact with MEX-1. One 
example is collagen. Collagen has been identified in multiple two-hybrid screens 
with DNA-binding hybrid proteins other than Gal4BD"MEX-l. Collagen is an 
example of a "false positive" in two-hybrid screens; it can physically bind many 
proteins in the two-hybrid system, regardless of the functional significance of this 
binding. I do not know how to eliminate these "false positives" from the screen. 
Another unexpected result was the identification of protein Gal4AC (clone #6). I 
showed that cells expressing both Gal4BD::MEX-l and Gal4Ac do not appear to 
activate strongly the reporter genes (Table 5.4). One possible explanation for the 
identification of Gal4Ac in the screen is that the clone was expressing both Gal4Ac 
and an Activating hybrid protein (Gal4AC"LIBRARY), and lost the hybrid protein. 

5.4.4- Future experiments 
Additional experiments should be done to test further whether any of the 

Activating proteins identified interact with MEX-1. I plan to do the following 
experiments: Isolate the library plasmids that encode for the Activating proteins 
by plasmid rescue (see Material and Methods); transform each isolated library 
plasmid together with GAL4BDmex-l into the PJ69-4A strain, and confirm the 
activation of the reporter genes; transform each isolated library plasmid together 
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with GAL4BD™ex-l into a different yeast strain (e.g.Y190), to confirm that 
activation of the reporter genes is independent from the strain; transform the 
isolated library plasmid together with plasmids that encode for DNA-binding 
proteins other than Gal4BD"MEX-l (e.g. Ga^BD-lamin, GaMBD-SNF-l, 
Gal4BD-PAH2)/ to confirm that activation of the reporter genes results from a 
specific interaction with Gal4BD"MEX-l. 

When the primary tests are concluded, the candidate MEX-1-interacting 
proteins are submitted to secondary tests. One of these secondary tests is used to 
confirm the physical interaction between Gal4BD-MEX-l and the candidate MEX-
1-interacting protein; the standard experiment to perform is 
immunoprecipitation assays using an antibody specific for the target protein. 
Another secondary test is used to analyze in vivo the function of the candidate 
interacting protein. In C. elegans, the RNA-mediated interference assay (RNAi; 
see Chapter 2) can be used to reduce or abolish the function of candidate 
interacting proteins. By comparing the phenotypes of embryos that lack the 
function of the candidate MEX-1-interacting protein and m ex-1 mutant embryos, 
I may be able to determine whether any candidate MEX-1-interacting protein 
plays any role in early embryogenesis that is similar to the role of MEX-1. 

106 



Chapter 6 
The role of MEX-1 - Final discussion 



Chapter 6 - Final discussion 

6.1- Brief considerations 
Previous work has shown that the activity of the mex-1 gene is required 

for the formation of germ cells, for the proper segregation of the germline-
specific P granules, and for the proper pattern of somatic differentiation (Mello et 
a l , 1992; Schnabel et al., 1996). Mello and collaborators have suggested that the 
mex-1 gene might have functional similarities to the posterior group genes in 
Drosophila (Mello et a l , 1992) Many of these genes encode components of the 
germline-specific polar granules that are required for the proper assembly of 
these granules, and for the proper pattern of both germline and somatic 
differentiation (reviewed in Lehmann and Ephrussi, 1994). Schnabel and 
collaborators (1996) proposed that the mex-1 gene could have functional 
similarity with the par genes (Schnabel et a l , 1996). The par genes encode for 
cortical proteins that are required for the establishment of the anterior-posterior 
polarity of the embryo. 

In previous chapters I have shown that the mex-1 gene encodes a novel 
protein, MEX-1, that localizes predominantly to the cytoplasm of the germline 
blastomeres, and that is a component of P granules. My results indicate that 
MEX-1 does not share sequence similarity with any of the described posterior 
group proteins in Drosophila or with the cortical PAR proteins. However, my 
results do not address whether MEX-1 has functional similarities with those 
proteins, in the specification of germ cell identity. In this chapter I will discuss 
the relevance of my findings towards understanding the specification of germ 
cell identity in the early C. elegans embryo. I will also describe my understanding 
of the phenotype of the mex-1 mutant embryo, in light of my findings. 

6.2- The MEX-1 protein 
Although MEX-1 is a novel protein, it contains two copies of a Cys-His 

motif that has been also found in several proteins, including the TIS11 protein of 
mouse, and the PIE-1 and POS-1 proteins of C. elegans (Chapter 2). The 
biochemical functions of these proteins are not known. However, the TIS11 
protein appears to play a role in mRNA degradation; in the absence of TIS11 
activity, mRNA persists longer (Carballo et a l , 1998). I have not found any 
evidence that mRNAs persist longer in mex-1 mutant embryos than in wild-type 
embryos. However, my analysis of the expression pattern of multiple proteins in 
mex-1 mutant embryos (e.g. PIE-1; Chapters 3 and 4) suggest that the pattern of 
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mRNA degradation is normal in mex-1 mutant embryos. Thus, MEX-1 does not 
appear to be required for regulating protein expression by mRNA degradation. 

The PIE-1 protein has been shown to repress the general transcription in 
the germline blastomeres (P blastomeres); in the absence of PIE-1 activity, 
embryonic mRNAs are detected in the P blastomeres (e.g. pes-10 mRNA; 
Seydoux et a l , 1996). I have found that the pes-10 mRNA is not detected in the P 
blastomeres of mex-1 mutant embryos, suggesting that general transcription is 
still repressed in these mutants (Chapter 4). Thus, MEX-1 does not appear to be 
required to repress transcription in the germline blastomeres. 

The POS-1 protein is closely related to MEX-1 and has a similar pattern of 
expression (Chapter 3; Tabara et al., in press). POS-1 appears to be required for the 
proper pattern of protein expression in the germline blastomeres. In the absence 
of POS-1 activity, the APX-1 protein can not be detected, although the apx-1 
mRNA is expressed at wild-type levels (Tabara et al., in press). Thus, POS-1 may 
regulate protein expression from maternal mRNAs in the germline blastomeres, 
either by regulating the translation of maternal mRNAs or the stability of 
proteins (Tabara et al., in press). If MEX-1 regulates protein expression, one 
candidate target protein is the POS-1 protein (Fig. 6.1); in the absence of MEX-1 
activity, the overall level of POS-1 is very low (Chapter 3). Other candidates 
targets are proteins involved in P granule segregation or SKN-1 localization, 
both processes that require MEX-1 activity. 

If both MEX-1 and POS-1 regulate translation of maternal mRNAs in the 
germline blastomeres, why mex-1 and pos-1 mutant embryos have defects in 
different germline blastomeres? I have found that MEX-1 protein is expressed 
one cell cycle earlier than POS-1; MEX-1 is present at the 1-cell stage (Chapter 3), 
while POS-1 is present only at the 2-cell stage (Tabara et a l , in press). Thus, the 
different requirements for POS-1 and MEX-1 in the development of the germline 
blastomeres may correlate with the different time of expression of these proteins. 
These observations raise the interesting possibility that the proper development 
of each germline blastomere could be controlled by the sequential expression of 
translational regulators. It will be interesting in future studies to determine how 
MEX-1 and POS-1 function biochemically, and whether other proteins containing 
similar Cys-His motifs have related roles in the development of the germline 
blastomeres of C. elegans. 
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Figure 6.1 

MEX-1 may regulate translation of maternal mRNAs in the germline blastomeres. The pos-1 mRNA is a 

candidate target for MEX-1. In wild-type, or mex-l(+), embryos, there is proper translation of maternal 

mRNAs (e.g. pos-T), and proper expression of germline-specific proteins (e.g. POS-1). In mex-l(-) 

embryos, translation of maternal mRNAs might be abnormal, causing abnormal level of protein 

expression; germline is converted into soma. 
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6.3- Future experiments - Does MEX-1 regulate directly the expression of POS-1? 
My experiments suggest that MEX-1 is required for the proper expression 

of POS-1 (Chapter 3). If MEX-1 regulates directly the expression of POS-1, MEX-1 
may prevent the degradation of the pos-1 mRNA; or MEX-1 may regulate the 
translation of the pos-1 mRNA; or MEX-1 may prevent the degradation of the 
POS-1 protein. To test whether MEX-1 prevents the degradation of pos-1 mRNA, 
the level of pos-1 mRNA can be analyzed by in situ hybridization experiments in 
tnex-1 mutant embryos. If the pos-1 mRNA is present at low level or is 
undetectable in mex-1 mutant embryos, I can conclude that MEX-1 is required to 
prevent pos-1 mRNA degradation. No Cys-His proteins described to date have 
been shown to protect mRNAs from degradation, and thus MEX-1 would be the 
first example of such a protein. If MEX-1 regulates the stability of the pos-1 
mRNA, MEX-1 might bind directly to this mRNA. This possibility could be 
analyzed using in vitro techniques such as ultraviolet-crosslinking (Smibert et 
al., 1996). This technique may also be used to identify regions of the pos-1 
mRNA that potentially mediate the interaction with MEX-1. Alternatively, 
interactions between MEX-1 and pos-1 mRNA (and potentially other mRNA 
targets for MEX-1) could be identified using in vivo techniques, such as three-
hybrid screens (Zhang et a l , 1998). If pos-1 mRNA is present at wild-type levels, 
MEX-1 may regulate the translation of this mRNA or the stability of the POS-1 
protein. Although it is difficult to determine which of these two processes are 
regulated by MEX-1, the identification of translational regulators in two-hybrid 
screens with MEX-1 could suggest a role for MEX-1 in translational regulation, 
whereas identification of POS-1 in these screens could suggest a role for MEX-1 in 
the stability of POS-1 protein. 

6.4- MEX-1 and P granules 
I have shown that, in addition to being a cytoplasmic protein, MEX-1 is a 

component of P granules during the early, asymmetrical cleavages of the 
germline blastomeres (Chapter 3). If MEX-1 regulates translation of maternal 
mRNAs, it is possible that this translation occurs in P granules. P granules 
contain mRNAs and proteins that might be involved in translation, such as the 
RNA helicases GLH-1 and GLH-2 (Chapter 1). In addition, germ granules in 
other organisms have been shown to associate with clusters of ribosomes 
(Mahowald and Hennen, 1971); P granules have not yet been examined for 
association with ribosomes. 
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MEX-1 is required for the proper P granule localization of at least two P 
granule components, PIE-1 and POS-1 (Chapter 3). Although a MEX-1-dependent 
translation of pie-1 mRNA and pos-1 mRNA in P granules is consistent with the 
overall low level of POS-1 protein, this mechanism is not consistent with my 
observations that the level of PIE-1 in nuclei increases in the absence of MEX-1 
activity during the early divisions of the germline blastomeres (Chapter 3). 
Alternatively, P granule-associated MEX-1 might be required for binding some P 
granule components, and protecting them from cytoplasmic degradation. In the 
absence of MEX-1 activity in P granules, P granule components that are also 
found in the cytoplasm (such as POS-1) would be degraded, whereas P granule 
components that become localized to cellular organelles (such as PIE-1) would be 
protected from degradation. 

Previous studies have shown that mex-l(+) activity is required for the 
proper cortical association of P granules in germline blastomeres during the 
early, asymmetrical cleavages (Mello et al., 1992; Schnabel et a l , 1996). If MEX-1 
regulates the translation of maternal mRNAs, some of these mRNAs might 
encode proteins that mediate the cortical association of P granules. 
Alternatively, my observation that MEX-1 is a component of P granules only 
during these cleavages (Chapter 3) suggests that P granule-associated MEX-1 
might directly bind to proteins at the cortex, such as PAR-1 or PAR-2 (Guo and 
Kemphues, 1995; Boyd et a l , 1996; Fig. 6.2). It is also possible that MEX-1 may be 
required for the proper assembly or structure of P granules, and thus affects 
cortical association indirectly through other P granule components. P granules 
lack PIE-1 and POS-1 in the absence of MEX-1 activity (Chapter 3). However, PIE-
1 and POS-1 do not appear to be required for the cortical association of P granules 
in early germline blastomeres (Mello et a l , 1992; Tabara et a l , manuscript 
submitted). Thus, other components of P granules may be identified in future 
studies (e.g. in two-hybrid screens) that require MEX-1 for proper localization to P 
granules, and that regulate the cortical association of P granules. 

6.5- Speculation: MEX-1 and the anterior-posterior polarity in the germline 
blastomeres 

Anterior-posterior polarity in the germline blastomeres of C. elegans may 
be generated by mechanisms analogous to those described for polar cells in other 
organisms (reviewed in Drubin and Nelson, 1996; Fig. 6.3). In general terms, this 
process involves three basic steps. The first step is marking one side of the cell 
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mex-l(+) 

soma germline 

mex-l(-) 

soma soma 

Figure 6.2 

MEX-1 and P granules. P granules are represented as large complexes, with different P granule 

components in white,black, yellow and blue. In wild-type, or mex-l(+), embryos, P granule-associated 

MEX-1 may anchor P granules to the posteriormost cortex by binding to proteins athat cortex, such as 

PAR-1 (grey dots). In mex-l(-) embryos, P granules do not associate with the cortex and become 

mislocalized in multiple cells. P granules also may not be properly organized; some P granule 

components are not properly localized (e.g. PIE-1) or not properly expressed (e.g. POS-1). Posterior is to 

the right. 
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General mechanism C. elegans germline blastomeres 

Spatial cue Sperm entry point 

* I 
Marking and interpreting the cue 

(receptors, signal transduction network) 
PAR 

+ / 

Re-inforcing the cue 
(actin cytoskeleton, targeting patch) 

MEX-1 

I / 

Propagating the cue 
(microtubules, protein localization) 

P granule Spindle 
localization orientation 

I \ X 
POLARITY POLARITY 

Figure 6.3 

General mechanism to generate cell polarity (adapted from Drubin and Nelson, 1996). The germline 

blastomeres in C. elegans may follow a similar mechanism to generate and maintain the anterior-

posteriorpolarity. MEX-1 mightbe required for re-inforcing the anterior-posteriorcue. 
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with a spatial cue and interpreting the cue. The spatial cue in C. elegans appears 
to be the sperm at fertilization; the entry point of the the sperm into the oocyte 
marks the posterior pole of the embryo (Goldstein and Hird, 1996). It is yet not 
known how the spatial cue is received and interpreted, however the cortical PAR 
proteins may be involved in those processes (Chapter 1). The first apparent 
response to the spatial cue is a strong cytoplasmic streaming towards the 
posterior pole of the embryo (Nigon et a l , 1960; Hird and White, 1993), and this 
cytoplasmic streaming appears to be disrupted in the absence of the activity of 
PAR proteins (Kirby et a l , 1990). 

The second step in the generation of polarity is re-inforcing the spatial cue. 
The molecules that function downstream of the PAR proteins to re-inforce this 
cue have not yet been identified, however I speculate that MEX-1 is one of these 
molecules. In the absence of MEX-1 activity, some, but not all, polarity appears to 
be lost. For example, although some proteins and P granules are mislocalized in 
mex-1 mutant embryos, the cytoplasmic streaming does not appear to be affected 
(Mello et al., 1992), and the PAR-1 protein appears to be properly localized (my 
preliminary observation). MEX-1 could respond to the anterior-posterior axis set 
up by the PAR proteins, for example by regulating the translation of maternal 
mRNAs that encode for factors that participate in signal transduction or factors 
that are components of the actin cytoskeleton. Alternatively, MEX-1 could 
stabilize these factors. 

The last step in the generation of polarity is propagating the spatial cue. In 
the germline blastomeres, this last step could be achieved, in part, by properly 
localizing P granules to the posteriormost cortex (PAR and MEX-1-dependent). 
The cortical localization of P granules could result in the modification of these 
granules, and this modification could be responsible for the proper propagation 
of the spatial cue. Microtubules also appear to play an essential role in 
propagating the spatial cue. Microtubules are required for the proper anterior-
posterior orientation of the mitotic spindle in the germline blastomeres (PAR-
dependent but MEX-1-independent). This anterior-posterior orientation is 
essential for the proper partitioning of factors to each of the subsequent germline 
blastomeres. 

The molecular analysis of MEX-1 and some of the PAR proteins has 
revealed a potentially interesting correlation between these proteins. PAR-1 is a 
serine-threonine kinase (Guo and Kemphues, 1995) that appears to be required 
for the proper expression of some posteriorly localized proteins (K. Kemphues, 
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personal communication). I found that the level of MEX-1 in the germline 
blastomeres is very low in the absence of PAR-1 activity (preliminary data). Thus 
MEX-1 might be phosphorylated by PAR-1 (directly or indirectly), and this 
phosphorylation might be essential for MEX-1 stability. A second PAR protein, 
PAR-5, is a member of a class of ubiquitous, acidic proteins, called the 14-3-3 
proteins (Wang et a l , personal communication; reviewed in Aitken, 1995). 
These proteins are involved in multiple processes such as signaling 
transduction, protein trafficking, or cytoskeleton polarity (reviewed in Aitken et 
a l , 1992; Burbelo and Hall, 1995). 14-3-3 proteins appear to bind other proteins 
through a specific motif, called the 14-3-3-binding motif, which has the 
consensus sequence RSXSXP; phosphorylation of this motif in a serine residue 
appears to be essential for 14-3-3 binding (Muslin et a l , 1996). MEX-1 contains a 
possible 14-3-3-binding motif within the first Cys-His motif (R149SGSCP; see 
Chapter 2; Fig. 2.3). Thus, MEX-1 might bind PAR-5 and together these proteins 
might regulate, for example, cytoskeleton polarity. In future experiments it will 
be interesting to test whether the possible 14-3-3-binding motif of MEX-1 is 
required for proper MEX-1 activity, and whether MEX-1 is phosphorylated in the 
serine residue of this motif (e.g. using mass spectrometry). It will also be 
interesting to test whether PAR-1 or PAR-5 bind MEX-1. 

6.6- The phenotype of the tnex-1 mutant embryo 
Mutations in the mex-1 gene result in the lack of germ cells and in 

improper patterns of somatic differentiation. If P granules contain germ cell 
determinants, the lack of germ cells in mex-1 mutant embryos could result from 
either the mislocalization of P granules, or from changes in the composition of P 
granules. I have shown that the components of P granules PIE-1 and POS-1 show 
abnormal expression patterns in mex-1 mutant embryos (Chapters 3 and 4); PIE-1 
is localized abnormally, whereas POS-1 is expressed at very low levels in the 
germline blastomeres. I do not yet know whether either of these defects or both 
defects together are sufficient to explain the lack of germ cells. For example, the 
low levels of PIE-1 in the P blastomeres in mex-1 mutant embryos (Chapter 4) 
might be suffucient to allow transcription to occur in these blastomeres (Fig. 6.4). 
These blastomeres will be able to respond to transcription factors that regulate 
somatic development, such as SKN-1 or PAL-1 (Chapter 1; see below). The lack 
of germ cells in mex-1 mutant embryos might also result from the overall low 
level of POS-1 in the P blastomeres (Chapter 3). POS-1 may regulate protein 
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mex-1 (+) 

mex-1 (-) 

Figure 6.4 

Abnormal transcription and translation in the germline blastomeres in mex-1 mutant embryos. In wild-

type, or mex-l(+), embryos, high level of PIE-1 represses transcription and high levels of POS-1 regulates 

translation in the germline blastomeres. In mex-l(-) embryos, lower than wild-type of PIE-1 does not 

appear to be sufficient to repress transcription and POS-1-dependent translation appears to be abnormal; 

germline is converted into soma. 
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expression from maternal mRNAs in the germline blastomeres, and thus this 
process may be abnormal in mex-1 mutant embryos (Fig. 6.4). For example, the 
protein APX-1, which depends on POS-1 for proper expression, is not properly 
expressed in mex-1 mutant embryos (R. Hill and K. Mickey, personal 
communication). In future experiments, I will be interested in testing whether 
increasing the levels of PIE-1, or POS-1, or both in the P blastomeres in mex-1 
mutant embryos would be sufficient to restore germ cell identity. 

Any model for MEX-1 function must explain the defects in the 
development of somatic blastomeres that are observed in mex-1 mutants. Part of 
the specification of early blastomere fates in C. elegans involves the relative 
activities of PIE-1, that appears to repress embryonic transcription, and the 
maternally-supplied transcription factors SKN-1 and PAL-1 (Bowerman et al., 
1992, 1993; Draper et al, 1996; Hunter and Kenyon, 1996; Mello et al. 1996; 
Seydoux et al, 1996; see Chapter 1 and Chapter 4). In mex-1 mutant embryos, the 
relative activities of these proteins appear to be altered. I have shown that PIE-1 
is mislocalized to several posterior somatic blastomeres and might prevent these 
blastomeres from responding properly to SKN-1 or PAL-1 (discussed in Chapter 
4). PIE-1 mislocalization, however, can not be the sole cause of somatic defects in 
mex-1 mutant embryos. For example, I have never detected PIE-1 in the anterior 
blastomeres in early mex-1 mutant embryos, and previous studies have shown 
that these blastomeres do not return to a wild-type pattern of development in 
mex-l;pie-l double mutants (Mello et al, 1992). 

Anterior blastomeres in early mex-1 mutants have abnormally high levels 
of SKN-1 protein and defects that are due, in part, to inappropriate skn-l(+) 
activity (Mello et al., 1992; Bowerman et al, 1993). These high levels of SKN-1 
could result from innapropriate translation of skn-1 mRNA, or innapropriate 
stability of SKN-1 protein in anterior blastomeres. I do not know whether MEX-1 
functions as a direct regulator of skn-1 mRNA or SKN-1 stability in wild-type 
anterior blastomeres; MEX-1 is present, although at low levels, in these anterior 
blastomeres. Alternatively, MEX-1 might be required for the proper localization 
of such a regulator. Such regulator normally would be localized to posterior 
blastomeres, where the levels of SKN-1 protein are high. For example, such 
regulator might be associated with P granules, and require MEX-1 for this 
association. 

There are analogies between the somatic/germ cell defects associated with 
mutations in mex-1 and mutations in the " p o s t e r i o r group" genes of Drosophila, 
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many of which encode components of polar granules (see Mello et al., 1992; 
reviewed in Lehmann and Ephrussi, 1994). The abdominal determinant nanos 
is associated with polar granules; mutations in genes such as vasa that prevent 
polar granule formation prevent the proper posterior localization of nanos, and 
thus disrupt somatic differentiation indirectly (for review see Lehmann and 
Ephrussi, 1994). The germline cells, or germline precursors, in many animal 
embryos contain cytologically distinct structures similar to the polar granules of 
Drosophila or the P granules of C. elegans (see Chapter 1). It will be interesting to 
determine in future studies whether molecular components of these structures, 
such as MEX-1, have been conserved in animal evolution, and whether these 
structures in general serve to properly localize factors involved in both somatic 
and germ cell development, either by regulating their stability or regulating the 
translation of their mRNAs. 
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