©Copyright 2007
Jennifer R. Tenlen






Linking PAR polarity proteins to cell fate regulation: analysis of MEX-5 localization in
Caenorhabditis elegans embryos

Jennifer R. Tenlen

A dissertation
submitted in partial fulfillment of the
requirements for the degree of

Doctor of Philosophy

University of Washington
2007

Program Authorized to Offer Degree:
Molecular and Cellular Biology



UMI Number: 3265419

Copyright 2007 by
Tenlen, Jennifer R.

All rights reserved.

INFORMATION TO USERS

The quality of this reproduction is dependent upon the quality of the copy
submitted. Broken or indistinct print, colored or poor quality illustrations and
photographs, print bleed-through, substandard margins, and improper
alignment can adversely affect reproduction.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized
copyright material had to be removed, a note will indicate the deletion.

®

UMI

UMI Microform 3265419
Copyright 2007 by ProQuest Information and Learning Company.

All rights reserved. This microform edition is protected against

unauthorized copying under Title 17, United States Code.

ProQuest Information and Learning Company
300 North Zeeb Road
P.O. Box 1346
Ann Arbor, M| 48106-1346



University of Washington
Graduate School

This is to certify that I have examined this copy of a doctoral dissertation by

Jennifer R. Tenlen

and have found that it is complete and satisfactory in all respects,
and that any and all revisions required by the final
examining committee have been made.

Chair of the Su isory Committee:

o,

James R. Priess

Readjnt Committee:

@xf—-w:

James R. Prless

%94 %%mmu

“Linda G. Wordeman

Date: aéo/‘mﬂ L6, 2,007



In presenting this dissertation in partial fulfillment of the requirements for the doctoral
degree at the University of Washington, I agree that the Library shall make its copies
freely available for inspection. I further agree that extensive copying of the dissertation
is allowable only for scholarly purposes, consistent with “fair use” as prescribed in the
U.S. Copyright Law. Requests for copying or reproduction of this dissertation may be
referred to ProQuest Information and Learning, 300 North Zeeb Road, Ann Arbor, MI
48106-1346, 1-800-521-0600, to whom the author has granted ‘“the right to reproduce
and sell (a) copies of the manuscript in microform and/or (b) printed copies of the
manuscript made from microform.”

Signature(%femm,bém\ R Junben
Date W ey o 9——901
N




University of Washington

Abstract
Linking PAR polarity proteins to cell fate regulation: analysis of MEX-5 localization in
Caenorhabditis elegans embryos

Jennifer R. Tenlen
Chair of the Supervisory Committee:
Affiliate Professor James R. Priess
Department of Biology

Specification of somatic and germline lineages in the nematode Caenorhabditis
elegans requires the establishment of anterior-posterior polarity in early embryos.
Polarization begins by a sperm-induced cue in 1-cell embryos that cortically localizes
PAR polarity proteins, including the Ser/Thr kinases PAR-1 and PAR-4/LKB1. Capping
at the anterior pole of non-muscle myosin and several PAR proteins leads to asymmetric
localization of proteins such as MEX-5 and MEX-6. MEX-5,-6 are closely-related CCCH
zinc finger proteins required for germline specification that are anteriorly localized in 1-
cell embryos. While no direct targets of the PAR proteins have been described in C.
elegans, MEX-5,-6 are proposed to function as key intermediaries in the transduction of
polarity cues from PAR proteins to downstream cell fate regulators. To understand how
MEX-5 asymmetry is established, I constructed a series of fusion proteins containing
Green Fluorescent Protein (GFP) fused to all or part of the MEX-5 protein, these fusion
proteins allowed me to monitor asymmetry in living embryos. Deletion analysis of
GFP:MEX-5 identified a single residue, Ser458, that is necessary for anterior localization
of GFP:MEX-5 in 1-cell embryos. MEX-5 is phosphorylated at Ser458 in vivo, and this
phosphorylation occurs at the onset of MEX-5 expression in the gonad. In a screen of 41
Ser/Thr kinases, I found that only PAR-1 and PAR-4 are necessary for MEX-5
phosphorylation. PAR-1 kinase activity is required for the initial phosphorylation of
MEX-5, as a kinase-dead allele of par-1 abolished all staining with anti-MEX-5(pSer458)

in oocytes and embryos. PAR-4 kinase activity is required to maintain MEX-5



phosphorylation in mature oocytes; anti-MEX-5(pSer458) staining decreased
progressively in par-4 mutant oocytes, and was present only at low levels in 1-cell
embryos. While phosphorylation of MEX-5 is necessary for its asymmetry in 1-cell
embryos, it is not sufficient; in par-1 alleles with mutations outside the kinase domain,
MEX-5 was phosphorylated but remained symmetric. In summary, my research has
described multiple roles for the PAR-1 and PAR-4 kinases in MEX-5 phosphorylation
and localization. These results provide the first evidence of a role for the PAR kinases in

setting up embryonic asymmetries prior to fertilization.
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Introduction

The survival of a species depends on the faithful transmission of genetic
information from one generation to the next. Such transmission requires the proper
formation of gametes from the adult germline. The germ cells which give rise to
gametes must be totipotent — that is, able to regenerate entire organisms (Seydoux and
Braun, 2006). As such, these germ cells must be protected from factors that promote
somatic cell fates. This protection requires mechanisms to specify distinct germline and
somatic lineages.

One mechanism by which organisms specify germ cell fate is through the
polarization of oocytes and embryos by asymmetric distribution of maternally-provided
factors. In Drosophila oocytes, polarization of the microtubule cytoskeletal network is
critical to establish the anterior-posterior axis (van Eeden and St Johnston, 1999). For
example, this polarization is necessary for the localization of maternally transcribed
mRNAs, including oskar. Localization of oskar mRNA to the posterior end of the
oocyte is required for the recruitment of proteins, including Vasa and Tudor, which are
integral components of pole plasm (Ephrussi and Lehmann, 1992). After fertilization,
this pole plasm is incorporated into several pole cells. These cells become primordial
germ cells (PGCs) and subsequently form the germline of Drosophila embryos
(Williamson and Lehmann, 1996). In the absence of oskar mRNA, no pole plasm is
detected at the posterior pole, and there is no germline development (Ephrussi and

Lehmann, 1992). Similar events are required to localize germline-specific maternal
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RNAs in other organisms, including Xenopus oocytes (Saffman and Lasko, 1999; King
et al., 2005).

The nematode Caenorhabditis elegans has emerged as an important model in
understanding how cell polarization leads to the proper compartmentalization of cell
fate regulators, and the specification of distinct somatic and germline lineages. Multiple
tools are available for the study of C. elegans, including a fully-sequenced genome, the
ability to study mutant phenotypes through forward and reverse genetics, and the ability
to generate transgenic animals. The complete lineage has been described, facilitating the

characterization of the molecular pathways that produce different tissues.

C. elegans germline is established early in embryo development

The C. elegans embryo undergoes a series of invariant, asymmetric cell
divisions that result in the establishment of a unique germ cell lineage (Sulston et al.,
1983). The one-cell embryo will produce all of the somatic and germ cell lineages, so it
can be considered a totipotent cell (called Py). During the first cell cycle, posterior
displacement of the spindle poles results in asymmetric division, producing a larger
anterior blastomere (AB) and a smaller posterior blastomere (P,). During the second
and subsequent cell cycles, AB divides symmetrically to form several somatic cell
types, including neurons and the anterior pharynx. However, P, divides asymmetrically
to produce a somatic daughter blastomere (EMS) and a germline daughter blastomere
(P,). The germline blastomere divides asymmetrically two more times, resulting in a

single blastomere, P,, being set aside for the germline.



These asymmetric divisions ensure that maternally-provided proteins are
segregated to appropriate blastomeres. Somatic cell lineages are determined by the
activities of several proteins in either the anterior or posterior somatic blastomeres. The
transcription factor SKN-1 is expressed in posterior blastomeres starting at the 2-cell
stage, and promotes the specification of intestinal and muscle cell fates in the somatic
daughter of P, (Bowerman et al., 1992; Bowerman et al., 1993). The fact that SKN-1 is
present in the posterior embryonic cells that produce the germline, as well as in
posterior cells that produce the intestine and muscles, raises the question of how the
germline precursors prevent SKN-1 activity; this question is addressed further below.
Starting at the 4-cell stage, the transcription factor PAL-1, a homolog of the Drosophila
Caudal protein, is similarly expressed in posterior blastomeres, and is necessary to
specify muscle and other cell fates in the somatic descendants of P, (Hunter and
Kenyon, 1996). Conversely, the KH domain protein MEX-3 is symmetrically
expressed in 1-cell embryos, and is then segregated to the anterior blastomere AB and
its descendants starting at the 2-cell stage (Draper et al., 1996; Hunter and Kenyon,
1996). MEX-3 may function to repress PAL-1 expression in anterior blastomeres since
mex-3 mutant embryos produce ectopic, PAL-1-dependent muscles in these blastomeres
(Draper et al., 1996). The activity of the Notch-like receptor GLP-1 is also required in
anterior blastomeres. GLP-1 protein is expressed in AB and its descendants starting at
the 2-cell stage, and is necessary at the 4-cell stage to ensure that the anterior and
posterior daughters of AB produce distinct lineages (Priess et al., 1987; Evans et al.,

1994).
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The specification and maintenance of germ cell fate requires the segregation of
several factors to germ cell precursors. One of the earliest germ cell markers are P
granules, cytoplasmic ribonucleoproteins transported to the posterior pole of 1-cell
embryos following fertilization. At each cell division, these P granules are partitioned
to germline blastomeres only (Strome and Wood, 1982; Strome and Wood, 1983).
Multiple maternal mRNAs and proteins have been shown to associate with P granules
in both the germline and in embryos (Pitt et al., 2000; Schisa et al., 2001). While no
mutations have been identified that prevent P granule assembly, depletion of several P
granule-associated proteins, including the RNA-binding protein PGL-1, and the RNA
helicases GLH-1 and GLH-4, results in sterility (Gruidl et al., 1996; Kawasaki et al.,
1998; Kuznicki et al., 2000). These observations, and the known association of P
granules with RNAs and proteins important for early development suggest that P
granules may have a role in the maintenance of germline integrity.

In addition to P granules, the expression of several other proteins, including PIE-
1, MEX-1 and POS-1, is restricted to the germline blastomeres. PIE-1 is localized to
the posterior pole in one-cell embryos, and is segregated to the germline blastomere at
each cell division (Mello et al., 1996; Reese et al., 2000). It is expressed at low levels
in the cytoplasm, but is enriched in germ cell nuclei and on P granules (Mello et al.,
1996; Tenenhaus et al., 1998). PIE-1 is required to prevent germ cells from adopting a
somatic cell fate by repressing transcription of some genes in the germline (Seydoux,
1996). In pie-1 mutant embryos, the germline fails to develop, since blastomeres that
would normally form the germline instead adopt the fate of their somatic sister

blastomere (Mello et al., 1992). Like PIE-1, MEX-1 is also localized to the posterior



pole in one-cell embryos, and is segregated to the germline blastomere in subsequent
divisions (Guedes and Priess, 1997). MEX-1 is expressed in the germline cytoplasm
and on P granules, and is required for the correct localization of several proteins,
including PIE-1 and P granules. In mex-/ mutants, PIE-1 is ectopically expressed in
multiple blastomeres (Guedes and Priess, 1997). Although SKN-1 and PAL-1 are
expressed in posterior somatic and germline blastomeres, their activities are repressed in
germline blastomeres by both PIE-1 and MEX-1. In pie-1 or mex-1 mutant embryos,
SKN-1 activity is derepressed, and germline blastomeres adopt either intestinal
[pie-1(-)] or muscle [mex-1(-)] cell fates (Mello et al., 1992). Unlike PIE-1 and MEX-1,
POS-1 does not become enriched in the germline blastomere until the two-cell stage
(Tabara et al., 1999). In pos-I mutant embryos, the germline blastomere P; divides
symmetrically, resulting in the equal partitioning of PIE-1 and P granules to the
daughter blastomeres (Tabara et al., 1999). POS-1 also represses translation of some
somatic cell fate regulators in posterior blastomeres by binding the 3’UTR of mRNA
(Tabara et al., 1999; Ogura et al., 2003). These observations demonstrate that the
correct localization of germline determinants is required to not only preserve the
integrity of the germline, but also to correctly localize other cell fate determinants in the

early embryo.

Fertilization transforms unpolarized oocytes into polarized embryos

One common feature of each of the proteins discussed above is that they are
translated from maternally-provided, class I mRNAs (Evans et al., 1994; Seydoux and

Fire, 1994; Draper et al., 1996; Guedes and Priess, 1997; Tabara et al., 1999). Class II



mRNAs are distributed uniformly in oocytes and early 1-cell embryos (Seydoux and
Fire, 1994). A key question in the understanding of cell fate specification is how the
diverse patterns of protein expression result from similar distributions of maternal
mRNAs. In recent years, it has become apparent that the patterns of protein expression
observed for cell fate regulators depend on fertilization-induced events that establish the
anterior-posterior axis of new embryos.

Fertilization initiates a series of events in early embryos that includes exit from
meiosis, a reorganization of cortical and internal cytoplasm, and establishment of the
anterior-posterior axis (Kemphues and Strome, 1997). Following fertilization, waves of
cortical contraction of an actin-rich cytoskeletal network move anteriorly away from the
site of sperm entry (Strome and Wood, 1983; Hird and White, 1993). As cortical
cytoplasm reaches the anterior pole, internal cytoplasm is displaced from the anterior
pole and flows posteriorly, carrying with it P granules and the oocyte pronucleus
(Strome and Wood, 1983). Embryos with mutations in a gene encoding non-muscle
myosin 2 (nmy-2) lack all cytoplasmic flow and fail to establish the anterior-posterior
axis (Guo and Kemphues, 1996). Visualization of NMY -2:GFP fusion proteins in
living embryos demonstrated that NMY -2:GFP is initially expressed uniformly around
the cortex as part of a dynamic actomyosin network; at the appearance of the sperm
pronucleus, NMY-2:GFP is destabilized in the posterior cortex, and flows toward the
anterior during cortical contractions (Munro et al., 2004). This NMY -2-mediated

cortical flow requires the activities of at least two other proteins, the RhoGTPase



RHO-1, and the RhoGEF ECT-2 (Jenkins et al., 2006; Motegi and Sugimoto, 2006;
Schonegg and Hyman, 2006). These studies demonstrate that the actin cytoskeleton
plays an integral role in setting up downstream polarity events in the early embryo.
Although the role of sperm in initiating cytoplasmic reorganization is well-
understood, the identity of the specific sperm polarity cue remains controversial. The
first evidence that the establishment of anterior-posterior polarity depends directly on a
sperm-provided cue came from analysis of the site of sperm entry in oocytes during
fertilization. In the majority of oocytes, sperm entered the oocyte at the presumptive
posterior pole. However, in some oocytes, sperm entered at either the anterior pole or at
lateral surfaces. In these cases, cytoplasmic flow was oriented toward the sperm
pronucleus, and P granules accumulated near the site of sperm entry (Goldstein and
Hird, 1996). These results suggested that oocytes have no intrinsic anterior-posterior
polarity prior to fertilization, and demonstrated that sperm provided the initial polarity
cue. The authors proposed that sperm-provided centrosomes were the critical element,
nucleating astral microtubules and initiating a flow of cortical actin away from the
sperm pronucleus (Goldstein and Hird, 1996). This model has been supported by
several studies. First, oocytes fertilized with anucleate sperm establish an apparently
normal anterior-posterior axis, including anterior cortical flow and posterior
cytoplasmic flow, suggesting that sperm nuclear material is not necessary for embryo
polarization (Sadler and Shakes, 2000). Physical disruption of sperm-provided
centrosomes, or mutations in several centrosome-associated genes prevent the
establishment of anterior-posterior polarity in 1-cell embryos (O'Connell et al., 2000;

Hamill et al., 2002; Cowan and Hyman, 2004). It is still not clear whether the initial
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polarity cue comes from the sperm-provided microtubule organizing center (MTOC) or
from another centrosome-associated protein. In mutant embryos arrested in meiosis, no
visible sperm asters form, and polarity appeared to be reversed. Abrogation of the
meiotic spindle prevented all asymmetry, suggesting that the meiotic microtubules were
sufficient to initiate polarity (Wallenfang and Seydoux, 2000). Disruption of aster
sperm formation by depletion of the Aurora A kinase AIR-1 or the centrosomal protein
SPD-2 also prevented polarity formation (O'Connell et al., 2000; Wallenfang and
Seydoux, 2000). However, abrogation of microtubules by depletion of tubulin subunits
individually or in combination with the microtubule inhibitor nocodazole did not
prevent the establishment of anterior-posterior polarity in 1-cell embryos (Cowan and
Hyman, 2004; Liu et al., 2004; Sonneville and Gonczy, 2004). These results suggest
that a centrosome cue other than microtubules produces a local change in the cortex that
initiates cortical contractions. One candidate for this cue is the GTPase-activating
(GAP) protein, CYK-4, which is enriched in sperm. Depletion of sperm-provided cyk-4
prevented the disassembly of the actomyosin cytoskeleton in the posterior and disrupted
downstream polarity events (Jenkins et al., 2006). However, it is not known whether
CYK-4 acts in parallel with the centrosome, or is part of a centrosome-associated

pathway to initiate destabilization of the actomyosin network.

Specification of somatic and germline fates requires the PAR proteins

The reorganization of the cortical actin cytoskeleton is concurrent with a
redistribution of PAR (partitioning-defective) polarity proteins, which specify the

anterior and posterior domains of 1-cell embryos (Nance, 2005; Munro, 2006). A
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complex of three proteins containing the PDZ-domain proteins PAR-3 and PAR-6, and
the atypical protein kinase C, PKC-3, localizes to the anterior cortex shortly after
fertilization (hereafter referred to as the anterior PAR complex) (Etemad-Moghadam et
al., 1995; Tabuse et al., 1998; Hung and Kemphues, 1999). The anterior PAR complex
is initially expressed throughout the cortex of the zygote, but cortical changes at the
posterior pole then restrict this complex from the posterior cortex (Cuenca et al., 2003).
This restriction allows the RING finger protein PAR-2 to localize to the posterior cortex
to establish the posterior domain (Boyd et al., 1996; Cuenca et al., 2003). The anterior
PAR complex and PAR-2 are mutually dependent on each other for their proper
localization. In par-3 mutants, PAR-2 is uniformly expressed in the cortex (Boyd et al.,
1996). In par-2 mutants, PAR-3 remains asymmetric, but its expression extends into
the posterior cortex (Etemad-Moghadam et al., 1995). While NMY-2 is required for
proper localization of the PAR proteins (Guo and Kemphues, 1996), the PAR proteins
are also necessary to promote appropriate anterior cortical flow of the actomyosin
cytoskeleton (Munro et al., 2004). Therefore, NMY-2 and the PAR proteins participate
in a feedback loop to ensure the proper establishment of anterior and posterior domains
in 1-cell embryos.

Both par-2 and par-3 are required to localize the Ser/Thr kinase PAR-1 to the
posterior cortex. In par-3 mutants, PAR-1 is expressed uniformly at the embryo cortex
(Watts et al., 1996). In par-2 mutants, PAR-1 does not localize to the posterior cortex,
but instead is present at wild-type levels in the cytoplasm (Boyd et al., 1996). PAR-1 is
most immediately required for the establishment of anterior-posterior polarity. In par-1

mutants, cell division is symmetrical, resulting in the uniform distribution of P granules
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in all blastomeres of the early embryo (Kemphues et al., 1988). Loss of par-1 does not
prevent posterior flow of P granules, but does prevent stabilization of P granules in the
posterior (Cheeks et al., 2004). In addition, par-1 mutants express low levels of
germline determinants such as PIE-1 and MEX-1 (Tenenhaus et al., 1998). These
observations suggest that PAR-1 may act in germ cell precursors to protect germline
proteins from degradation. This function for PAR-1 may be conserved; in Drosophila
oocytes, PAR-1 directly phosphorylates Oskar, resulting in its stabilization at the
posterior cortex. Unphosphorylated Oskar is quickly degraded (Riechmann et al.,
2002). However, the mechanism by which PAR-1 regulates the expression of germline
proteins in 1-cell embryos is unknown.

The PAR proteins are remarkably conserved in many eukaryotes, including
Drosophila and mammals. With the exception of PAR-2, homologues to each of the
PAR proteins and PKC-3 have been found in other organisms. In Drosophila, the
coordinate activity of several PARs, including Par-1, Par-3 (Bazooka) and Par-4
(LKB1), is required to establish correct anterior-posterior domains in oocytes (Cox et
al., 1998; Riechmann et al., 2002; Vaccari and Ephrussi, 2002; Martin and St Johnston,
2003). In mouse oocytes, PAR-3, PAR-4 and PAR-6 appear to be localized to the
animal pole and associate with meiotic spindles, possibly involved in polar-body
extrusion (Vinot et al., 2004; Duncan et al., 2005; Szczepanska and Maleszewski,
2005). In both Drosophila neuroblasts and mammalian epithelial cells, the PAR-
3/PAR-6/PKC-3 complex is required for cell-cell adhesion and apical-basal polarity

(Suzuki et al., 2002; Betschinger et al., 2003).
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MEX-5 and MEX-6 act downstream of the PAR proteins to regulate cell fate

Although the role of the PAR proteins in regulating cell polarity has become
clearer, the downstream targets of these proteins in C. elegans are still largely unknown.
To identify potential targets, genetic screens have searched for embryos with
phenotypes similar to par mutant phenotypes. One such phenotype is an excess of
muscle (Mex), which is due to ectopic activation of SKN-1 in anterior blastomeres
(Bowerman et al., 1992; Schubert et al., 2000). Mutations in mex-5 result in inviable
embryos that produce excess muscle, and misexpress SKN-1 in anterior blastomeres
(Schubert et al., 2000). In contrast, mutations in a closely-related gene, mex-6, produce
viable embryos that grow into healthy adults. However, the phenotype of mex-5,mex-6
double mutant embryos differs significantly from the phenotype of mex-5 single mutant
embryos. These double mutant embryos fail to produce multiple tissue types, including
pharynx, intestine and germ cells. Multiple proteins, including SKN-1, PIE-1, MEX-1
and POS-1, are misexpressed in all blastomeres (Schubert et al., 2000). This early loss
of asymmetry in mex-5;mex-6 double-mutant embryos suggests that the proteins
encoded by mex-5 and mex-6 have partially redundant functions in early development.
MEX-5 and MEX-6 proteins share 70% identity and are members of a family of CCCH
zinc finger proteins related to the mammalian Tis11/TTP family (Schubert et al., 2000).
Outside of the CCCH domains, MEX-5,-6 have no known homologues in other
organisms. The CCCH zinc fingers of Tis11/TTP proteins bind mRNA, and have been
shown to target mRNAs for degradation (Carballo et al., 1998; Lai et al., 1999).
Recently, MEX-5 and MEX-6 were both shown to bind AU-rich response elements in

some maternal mRNAs, suggesting that this RNA-binding role for CCCH proteins is
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conserved in MEX-5,-6 (Pagano et al., 2007). However, this RNA-binding role is

unlikely to explain the establishment of germline asymmetry as germline mRNAs and
proteins are uniformly distributed in early 1-cell embryos.

MEX-S5 is initially detected in the bend of gonads, where germ cells enter
oogenesis, and is expressed uniformly throughout the cytoplasm of oocytes (Figure 1A)
(Schubert et al., 2000). Shortly after fertilization, MEX-5 becomes enriched at the
anterior pole of 1-cell embryos. This anterior enrichment results in the partitioning of
MEX-5 into the anterior blastomere AB at the first cell division. At the 4-cell stage,
MEX-5 is initially expressed at high levels in the anterior blastomeres, with reduced
expression in the posterior somatic blastomere EMS. However, in the late four-cell
embryo, anterior expression disappears, while it increases in EMS and the germ cell
precursor (Figure 1B). At each subsequent division of the germ cell precursor, MEX-5
is expressed asymmetrically in the two daughter cells, with higher expression in the
somatic daughter. MEX-5 expression disappears rapidly in all other somatic
blastomeres (Schubert et al., 2000). In addition to this cytoplasmic expression, MEX-5
is localized to the germline P granules and to posterior centrosomes. While antibodies
against MEX-6 do not exist, embryos expressing GFP:MEX-6 fusion proteins have
similar expression patterns as MEX-5 (Cuenca et al., 2003).

One striking feature of MEX-5 localization is that it reciprocates the expression
of the germline proteins (Figure 1B). For example, in 1-cell embryos, the anterior
MEX-5 gradient appears to mirror the posterior PIE-1 gradient. This reciprocity is
preserved in subsequent divisions of the germ cell precursors, in which the somatic

sister has high MEX-5 expression, while the germline sister has high PIE-1 expression
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(Schubert et al., 2000). This localization pattern suggests that MEX-5 is required to
restrict germline proteins to the posterior. This model is supported by several
experiments. In mex-5;mex-6 double mutant 1-cell embryos, PIE-1 and MEX-1 are
expressed uniformly throughout the embryo. Neither pie-1, mex-1 nor pos-I mutants
show mislocalization of MEX-5 in 1-cell embryos. These results place mex-5
genetically upstream of pie-1, mex-1 and pos-1. Conversely, MEX-S is symmetrically
expressed in par-1 or par-3 mutants, placing mex-5 genetically downstream of the par
pathway (Schubert et al., 2000). In par-1 and par-3 single mutant, 1-cell embryos, PIE-
1 is expressed at only low levels, suggesting repression by the high levels of MEX-5. If
par-1 embryos are depleted of both mex-5 and mex-6, then PIE-1 is again expressed
uniformly at high levels (Schubert et al., 2000). Repression of germline proteins by
MEX-5 is also supported in experiments in which MEX-5 was overexpressed in
mex-5;mex-6 double-mutant embryos. In these double-mutant embryos, germline
proteins, including MEX-1, were expressed at high levels in all cells due to the absence
of MEX-5 and MEX-6. However, following heat-shock induction of MEX-5, cells with
high levels of MEX-5 had low levels of MEX-1 (Schubert, 2000). These results suggest
that MEX-5,-6 restrict germline proteins to the posterior by repressing their expression
in the anterior. Although MEX-5,-6 are genetically downstream of the PAR proteins,
analysis of mex-5;mex-6 double mutant embryos revealed a potential role in promoting
the posterior domain of 1-cell embryos (Cuenca et al., 2003). Thus, MEX-5,-6 may
participate in a feedback loop with the PAR proteins to ensure proper establishment of
anterior and posterior domains. However, the nature of this interaction between MEX-

5,-6 and the PAR proteins is unknown.
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Although MEX-5 and MEX-6 are essential for the posterior localization of
germline proteins in 1-cell embryos, it is unknown whether they function directly in this
asymmetry. In one screen to identify other genes necessary for the asymmetry of
germline proteins, PIE-1 and POS-1 localization were shown to require the activity of a
dual receptor tyrosine kinase, MBK-2. In mbk-2 mutant embryos, both PIE-1 and POS-
1 are expressed throughout the 1-cell embryo, although PIE-1 is still excluded from a
small region at the anterior pole. MBK-2 is proposed to function in targeting germline
proteins for degradation in the posterior (Pellettieri et al., 2003). MBK-2 does not
affect MEX-5 asymmetry because MEX-5 accumulates normally in the anterior of mbk-
2 mutant 1-cell embryos (Pellettieri et al., 2003). Instead, the slight asymmetric
expression of PIE-1 in mbk-2 mutants suggests that MEX-5 and MBK-2 act in parallel
pathways to restrict PIE-1 and other germline proteins from the anterior pole. However,

it is not known how MEX-5 facilitates this restriction.

MEX-§ and MEX-6 localization is regulated by two independent mechanisms

The degradation of MEX-5 in somatic blastomeres after the second cell division
is similar to the degradation seen with other CCCH proteins, including PIE-1 (Reese et
al., 2000; DeRenzo et al., 2003). MEX-5 and PIE-1 contain two adjacent CCCH
domains, ZF1 and ZF2. The ZF1 domain of PIE-1 is necessary for degradation of PIE-
1 in somatic blastomeres after the two-cell stage, while the ZF2 domain of MEX-5 has
the analogous function (Reese et al., 2000; DeRenzo et al., 2003). This ZF-mediated
degradation of PIE-1 and MEX-5 requires the activity of the SOCS box protein ZIF-1,

as zif-1(RNAi) embryos had high levels of PIE-1 and MEX-5 expression in all
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blastomeres. ZIF-1 was shown to bind to the E3 ubiquitin ligase complex by in vitro
assays, and may be required to target CCCH proteins for ubiquitination (DeRenzo et al.,
2003).

ZIF-1-dependent degradation requires expression of MEX-5,-6, and protection
from this degradation in germline blastomeres requires PAR-1. In par-1 mutant
embryos, CCCH proteins are degraded in all blastomeres. However, in par-1;mex-
5;mex-6 triple mutant embryos, CCCH proteins are stabilized in all blastomeres
(DeRenzo et al., 2003). These results suggest a model by which MEX-5,-6 are
necessary to activate ZIF-1-dependent degradation in somatic blastomeres. PAR-1 acts
in the germline blastomere to protect germline proteins from degradation, possibly by
exclusion of MEX-5 and MEX-6 (DeRenzo et al., 2003).

While the ZIF-1-E3 ubiquitin ligase complex is necessary for later MEX-5
asymmetry, it is not required for MEX-5 asymmetry in 1-cell embryos; localization of
MEX-5 is normal in zif-1(RNAi) embryos (DeRenzo et al., 2003). These results suggest
that two independent mechanisms regulate MEX-5,-6 localization. An early PAR-
dependent mechanism localizes MEX-5,-6 to the anterior pole of the zygote. After the
2-cell stage, ubiquitin-mediated proteolysis progressively degrades MEX-5,-6 in the
oldest somatic blastomeres, such that MEX-5,-6 is present primarily in the youngest
somatic blastomere (the somatic daughter of each germline blastomere). Early
localization of MEX-5,-6 is not regulated at the level of mRNA as both mex-5 and mex-
6 mRNAs are distributed uniformly throughout the 1-cell embryo (Nematode
Expression Pattern Database, http://nematode.lab.nig.ac.jp/db/). Several mechanisms

may result in MEX-5 asymmetry in 1-cell embryos, although these mechanisms are not
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mutually exclusive. MEX-5 may be transported to the anterior, either by anterior
cortical flow, or by associating with other anteriorly-localized proteins. Alternatively,
asymmetry may result from MEX-5 stabilization in the anterior, and degradation in the
posterior. In a converse example, P granules that occasionally are mislocalized to
anterior, somatic blastomeres are rapidly degraded, while posterior P granules appear
stable (Hird et al., 1996; Cheeks et al., 2004). Enrichment of MEX-5 in anterior
blastomeres may result from non-localized mRNA translation coupled with exclusion
from, or degradation of MEX-5 protein in the posterior. A role for translation in
embryonic MEX-5 expression appears likely, due to the upregulation of MEX-5
expression in the posterior blastomeres at the 4-cell stage (Schubert et al., 2000).
Although the mechanistic details are far from clear, the data discussed above
have suggested a linear sequence of events for the role of MEX-5 in establishing
germline asymmetry (Figure 2). In summary, fertilization of unpolarized oocytes
initiates extensive reorganization of the actomyosin cytoskeleton and establishment of
anterior and posterior domains by the PAR proteins. The specification of the anterior-
posterior axis by the PAR proteins leads to MEX-5 asymmetry and, ultimately,
germline asymmetry. The establishment of asymmetries is also dependent upon two
feedback loops. First, several PAR proteins act to promote appropriate cortical
dynamics during reorganization of the actomyosin cytoskeleton. Second, MEX-5,-6 act
to promote the expansion of the posterior domain by the PAR proteins. These
interactions ensure that anterior and posterior domains of 1-cell embryos are
appropriately defined, and that downstream proteins, including the germline proteins,

are properly sorted within the embryo. However, it is still not understood how PAR
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polarity information is translated into the specification of somatic and germline
lineages. My thesis work has focused on elucidating the mechanisms that establish
MEX-5 asymmetry in 1-cell embryos. An understanding of these mechanisms may also
shed light on how MEX-5 functions to exclude germline proteins from the anterior.
More generally, these studies may help us to better understand how the symmetric
distribution of multiple proteins in unpolarized oocytes is transformed into reciprocal

protein expression domains in polarized embryos.
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Figure 1. Localization of MEX-5 and germline proteins in early embryos. (A)
Diagram of adult hermaphrodite gonad. In the distal arm (upper right), germ cells are
arranged in a syncytium and arrest at the pachytene stage of meiotic prophase. Germ
cells exit pachytene in the bend (left) and then mature into oocytes. Mature oocytes
pass through the spermatheca to be fertilized. MEX-5 (red) is initially expressed in the
bend of the gonad, and remains uniformly distributed until after fertilization. (B) MEX-
5 (red) and germline proteins (green) localize to reciprocal domains in early embryos
(see text for details).
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Figure 2. Model for setting up asymmetry of germline proteins in 1-cell embryos.
Sperm entry into unpolarized oocytes initiates a reorganization of the cytoskeleton
marked by capping of the anterior pole by non-muscle myosin. This anterior capping
results in the establishment of anterior and posterior domains by the PAR proteins,
leading to MEX-5 asymmetry. MEX-5 asymmetry in turn sets up germline asymmetry.
While the establishment of these asymmetries appears to follow a linear cascade of
events, the maintenance of asymmetry requires feedback loops between the PAR
proteins and non-muscle myosin, and between MEX-5 and the PAR proteins (see text
for details).
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Materials and Methods

Nematode Strains and Maintenance

The wild-type Caenorhabditis elegans strain used in these studies was originally
isolated from the N2 Bristol strain. All worms were cultured and maintained as
previously described (Brenner, 1974). The following alleles were used: Chromosome II
(LGII): mex-6(pk440) (Schubert et al., 2000); LGIII: unc-119(ed3) (Maduro and
Pilgrim, 1995); LGIV: nT1, fem-1(hcl7ts) (Nelson et al., 1978), him-8(e1489), unc-
30(el91), mex-5(zul99) (Schubert et al., 2000); LGV: par-1(b274), par-1(e2012), par-
1(it51), par-1(it60) (Guo and Kemphues, 1995), par-1(zu310) (Schubert, 2000), par-
4(it33), par-4(it47ts), par-4(it75) (Watts et al., 2000). Unless noted otherwise, alleles
are described by Hodgkin (Hodgkin, 1997). Transgenes created for this study are listed

in Table 1.

Plasmid Construction

Standard techniques were used to manipulate and amplify DNA. All site-
directed mutagenesis was performed using the QuikChange Site-Directed Mutagenesis
kit (Stratagene). All PCR reactions were performed using the Expand High Fidelity
PCR kit (Roche). For preparation of genomic DNA from wild-type animals, worms
were rinsed off plates, washed several times in 1X M9 buffer, and added drop-wise to
liquid nitrogen. Frozen pellets were incubated in 1 volume of lysis buffer [{0.1 M Tris,
pH 7.5; 0.05 M EDTA, pH 7.4, 0.5% SDS, 0.5 mg/ml proteinase K] at 65°C for 45

minutes. The supernatant was extracted with phenol/chloroform, and the genomic DNA



21

precipitated in 0.1 volume 3 M sodium acetate and 2.5 volumes ethanol. The DNA
pellet was washed in 70% ethanol and resuspended in. 100 ul Tris-EDTA buffer.

Constructs containing the pie-I promoter and 3’UTR were modified from a pie-
1:GFP expression vector (Strome et al., 2001). Site-directed mutagenesis was used to
remove one of two NotI sites in the multiple-cloning site. The unc-119(+) genomic
fragment (Maduro and Pilgrim, 1995) was inserted into the modified plasmid at the
single NotI site; this construct was named pJS109. The full-length mex-5 coding
sequence was PCR amplified from the cDNA clone yk851b04, which was obtained
from Yuji Kohara (National Institute of Genetics, Mishima, Japan). Primer sequences
for amplification were 5’-GAGATCACTAGTATGAGCTCGGCGTCAGTC-3’ and 5’-
GAGATCACTAGTCTAAAGGTTCAGCTCTTG-3’, which incorporated Spel sites
(underlined). The mex-5 PCR product was cloned into the unique Spel site of
pBluescript II(KS+) (pBS; Stratagene) to facilitate manipulation and cloning of the
mex-5 sequence; this construct was named pJN148. Deletions of amino-terminal and
carboxyl-terminal MEX-5 sequences were generated by PCR amplification of selected
sequences from pJN148 and cloned into pJS109 at the Spel site (see Table 2 for primer
sequences). All amino-acid substitutions were made by site-directed mutagenesis (see
Table 3 for primer sequences). The MEX-5 coding sequence was then excised from
pIN148 by Spel digest and cloned into pJS109 at the Spel site.

Constructs containing the mex-5 promoter and 3’UTR were created using pBS
as the backbone (Figure 3). The gfp:mex-5 sequence, including the mex-5 stop codon,
was PCR-amplified from pJTO2 using the primers 5’-

ATCAAGCTTATCGATACCGTCGACC-3’ and 5°-
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TTTCGTGTGGTAACATACAACTTAGGATCCACTAGTCTAATAGTGTC-3’. The

mex-5 3’UTR was PCR-amplified from genomic DNA starting immediately after the
stop codon and extending for 648 base pairs. The primers used for this amplification
were 5’-GTTGTATGTTACCACACGAAATTGC-3’ and 5’-
GAAGACTACCTCGGAGTTCTCAG-3’. The 3’UTR was joined to the gfp:mex-5
sequence by fusion PCR (Hobert, 2002), using primers that included Kpn/ sites
(underlined): 5’-TTCGAGGTACCATGAGTAAAGGAGAAGAACTTT-3’ and 5’-
GGACAGGTACCAAGATTCTCTATCATTCAGTGAAC-3’. The final gfp:mex-
5:mex-5(3’UTR) product was cloned into the Kpnl site of pBS to give construct
pJT82.2. A 4.4-kb fragment of the mex-5 promoter was PCR-amplified from genomic
DNA using the primers 5’-CTTACAAAGAAGGCCCTCAAAGGCGG-3’ and 5’-
TGCAAGGCCCTTCTCTGTCTGAAACATTCAATTGATTATCG-3’, including
Eco0109I sites (underlined). The promoter was cloned into the Eco01091 site of
pJT82.2, just upstream of the gfp ORF. The unc-119(+) genomic sequence was cloned
into a unique Not#! site immediately upstream of the mex-5 promoter; this final construct
was named pJT82.5.

Full-length par-1 cDNA was prepared from total RNA by RT-PCR. RNA was
extracted from wild-type worms as described (Portman, 2006) except that frozen worm
pellets were lysed in tubes containing 3 volumes of glass beads (450-600 microns,
Sigma) and 3 volumes TRIZOL (Invitrogen). The SuperScript II Reverse Transcriptase
kit (Invitrogen) was used to amplify par-1 cDNA. First-strand cDNA synthesis was
performed using oligo(dT),,.,s (supplied with the kit). The first-strand cDNA product

was used as a template for PCR amplification of par-1, using the primers 5’-
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CAACAATGAGCTCGGCGTCAG-3’ and 5’-GAGGCGGTTAGAGAGAGAGAGTG-

3’. The par-1 PCR product was then re-amplified using the primers 5’-
GAGATCACTAGTATGAGCTCGGCGTCAGTC-3’ and 5’-
GAGATCACTAGTCTAAAGGTTCAGCTCTTG-3’, which introduced Spel restriction
sites at the 5’ end (underlined). Three isoforms of par-1 were amplified. The longest of
these included exons 1-7 and exons 9-16, based on the predicted structure in WormBase
(H39E23.1, www.wormbase.org). This isoform had four nucleotide substitutions that
resulted in missense mutations, in comparison with the genomic sequence (WormBase).
These mutations were corrected by site-directed mutagenesis, and the cDNA was cloned
into the Spel site of both the mex-5:GFP (construct pJT90) and pie-1:GFP (construct
pJTO91) expression vectors.

Full-length par-4 cDNA was prepared by fusion PCR. Exons 1 - 6 of par-4
were amplified by PCR and fused in frame to the par-4 partial cDNA pDM1.2, which
encodes exons 7 — 11 (a gift from K. Kemphues). The final fusion PCR product was
then amplified using the primers 5’- GAGATCACTAGTATGGATGCTCCGTCGAC-
3’ and 5’- GAGATCACTAGTCTAAGCACTATCGGTAC-3’, which introduced Spel
restriction sites (underlined). The full-length par-4 cDNA was cloned into the Spel site
of both the pie-1:GFP (construct pJT93) and mex-5:GFP (construct pJT94) expression
vectors.

The nmy-2:PA-GFP expression vector, in which photoactivateable GFP is under
the control of the nmy-2 promoter and 3’ UTR, was provided by Uta Wolke. The MEX-

5 open reading frame was cloned into the vector at the AscI-ShfT restriction sites.
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Worm Transformations

Transgenic strains were created by microparticle bombardment of unc-119
animals with the constructs described above (Praitis et al., 2001). All transgenic strains
were maintained at 23°C. Both pie-1:GFP:MEX-5:pie-1(3’UTR) and mex-
5:GFP:MEX-5:mex-5(3’UTR) fusion proteins were able to rescue the mex-5(zul99)

mutant phenotype, indicating that these transgenes are functional.

Sequence Analysis

Putative MEX-5 paralogs in Caenorhabditis briggsae (gene CB12031) and C.
remanei (crO1.sctg31.wum.31.1) were identified in WormBase release WS150
(ws150.wormbase.org). Sequence alignments were performed using Clustal W
(www.ch.embnet.org/software/Clustal W.html). Predictions of potential serine and
threonine phosphorylation sites were made by the Netphos 2.0 Server using algorithms
based on a neural network model (Blom et al., 1999)
(www.cbs.dtu.dk/services/NetPhos/). Residues that produced a score of 0.500 or higher

were predicted to have a high probability of phosphorylation.

RNA interference

RNA interference by feeding was performed as previously described (Timmons
and Fire, 1998; Kamath et al., 2001). Bacterial clones corresponding to the gene of
interest were isolated from a library of genes cloned into the L4440 vector, which
includes inverted T7 polymerase sites (Kamath et al., 2003). Bacteria were grown in
Luria broth supplemented with carbenicillin (50 mg/ml) and tetracycline (10 mg/ml) to

mid-log phase, then incubated in 0.4 mM IPTG for 3 hours at 37°C to induce
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transcription of double-stranded RNA. 300 ul of induced culture were seeded onto
modified NGM agar plates, supplemented with 1 mM IPTG, 50 yg/ml carbenicillin and
10 pg/ml tetracycline. For kinase RNAI experiments, approximately 50 worms at the
first larval (L1) stage were placed onto seeded plates and allowed to feed for 48 hours at
25°C. After 48 hours, adults were removed from plates and prepared for
immunostaining with antibodies against MEX-5 and MEX-5(pS458) (see below). 24
hours after removal of the adults, plates were scored to determine the percentage of
viable progeny. In cases where no lethality or obvious phenotypic defects were
observed, progeny of RNAi-treated parents were raised on RNAI feeding plates and
examined by immunostaining. In cases where RNAI resulted in a sterile phenotype in
treated animals, the experiment was repeated by placing worms on plates at the L4 stage
to allow for development of the germline. Treated animals were examined by
immunostaining 36 — 40 hours after initiation of feeding. For proteasome RNAIi
experiments, approximately 25 L4 animals expressing GFP:MEX-5 were placed on
feeding plates and allowed to feed for 48 hours at 25°C. After 48 hours, adults were
removed from plates, placed in a drop of 1X M9 and mounted on agar pads (2% agarose
in water) for live GFP microscopy. In cases where no lethality or obvious phenotypic
defects were observed, the progeny of RNAi-treated parents were raised on fresh RNAI
feeding plates.

Bacterial clones specific to mbk-2 (F49E11.1), mek-2 (YS4E10BL.6), and plk-2
(Y71F9B.7) failed to grow from the RNAIi feeding library. Clones containing cDNAs
for mbk-2 (yk1696b04) and plk-2 (yk1546g02) were obtained from Yuji Kohara

(National Institute of Genetics, Mishima, Japan). The cDNAs for both mbk-2 and plk-2
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were amplified by PCR using the vector-specific primers 5°-
GCTATCTAGACTTCTGCTCTAAAAGCTGCG-3’ (including an Xbal site,
underlined) and 5’-GCTACTCGAGTGTGGGAGGTTTTTTCTCTA-3’ (including an
Xhol site, underlined). For mek-2, a 480-bp sequence corresponding to exons 1-3 was
amplified from genomic DNA by nested PCR. The first round of PCR used primers 5’-
ATGTCGAGCGGAAAACGGCGTAATCCG-3’ and 5’-
GCCGAATCCGAGAATCCTGCG-3’. The second round of PCR used primers 5°-
CAGCTATCTAGACGGAAAACGGCGTAATC-3’ (including an Xbal site,
underlined) and 5’- GTCGATCTCGAGCCAATAAACTATTACC-3’ (including an
Xhol site, underlined). PCR products were cloned into the Xbal-Xhol site of L4440,
and the constructs were transformed into E. coli strain HT 115 (Timmons and Fire,

1998). Bacterial clones were subsequently handled as described above.

Antisera and Immunofluorescence

The anti-MEX-5(pS458) antiserum was generated by immunizing rabbits with a
peptide phosphorylated at Ser458 [WTpSEENLGLRGHY]. The antiserum was
precleared with the non-phosphorylated peptide, and affinity-purified using the
phosphorylated peptide (Bethyl Laboratories, TX). ELISA testing demonstrated that the
affinity-purified, phosphorylated antiserum reacted with >98-fold higher affinity for the
corresponding phosphorylated peptide than for the non-phosphorylated peptide.

For immunostaining, adult hermaphrodites were cut in 0.5X PBS on a cover slip
to extrude gonads and embryos, then inverted onto a poly-L-lysine-coated slide (Cel-

line, #10-2066). Slides were placed on dry ice for five minutes. Cover slips were
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removed and slides placed in ice-cold methanol for 5 minutes. A formaldehyde fix
solution [2% paraformaldehyde; 48 mM PIPES; 25 mM HEPES, pH 6.9; 10 mM
EGTA, pH 7.5; 2 mM MgCl,] was applied to each slide for 10 minutes. Slides were
washed in 1X Tris + 0.1% Tween twice for 5 minutes each. The following primary
antisera were used: anti-MEX-5(pS458) (1:1000, this study); anti-MEX-5 [1:50,
(Schubert et al., 2000)], anti-GFP (1:2000, Abcam ab6556), anti-PIE-1 [1:20;
(Tenenhaus et al., 1998)], and mAb 3NB12 (Priess and Thomson, 1987). Slides stained
with anti-MEX-5(pS458), anti-GFP or mAb 3NB12 antisera were incubated at room
temperature for two hours. Slides stained with anti-MEX-5 or anti-PIE-1 antibodies
were incubated at 4°C overnight. Slides were washed twice in 1X Tris + 0.1% Tween
as before, then incubated in secondary antibody for 1 hour at room temperature.
Secondary antibodies used were Cy3 anti-mouse 1gG Fy (1:250, Jackson
Immunologicals) and Alex488 anti-rabbit [gG (H+L) (1:1000, Molecular Probes).
Slides were washed twice as before, then washed in 1X PBS for one minute. Slides
were incubated for five minutes in 1X PBS with DAPI (1 yg/ml) (Sigma) to visualize
DNA. After rinsing slides in 1X PBS for one minute, mounting media [90% glycerol,
20 mM Tris, pH 8.0; 23 mg/ml DABCO (Sigma)] was applied.

All images were obtained using a Zeiss Axioplan microscrope equipped with
Nomarski DIC, polarization and epifluorescence optics and the following objective
lenses: Plan NEOFLUAR 40x 1.3 oil, Plan APOCHROMAT 63x 1.4 oil and Plan
NEOFLUAR 100x 1.3 oil Pol objectives. Images were acquired using a CCD camera
(Photometrics CoolSnap, Roper Scientific) and CoolSnap software (v.1.2.0; Roper

Scientific). Images were manipulated using Photoshop (v. 8.0; Adobe Systems, Inc.).
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Pixel intensities in fluorescence images were measured using ImageJ software (v. 1.34s,

Wayne Rasband, National Institutes of Health).

Protein extracts and Western blot hybridization

Wild-type or transgenic animals were synchronized at the L1 stage and grown
on 25 plates containing peptone-enriched media [2.5% w/v agar (Sigma), 2.0% w/v
peptone (Fisher), 0.12% w/v NaCl, 0.25 mM potassium phosphate buffer, 1 mM
MgSQO,, 1 pg/ml cholesterol] seeded with E. coli strain NA22. Young adults were
treated with sodium hypochlorite solution [1 volume 5 M KOH, 2.5 volumes sodium
hypochlorite solution (Sigma), 16.5 volumes dH,0] to collect embryos. Embryos were
washed twice in 1X M9, and embryo pellets were flash-frozen in liquid nitrogen before
freezing at -80°C. Protein extracts were prepared from embryo pellets using a protocol
modified from Zachariae et al. (Zachariae et al., 1998) (R. Ciosk, personal
communication). Embryos were lysed in four volumes of elution buffer [SO mM
HEPES, pH 6.9; 70 mM potassium acetate, 5 mM magnesium acetate, 10% Triton-X-
100, 1 mM DTT, 10% glycerol, 20 mM -glycerophosphate, 1 mM PMSF, 0.16 mg/ml
Complete-EDTA Free Protease Inhibitors (Roche)]. Lysates were added to tubes
containing 1 ml of glass beads (450-600 micron, Sigma), vortexed for 3 minutes, then
incubated on ice for 30 seconds. Vortexing and incubation steps were repeated seven
times. Lysates were centrifuged at 2000 rpm for 1 minute at 4°C and supernatants were
removed to a new tube. The supernatant was centrifuged at 2000 pm for 3 minutes at
4°C, and the cleared supernatant was transferred to a new tube. An equal volume of

elution buffer was added to the pellet fraction and centrifuged at 5000 rpm for 2
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minutes at 4°C. The supernatant was combined with the previous supernatant to obtain
the crude whole embryo extract. Protein concentrations were determined by the
Bradford method using the Bio-Rad Protein Assay reagent (Bio-Rad).

Protein extracts were combined with LDS sample loading buffer (Invitrogen)
and reducing agent (Invitrogen) and incubated at 70°C for 10 minutes. Extracts were
separated by electrophoresis under reducing conditions using NuPAGE Novex 4-12%
Bis-Tris pre-cast gels (Invitrogen), following manufacturer’s instructions. Anti-oxidant
(Invitrogen) was added to running and transfer buffers. After electrophoresis, separated
proteins were transferred to PVDF membrane (Millipore). Membranes were probed
with anti-MEX-5 (1:75), anti-MEX-5(pS458) (1:10,000), or anti-GFP (1:1000, Roche).
Secondary antibodies used were ECL anti-mouse IgG HRP linked whole antibody or
ECL anti-rabbit [gG HRP linked whole antibody (1:5000, GE Healthcare). Proteins
were detected using the ECL Western Blotting Detection reagents, following
manufacturer’s instructions (GE Healthcare).

For phosphatase treatment experiments, 50 ug of protein from wild-type or
transgenic embryos were incubated at 37°C in the presence of 40 units of alkaline
phosphatase (20 U/ul, Roche) for 2 hours or overnight. Proteins were then prepared for
Western blotting as described above, except proteins were separated on NUPAGE

Novex 7% Tris-Acetate pre-cast gels (Invitrogen).
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mex-5 promoter Notl 5948

Kpnl 10380

Eco01081 6027

Figure 3. mex-5:GFP:MEX-5:mex-5(3’UTR) expression vector. The mex-5 promoter
and 3’UTR and gfp coding sequence were cloned into the pBluescript II (KS+) vector.
mex-5 ORF were inserted at a unique Spel site immediately downstream of gfp. The
unc-119(+) genomic fragment that rescues the unc-119(-) mutant phenotype was
inserted at a unique Not/ site.
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Transforming
Strain Plasmid Genotype®
JJ1512 pJT02 zuls62 [pie-1:GFP:MEX-5:pie-1(3'UTR)]
JJ1586 pJT16 zuls80 [pie-1:GFP:MEX-5%1""4% pie-1(3’UTR)]
JJ1925 pJT22 zuls193 [pie-1::GFP::MEX-5*"::pie-1(3'UTR)]
JJ1591 pJT29 zuls83 [pie-1.GFP:MEX-5%*%“% pie-1(3’UTR)]
JJ1592 pJT30 zuls84 [pie-1:GFP:MEX-5%*7*%% :pie_1(3’UTR)]
JJ1588 pJT31 zuls81 [pie-1:GFP:pie-1(3’UTR)]
111605 pJT32 zuls86 [pie-1:GFP:MEX-5““""" .pie-1(3°UTR)]
111607 pJT33 zuls88 [pie-1:GFP:MEX-5“"% pie-1(3’UTR)]
111648 pJT34 zuls106 [pie-1:GFP:MEX-5**":pie-1(3’UTR)]
131929 pJT35 zuls195 [pie-1::GFP::MEX-5%"5SHZFESSSH g

1(3’UTR)]

111628 pJT37 uls98 [pie-1:GFP:MEX-5%"*" pie-1(3’UTR)]
JJ1627 pJT38 zuls101 [pie-1:GFP:MEX-5%"*pie-1(3’UTR)]
111632 pJT39 zuls102 [pie-1:GFP:MEX-5“*""% :pie-1(3’UTR)]
JJ1649 pJT42 zuls107 [pie-1:GFP:MEX-5"*%".pie-1(3’UTR)]
JJ1688 pJT44 zuEx105 [pie-1:GFP:MEX-5%*5" pie-1(3’UTR)]
JJ1657 pJT45 zulsl13 [pie-1:GFP:MEX-5“*74% pie_1(3’UTR)]
J11696 pJT60 zuls119 [pie-1:GFP:MEX-5"*"45:pie-1(3’UTR)]
111699 pJT61 zuEx113 [pie-1:GFP:MEX-5***" :pie-1(3’UTR)]
111703 pJT62 zuls12] [pie-1:GFP:MEX-5*"" pie-1(3’UTR)]
1711 pJT63 zuls124 [pie-1:GFP:MEX-5™" pie-1(3’UTR)]
JJ1714 pJT64 zuls126 [pie-1:GFP:MEX-5"*T" pie-1(3’UTR)]
111705 pJT65 uEx117 [pie-1:GFP:MEX-5*T pie-1(3’UTR)]
131717 pJT66 zuls129 [pie-1:GFP:MEX-5%:pie-1(3’UTR)]
111748 pJT76 zuls149 [pie-1:GFP:MEX-5°%":pie-1(3’UTR)]
131773 pJT77 zuEx135 [pie-1:GFP:MEX-5%%pie-1(3’UTR)]
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Transforming
Strain Plasmid Genotype®
JJ1815 pJT82 2uls168 [mex-5:GFP:MEX-5:mex-5(3’UTR)]
JJ1823 pJT85 zuls170 [mex-5:GFP:MEX-5*% :mex-5(3’UTR)]
JJ1843 pJT86 zuls176 [mex-5:GFP:MEX-57"4 mex-5(3’UTR)]
JJ1895 pJT90 zuls189 [mex-5:GFP:PAR-1:mex-5(3'UTR)]
JJ1905 pJT93 zuls192 [pie-1:GFP:PAR-4.pie-1(3’UTR)]

* All transgenes include the rescuing unc-119(+) genomic fragment
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Plasmid Primers®
pﬂ16 5’ -GAACTAGTATGAAAGCGGCATCA=-3"’

5'=CACTAGTTCCTGACTGCATGACT-3"'
pJT22 PCR #1

5'-ATGGCATGGATGAACTATAC-3'

5’ ~GCAGAATCCAGTTCCTCCACG-3"'

PCR #2

5’ -GAACTAGTATGAAAGCGGCATCA=-3"'

5" =-GAATTCCTTGTCCGTTGGCAGCTTTGTCTTGTACTTGTTG-3"'

Fusion PCR

5’ -GAACTAGTATGAAAGCGGCATCA-3"’

5’ =GGATCCACTAGTCTAATAGTGTCCTCT-3"
pIT29 5'=-GAACTAGTATGAAAGCGGCATCA =3’

5’ -CGATACTAGTTCTTGCACAGCTT-3"
pﬂ30 5'-GAACTAGTATGAAAGCGGCATCA -3°

5'=CGATACTAGTCTTCTGGAATGAC~3"'
pJT32 5" -AGTCACTAGTCAAGTCATGCAGTCAGGACAACCA=-3’

5’ -GGATCCACTAGTCTAATAGTGTCCTCT-3"'
pTT33 5’ <-GATCACTAGTATGTCTCACGATGACCAG-3’

5" -GGATCCACTAGTCTAATAGTGTCCTCT-3"'
pIT34 PCR #1

5’ -GAACTAGTATGAAAGCGGCATCA -3’

5’ -GATCAAGCTTAGTCTTGTAGTTGGGTGG-3"'

PCR #2

5’ =-GGATCCACTAGTCTAATAGTGTCCTCT-3"’

5’ -GATCAAGCTTCTCAAAGAGCTCAGAGCT-3"'
pﬂ37 5’ -GATCACTAGTCTCAAAGAGCTCAGA~3’

5’ -GGATCCACTAGTCTAATAGTGTCCTCT-3"'
pTT38 5’ -GATCACTAGTCGTGGATTCCCAATT-3"

57’ -GGATCCACTAGTCTAATAGTGTCCTCT-3'
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TABLE 2 continued
Plasmid Primers®
pJT39 5’ ~GATCACTAGTCGTGATAATCGCAAC-3"
5" =-GGATCCACTAGTCTAATAGTGTCCTCT=-3"'
pJT 45 5’ -GAACTAGTATGAAAGCGGCATCA~-3"’
5'-GACTAGTTTAGTTCATCGGTGGATT-3"

# Spel sites incorporated into primers are underlined. HindlII sites are double-

underlined.
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Plasmid | Mutation Primers®
pJT42.1 C276S 5 ' -CTACAAGACTCGTCTTAGCATGATGCACGCATCTG-3 '
5’ ~CAGATGCGTGCATCATGCTAAGACGAGTCTTGTAG-3’
pJT42.2 C286S 5/ -CATCTGGAATCAAACCAAGTGATATGGGTGCTCGA-3 '
5 —~PCGAGCACCCATATCACTTGGTTTGATTCCAGATG-3 '
pJT42.3 C292S 5/ —~GATATGGGTGCTCGAAGCAAGTTTGCTCATGGG-3
5’ ~CCCATGAGCAAACTTGCTTCGAGCACCCATATC-3 '
pJT44.1 C320S 5/ ~GTACAAGACAAAGCTGAGCAAGAACTTTGCGCGTG-3 ’
5’ =CACGCGCAAAGTTCTTGCTCAGCTTTGTCTTGTAC-3 '
pJT44.2 C331S 5 ' ~GAGGAACTGGATTCAGCCCGTATGGACTTCG-3 '
5’ -CGAAGTCCATACGGGCTGAATCCAGTTCCTC-3
plT44.3 C337S 5 -CCGTATGGACTTCGTAGCGAGTTTGTTCATCCAAC-3 '
5 ' -GTTGGATGAACAAACTCGCTACGAAGTCCATACGG-3 '
pIT60 T450A | 5'-TGAACAAGCGTCGCGCAGCTCTCGCCGCGAAGTGGACATCTG=3 '
S451A | 5'-CAGATGTCCACTTCGCGGCGAGAGCTGCGCGACGCTTGTTCA-3 "
S453A
T454A
pIT61 T450A | 5'-TGAACAAGCGTCGCGCAGCTCTCGCCGCGAAGTGGACAGCTG-3 '
S451A | 5’ -CAGCTGTCCACTTCGCGGCGAGAGCTGCGCGACGCTTGTTCA-3"
S453A
T454A
S458A
pIT62 T450A | 5'-GAACAAGCGTCGCGCATCTCTCAGCACGA=-3 '
5/ ~PCGTGCTGAGAGATGCGCGACGCTTGTTC-3
pJT63 S451A | 5’ -CAAGCGTCGCACAGCTCTCAGCACGAAGT-3 '
5’ -ACTTCGTGCTGAGAGCTGTGCGACGCTTG-3 '
pIT64 S453A | 5'~CGTCGCACATCTCTCGCCACGAAGTGGACATCT-3 '
5’ -AGATGTCCACTTCGTGGCGAGAGATGTGCGACG-3’
pJT65 T454A | 5'-GCACATCTCTCAGCGCGAAGTGGACATCTGA-3 '
5’ ~TCAGATGTCCACTTCGCGCTGAGAGATGTGC-3 '
pJT66 S458A | 5'-GCACGAAGTGGACAGCTGAGGAAAATCTCGG-3 '
5’ =CCGAGATTTTCCTCAGCTGTCCACTTCGTGC-3
pJT86 T457A | 5’ -CTCAGCACGAAGTGGGCGGCTGAGGARAATCTC-3 '
S458A | 5'-GAGATTTTCCTCAGCCGCCCACTTCGTGCTGAG-3'

* Nucleotide substitutions are underlined.
® The template for pJT86 was pJT66. In all other mutagenesis reactions, the template

was pJN148.
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Results

Identification of MEX-5 domains that regulate its asymmetry in 1-cell embryos

To examine MEX-5 localization in early embryos, I created gfp:mex-5 fusion
proteins, in which Green Fluorescence Protein (GFP) was fused to the MEX-5 protein.
Transgene expression was under the control of either the mex-5 promoter or a second
germline-specific promoter, pie-/ (Strome et al., 2001) (see Materials and Methods).
Integrated strains expressing green fluorescent protein fused to full-length MEX-5
(GFP:MEX-5) had expression patterns apparently identical to those described
previously for MEX-5 by immunostaining (Schubert et al., 2000). GFP:MEX-5 was
distributed uniformly in oocytes and newly-fertilized embryos. After fertilization, the
levels of GFP:MEX-5 increased and GFP:MEX-5 became enriched progressively in the
anterior half of the 1-cell embryo as the male and female pronuclei migrated to the
center of the embryo and fused to form the zygotic nucleus (Figure 4A).

MEX-5 is a 468 amino acid protein with two CCCH zinc finger (ZF) domains
between amino acids 276 and 342. Substituting all three Cys residues of a CCCH finger
with Ser residues (SSSH) is predicted to disrupt its structure, and these changes in the
PIE-1 ZF1 domain were effective in preventing PIE-1 degradation after the 2-cell stage
(Reese et al., 2000). The MEX-5 ZF2 domain is most similar to the ZF1 domain of
PIE-1, and previous work demonstrated that this ZF2 domain was necessary and
sufficient for MEX-5 degradation at and after the 2-cell stage (DeRenzo et al., 2003).
To further examine roles for the ZF2 domain, I generated a transgene expressing MEX-

5 with Cys to Ser changes in ZF2 (GFP:MEX-5%25%") " As predicted, this fusion
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protein was not degraded in somatic blastomeres after the 2-cell stage. However, the
protein showed normal asymmetry at the 1-cell stage, suggesting that ZF2-mediated
degradation at and after the 2-cell stage is not essential for 1-cell asymmetry (Figure
4C, F).

To identify domains of MEX-5 that are required for asymmetry at the 1-cell
stage, worm strains were generated with integrated transgenes expressing C- and N-
terminal fragments of MEX-5 fused to GFP (Figure 5). All of the C-terminal deletion
proteins examined showed a loss of asymmetry at the 1-cell stage. The smallest of
these deletions (GFP:MEX-5**®) removed only the terminal 22 amino acids.
Deletion of the N-terminal 198 amino acids (GFP:MEX-5%'""") did not appear to affect
asymmetry in 1-cell embryos or at later stages. However, a larger deletion (GFP:MEX-
5%1%7) abolished asymmetry in 1-cell embryos. Because this larger deletion removes
ZF1 and an additional 71 amino acids, I generated worm strains with integrated
transgenes for either GFP:MEX-5%%%" or 3 ZF1 deletion (GFP:MEX-5%F!). Both
fusion proteins showed normal anterior localization, indicating that the ZF1 domain is
not essential for asymmetry (Figure 4B). Likewise, when both ZF1 and ZF2 were
mutated together (GFP;MEX-5 ZF!-SSSHZF2-SSSHy " transeenic embryos showed no loss of

asymmetry in 1-cell embryos, indicating that neither ZF1 nor ZF2 are necessary for

MEX-5 asymmetry at the 1-cell stage (data not shown).

MEX-S§ asymmetry requires phosphorylation at Ser458

The above results suggest that at least two regions of MEX-5 are necessary for

its asymmetry: the region between amino acids 199 and 270 N-terminal to the ZF1
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domain, and the C-terminal 22 amino acids. The N-terminal domain has no obvious
motifs, and none of the Ser or Thr sites are predicted to be phosphorylated (NetPhos
2.0) (Blom et al., 1999) (Figure 6A). This C-terminal domain contains six Ser or Thr
residues, five of which are predicted to have a high probability of phosphorylation
(NetPhos 2.0) (Blom et al., 1999). Four of these residues are conserved in the C.
elegans MEX-6 protein and in the C. remanei and C. briggsae orthologs of MEX-5
(Figure 6B). To determine if MEX-5 is a phosphoprotein, protein extracts were
prepared from embryos collected from wild-type hermaphrodites (see Materials and
Methods). Extracts were treated with alkaline phosphatase (AP) and proteins separated
by Western blot. After treatment with AP, the MEX-5 band was more compact, and
had a faster mobility, suggesting that MEX-5 is phosphorylated in vivo (Figure 7A).
Each Ser or Thr residue within the C-terminal domain was substituted with Ala,
either individually or in combination (Figure 8). 1-cell asymmetry was not observed
when all residues were substituted with Ala (Figure 8C). Single substitutions of each of
the first four Ser or Thr residues had no apparent effect on asymmetry (Figure 8D and
data not shown). However, Ala substitutions of the sixth residue, Ser458, markedly
reduced or abolished asymmetry (Figure 8E), and no asymmetry was visible in any
embryos when both Thr457 and Ser458 were substituted with Ala. Conversely,
asymmetry was retained when all of the Ser and Thr residues except Thr457 and Ser458
were substituted with Ala simultaneously (Figure 8F). These results suggest that
Ser458 is critical for MEX-5 asymmetry, with a potential minor contribution for

Thr457. Ser or Thr residues can often be replaced by Asp or Glu residues, which can
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act as phosphomimetics. However, in integrated lines expressing GFP:MEX-5%°

or
GFP:MEX-5°%, no asymmetry was detected at the 1-cell stage (Figure 8G).

An antiserum was raised against a synthetic peptide with phospho-Ser458 in
place of Ser458 (see Materials and Methods). In Western blots, the anti-MEX-5(pS458)
antiserum stained a band at the same molecular weight as MEX-5, and bands at the
predicted weights for GFP:MEX-5 fusion proteins; relatively little staining was detected
of GFP:MEX-5%%* (Figure 7B). Therefore, these results strongly suggest that MEX-5
is phosphorylated on Ser458 in vivo.

Although Ser458 is critical for MEX-5 asymmetry at the 1-cell stage, I did not
detect any differences between anti-MEX-5 and anti-MEX-5(pS458) immunostaining in
embryos or gonads (Figure 9). Thus, our results suggest that MEX-5 asymmetry is not
associated with a major change in Ser458 phosphorylation. The anti-MEX-5(pS458)
immunostaining patterns appeared specific for MEX-5, except for small cytoplasmic

punctae that were not stained by anti-MEX-5 and that persisted in mex-5 mutant

embryos (Figure 9A).

The Ser/Thr kinases PAR-1 and PAR-4 are necessary for MEX-5 phosphorylation

To identify kinases that might phosphorylate Ser458, I investigated predicted
serine/threonine kinases that met two criteria. First, [ identified kinases that were
enriched in the C. elegans germline, based on analysis of microarray experiments and
the presence of mRNA in gonads detected by in situ hybridization (Reinke et al., 2000;
Reinke et al., 2004) (Nematode Expression Pattern Database,

http://nematode.lab.nig.ac.jp/). This list was further refined by identifying kinases that
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caused embryonic phenotypes when mutated or depleted by dsRNA interference
(WormBase, http://www.wormbase.org; Table 4). For 39 of 41 mutant or dSRNA-
treated embryos, there were no differences in staining between anti-MEX-5(pS458) and
anti-MEX-5 antisera, although both antisera could have similar abnormal staining
patterns. However, depletion of either the PAR-1 or PAR-4 kinases resulted in aberrant
staining patterns. These abnormalities (see below) did not appear to result from general
defects in polarity, because mutants defective in the par polarity genes par-2, par-3,
par-5, and par-6 did not have similar defects in MEX-5(pS458) expression (data not
shown). Mutants defective in the par-1 or par-4 genes lack MEX-5 asymmetry at the 1-
cell stage (Figure 10B) (Schubert et al., 2000). I found that wild-type animals exposed
to par-1 dsRNA showed low or no anti-MEX-5(pS458) staining in the gonad or in 1-
cell embryos, although these animals had wild-type levels of MEX-5 staining (data not
shown). Similarly, there was no apparent staining of anti-MEX-5(pS458) in par-1(it51)
animals that have a predicted kinase-dead PAR-1 protein (Figure 10) (Guo and
Kemphues, 1995). Temperature-sensitive par-4(it47ts) animals that were grown at the
permissive temperature of 15°C had normal, equivalent staining patterns of anti-MEX-5
and anti-MEX-5(pS458) in gonads and in 1-cell embryos (data not shown). The pattern
of anti-MEX-5 staining remained similar at the restrictive temperature of 25°C. In
contrast, there was a progressive decrease in anti-MEX-5(pS458) staining in maturing
oocytes, such that staining was not detectable in the most mature oocyte. In 1-cell
embryos, anti-MEX-5(pS458) staining was present only on cytoplasmic punctae; these
punctae were not stained by the anti-MEX-5 antibody (Figure 10). A similar, aberrant

anti-MEX-5(pS458) staining pattern was observed in the non-conditional par-4 mutants
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par-4(it33) and par-4(it75); these mutants and par-4(it47ts) mutants have mutations that
are predicted to abolish PAR-4 kinase activity (Watts et al., 2000).

The above results indicate that PAR-1 and PAR-4 are necessary for MEX-
5(S458) phosphorylation in the gonad; PAR-1 is required for phosphorylation
throughout the gonad, and PAR-4 is required to maintain phosphorylation in the most
mature oocytes. Because PAR-1 and PAR-4 activities and Ser458 are required for
MEX-5 asymmetry at the 1-cell stage, a simple model is that the lack of MEX-5
asymmetry in par-1 or par-4 mutant embryos results solely from the failure to
phosphorylate Ser458. All sequenced par-4 mutants have mutations within the PAR-4
kinase domain (Watts et al., 2000). However, several alleles of par-1, including par-
1(b274), par-1(e2012) and par-1(it60), have mutations outside of the PAR-1 kinase
domain (Guo and Kemphues, 1995). Thus, I examined anti-MEX-5 and anti-MEX-
5(pS458) staining in this class of par-1 mutants. Each of these mutants failed to
generate MEX-5 asymmetry at the 1-cell stage; however, all showed anti-MEX-
5(pS458) staining in gonads and in 1-cell stage embryos (Figure 10B and data not
shown). Thus, these alleles of par-1 are similar to mutations in par genes like par-3
that have anti-MEX-5(pS458) staining but lack MEX-5 asymmetry. I conclude that
PAR-1 is required directly or indirectly to phosphorylate Ser458, but that PAR-1 has an

additional function(s) that is required for MEX-5 asymmetry at the 1-cell stage.

Creation of GFP:PAR-1 and GFP:PAR-4 transgenic strains
PAR-1 and PAR-4 may affect MEX-5 phosphorylation by directly interacting

with MEX-5, or through an indirect mechanism. To distinguish between these
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possibilities, I generated transgenic strains expressing GFP:PAR-1 and GFP:PAR-4 for
use with in vitro kinase assays. Integrated strains were generated that expressed either
GFP:PAR-1 or GFP:PAR-4. GFP:PAR-1 was expressed throughout the gonad at actin-
rich regions between germ cells and at the cortex of oocytes (Figure 11A,C). This
expression pattern resembled the pattern of PAR-1 immunostaining (Guo and
Kemphues, 1995). GFP:PAR-4 was also expressed throughout the gonad at actin-rich
regions between germ cells. In oocytes, GFP:PAR-4 expression was primarily
cytoplasmic, with weak localization at the cortex (Figure 11B, D). This pattern was

similar to the expression of PAR-4 as detected by immunostaining (Watts et al., 2000).

GFP:MEX-S5 localization dynamics in 1-cell embryos

Three general mechanisms may regulate MEX-5 asymmetry in 1-cell embryos:
restricted translation, directed transport to the anterior, or degradation in the posterior.
In examination of GFP-expressing embryos in utero, I observed a significant increase in
GFP expression levels, in comparison to oocytes and newly-fertilized embryos (Figure
12). This observation was repeated in embryos stained with anti-MEX-5. At the time
when the pronuclei fused to form the zygotic nucleus, the levels of MEX-5 at the
anterior pole was approximately 2-fold greater than in newly-fertilized embryos (Table
5). Similarly, there was an approximately 2.5-fold decrease in MEX-5 levels at the
posterior pole, compared to newly-fertilized embryos (Table 5). The increase in protein
levels required the MEX-5 open reading frame, as similar increases in GFP expression
were not observed in embryos expressing GFP alone (data not shown). However, mex-

5 non-coding sequences were not required, as similar results were obtained using both
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the mex-5:GFP and pie-1:GFP expression vectors. Therefore, while levels of MEX-5

protein increase in early embryos, MEX-5 asymmetry is not explained by translational
regulation.

Several proteins, including PAR-3 and PAR-6, were shown to be anteriorly
localized as part of a wave of cortical contracts that transport actin-rich cytoskeletal
proteins from the posterior to the anterior following fertilization (Munro et al., 2004).
This cortical contraction requires the non-muscle myosin protein, NMY-2 (Guo and
Kemphues, 1996; Cheeks et al., 2004; Munro et al., 2004). To determine if MEX-5 is
also anteriorly localized by cortical flow, NMY -2:GFP and GFP:MEX-5 localization
were compared. While I was unable to compare both fusion proteins within the same
embryo, I was able to make comparisons at well-characterized stages in the 1-cell
embryo. At the time of fertilization, both NMY -2:GFP and GFP:MEX-5 are distributed
symmetrically in the embryo. Shortly after fertilization, a smooth zone appears at the
posterior cortex, proximal to the male pronucleus (Hird and White, 1993; Munro et al.,
2004). The appearance of this smooth zone is coincident with loss of NMY-2:GFP
from this region (Munro et al., 2004). However, GFP:MEX-5 expression remained
symmetric. Shortly thereafter, a pseudocleavage furrow appears approximately 50% the
length of the embryo, which separates the posterior, smooth cortex from the anterior,
ruffled cortex. At this time, NMY-2:GFP has formed a cap around the anterior pole,
and very little NMY-2:GFP is detected in the posterior (Munro et al., 2004). At this
stage, clearing of GFP:MEX-5 from the posterior pole was initiated. GFP:MEX-5 did

not reach its maximal asymmetry until the fusion of the male and female pronuclei to
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form the zgotic nucleus. I conclude that GFP:MEX-5 localization is not coincident with
anterior cortical contraction, and instead occurs slightly after.

To better understand the dynamics of MEX-5 localization, I investigated the use
of photoactivatable GFP (PA-GFP) proteins to activate MEX-5 fluorescence in specific
regions of the embryo. These PA-GFP fusion proteins do not fluoresce under standard
epifluorescence conditions, but when targeted with a 413 nm laser, GFP fluorescence is
visible (Patterson and Lippincott-Schwartz, 2002). Transgenic embryos expressing nmy-
2:PA-GFP fused to a germline protein have been successfully generated in C. elegans
(J. Nance and E. Munro, personal communication). I obtained four independent lines
that expressed the PA-GFP:MEX-5 fusion protein as detected by immunostaining with
an anti-GFP antiserum. However, I was unsuccessful in activating PA-GFP
fluorescence following exposure to laser.

To investigate the possibility that MEX-5 asymmetry is generated by posterior
degradation, I asked whether depletion of proteins involved in the proteasome-mediated
degradation pathway would stabilize posterior MEX-5 levels. I tested 32 proteasome-
specific genes by feeding dsRNA to L4 larvae expressing GFP:MEX-5 . Since many
proteasome subunits result in sterility or embryonic arrest in meiosis, I analyzed genes
that were not reported to cause a sterility defect. Of the 32 genes tested, 14 resulted in
no detectable phenotypes, and 3 resulted in embryos that arrested in meiosis. Since
anterior-posterior polarization requires progression from meiosis into mitosis
(Bowerman and Kurz, 2006), these embryos were not analyzed further. The remaining
14 genes resulted in defects at either the 1-cell stage or later. For example, embryos

depleted of members of the rpn gene family (rpn-1, -2, -3, -6, or -7) arrested as
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multinucleated, 1-cell embryos, suggesting a failure in cytokinesis. In these embryos,
GFP:MEX-5 expression appeared to be symmetric. However, it was not clear whether
this lack of asymmetry was due to the apparent cytokinesis defect, or due to failure to
degrade GFP:MEX-5. Embryos depleted of rpn-9, rpn-10 or rpn-12 expressed
GFP:MEX-5 asymmetrically in 1-cell embryos, but GFP:MEX-5 failed to degrade in
somatic blastomeres at and after the 4-cell stage. Embryos depleted of rbx-1 showed a
range of phenotypes, but in all cases in which embryos progressed through the first cell
cycle, GFP:MEX-5 expression appeared asymmetric. The remaining genes (B0393.6,
T10F2.4, uba-2, and ubc-9) resulted in postembryonic defects, with no apparent effect
on GFP:MEX-5 expression. These results indicate that for the genes tested, the
proteasome pathway does not appear to affect MEX-5 stability in 1-cell embryos.
However, due to the importance of the proteasome pathway in oogenesis and
progression through the first cell cycle, I cannot rule out a role for protein degradation

in MEX-5 asymmetry.

GFP:MEX-5 restores PIE-1 localization in early mex-5;mex-6 embryos

Previous work demonstrated that in 1-cell embryos with loss of function of both
mex-5 and mex-6, the germline protein PIE-1 is no longer restricted to the posterior
pole, and instead is distributed uniformly throughout the embryo (Schubert et al., 2000).
Conversely, when MEX-5 levels were high, levels of germline proteins, including
MEX-1, were low (Schubert et al., 2000). These observations suggest that MEX-5
exclusion from the posterior is necessary to ensure proper expression of germline

proteins. To test this model, I asked whether the perdurance of MEX-5 in the posterior
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of 1-cell embryos deleteriously affected embryo development by examining GFP:MEX-
5 and GFP:MEX-55458A expression in the absence of mex-5 and mex-6 function.
Embryos with the genotype GFP:MEX-5;unc-30(el91) mex-5(zul99);mex-6(pk440)
(hereafter referred to as GFP:MEX-5;mex-5;mex-6 embryos) were viable; 98.9%
(n=267) hatched. This result suggests that the level of protein expression from the
transgene was sufficient to compensate for the loss of both mex-5 and mex-6.
Conversely, GFP:MEX-5%%*:mex-5,;mex-6 embryos failed to hatch (0%
viability, n=200). However, several observations indicated that GFP:MEX-5 %%
activity rescued some of the mutant phenotypes seen in mex-5(zul99);mex-6(pk440)
double mutant embryos. First, mex-5(zul99);mex-6(pk440) embryos have a Skn-like
phenotype in that they fail to make intestine or pharynx (Schubert et al., 2000).
GFP:MEX-5 %% mex-5;mex-6 embryos were stained with the monoclonal antibody
3NBI12 to visualize pharyngeal tissue (Priess and Thomson, 1987), and were examined
by polarization optics to visualize birefringent granules produced by intestine (Laufer et
al., 1980). 9.1% (n=88) of embryos made pharyngeal tissue, and 45.5% (n=99)
produced intestine, indicating that GFP:MEX-5**** was able to restore some tissue

55434 was insufficient to rescue

types to mex-5,;mex-6 embryos. However, GFP:MEX-
two other phenotypes of mex-5;mex-6 double mutant embryos. First, in 93.3% (n=15)
of GFP:MEX-5 %®*,mex-5;mex-6 1-cell embryos, PIE-1 was uniformly distributed.
However, the levels of PIE-1 staining in these embryos was not noticeably reduced
compared to PIE-1 levels in mex-5,mex-6 double-mutant embryos. Second, in mex-

5,mex-6 double mutant embryos, germline proteins fail to degrade in somatic

blastomeres due to a requirement for MEX-5 and MEX-6 in ZIF-1-mediated
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proteolysis. Interestingly, GFP:MEX-5 *®* expression in GFP:MEX-5 *****;mex-5;mex-

6 embryos perdured in all blastomeres after the 4-cell stage, in contrast to the pattern of
somatic degradation observed with GFP:MEX-5 in GFP:MEX-5;mex-5,mex-6 embryos.
Because the ectopic expression of MEX-S5 at these later stages could influence cell fate
specification, I was unable to directly assess the effects of posteriorly-expressed

GFP:MEX-5%* on embryonic development.
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Figure 4. Localization of GFP:MEX-5 fusion proteins in early embryos. (A,D)
GFP:MEX-5; (B,E) GFP:-MEX-5%"55H; (C,F) GFP:MEX-5%*5%H  GFP:MEX-5 is
anteriorly localized at the 1-cell stage in each construct (A-C), but fails to degrade in the
anterior somatic blastomeres of GFP:MEX-5%*5"  4.cell embryos (F). Embryos

shown in this and subsequent figures are approximately 45 ym in length. Scale bar
equals 10 ym.
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Constructs Asymmetry
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Figure 5. Identification of domains necessary for MEX-5 asymmetry. Diagram
showing GFP:MEX-5 fusion proteins drawn to scale, highlighting the positions of GFP,
ZF1 and ZF2 sequences. For all constructs, at least 25 1-cell embryos were scored for
GFP:MEX-5 localization at the time when the male and female pronuclei have fused in
the center of the embryo to form the zygotic nucleus. Detailed genotypes for each
construct are listed in Table 1.
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A. N-terminal domain (amino acids 199-271)

MEX-5 RD--NRNRNIQFRYHRVMEHDELPID
MEX-6 RD---RNRNEJQSRYQCPIEHDDLPID
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B. C-terminal domain (amino acids 446-468)

MEX-5 KRRIEJLETKWIFEENLGLRGHY
MEX-6 RSRPEFETKWIFJVENLGLRGHY
MEX-5 KRREFLNTKWIEEENLGLHGHY
MEX-5 KRRIFLETKWIBEENLGLHGHY
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Figure 6. Ser and Thr residues in MEX-5 domains. (A) Region of MEX-5 between
amino acids 199 and 270, N-terminal to ZF1 domain. (B) C-terminal 22 amino acids
(amino acids 446-468). The C. elegans (C.e.) MEX-5 sequence is shown aligned to C.
elegans MEX-6, and to MEX-5 orthologs in the related species C. briggsae (C.b.) and
C. remanei (C.r.) Ser and Thr residues are boxed. Ser and Thr residues with predicted
to have a high probability of phosphorylation are shaded (Blom et al., 1999).



51

A.
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phosphatase - + +
anti-MEX-5
anti-MEX-5(pS458)
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GFP:MEX-5(S458A)
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Figure 7. MEX-5 is a phosphoprotein. (A) Protein extracts from wild-type embryos
were treated with alkaline phosphatase for 2 hrs or overnight and analyzed by Western
blot with the anti-MEX-5 antibody. Blots were exposed to film for 19 min. (B) Protein
extracts from embryos from wild-type, GFP:.MEX-5 or GFP:MEX-5*®* (two
independent lines) strains were analyzed by Western blot with the anti-MEX-5 antibody
and anti-MEX-5(pS458) antiserum. Arrowheads indicate endogenous MEX-5, and
arrows indicate GFP fusion proteins. Blots were exposed to film for 6 min.
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KRRTSLSTKWTSEENLGLRGHY

A446-468
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Figure 8. Ser458 is necessary for MEX-5 asymmetry. (A) 1-cell embryo expressing a
full-length GFP:MEX-5 fusion protein. For simplicity, only the C-terminal 22 amino
acids are shown. (B) GFP:MEX-544%; (C) GFP:MEX-5**4ATA" showing loss of
asymmetry; (D) GFP:MEX-5***4TS| showing anterior localization of GFP; (E)
GFP:MEX-5%%%T" showing asymmetric GFP. Similar results were obtained when S451,
S453 or T454 were substituted with Ala. (F) GFP:MEX-5%® results in loss of
asymmetry; (G) Phosphomimetic substitutions of S458 with either Asp or Glu did not
result in GFP:MEX-5 asymmetry.
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Figure 9. MEX-5 is phosphorylated in the germline. (A) 1-cell embryos from wild-
type, mex-6(pk440) and mex-5(zul99) mothers were immunostained for anti-MEX-5
and anti-MEX-5(pS458). In both wild-type and mex-6(pk440) embryos, anti-MEX-
5(pS458) staining was co-incident with anti-MEX-5. The anti-MEX-5(pS458 antiserum
is specific for MEX-5 as it does not stain mex-5(zul99) embryos. The antiserum also
recognizes non-specific cytoplasmic foci, since staining of these foci is apparent in mex-
5(zul99) embryos. (B) Both anti-MEX-5 and anti-MEX-5(pS458) staining are present
starting at the bend of the gonad, where germ cells enter oogenesis, suggesting that
phosphorylation of MEX-5 at Ser458 occurs at the onset of MEX-5 expression.
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par-1(it51) par-4(it47)
anti-MEx-s _

anti-MEX-5(pS458)

B. par-1(it51) par-1(b274) par-4(it47)

anti-MEX-5

anti-MEX-5(pS458)

Figure 10. MEX-5 phosphorylation requires PAR-1 and PAR-4. (A) Gonads from
par-1(it51) and par-4(it47) hermaphrodites were stained for anti-MEX-5 and anti-
MEX-5(pS458). Both par-1(it51) and par-4(it47) had high levels of anti-MEX-5
staining (compare to Figure 8B), confirming previously published observations.
However, par-1(it51) had little or no staining with anti-MEX-5(pS458), except for non-
specific staining of sperm. In par-4(it47) gonads, levels of anti-MEX-5(pS458) staining
were Initially high, then progressively decreased in mature oocytes. (B) Both par-
1(it51) and par-4(it47) 1-cell embryos had undetectable levels of anti-MEX-5(pS458)
staining in cytoplasm, while par-1(b274) had high levels of cytoplasmic staining. In all
embryos, anti-MEX-5(pS458) also stained bright punctae; the identity of these punctae
is unknown.
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GFP:PAR-1 GFP:PAR-4

Figure 11. GFP:PAR-1 and GFP:PAR-4 recapitulate endogenous protein expression
patterns. Embryos and gonads from GFP:PAR-1 (A, C) and GFP:PAR-4 (B, D)
hermaphrodites were stained with anti-GFP antiserum.
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GFP:MEX-5

Figure 12. MEX-5 levels increase in 1-cell embryos. (A) Images of oocytes and
embryos from live animals expressing GFP:MEX-5 (top) and GFP:MEX-5%%* (bottom)
fusion proteins. Red arrowheads mark the spermatheca. Oocytes are positioned to the
left of the spermatheca. (B) Immunostaining with anti-MEX-5 in newly-fertilized, 1-
cell and 2-cell embryos (counterclockwise, from right). In all panels, newly-fertilized
embryos are marked with asterisks.



TABLE 4: Predicted Ser/Thr Kinases Analyzed in this Study
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WormBase ID | Gene Name | Kinase Family’ Method of Analysis
B0205.7 kin-3 CK2 RNAI (feeding)
B0207.4 air-2 Aurora RNAI (feeding)
B0414.7 mtk-1 MEKK RNAi (feeding) °
B0495.2 CDK RNAI (feeding) °
C03C10.1 kin-19 CK1 RNAI (feeding) °
C05D10.2 MAPK RNAi (feeding)
C09G4.3 dom-6 RNAI (feeding)
C10H11.9 let-502 Rho-kinase RNAI (feeding)
C14B9.4 plk-1 Polo-like RNAI (feeding)
C29F9.7 pat-4 ILK RNAI (feeding)
FO9ES.1 pkc-3 PKC RNAI (feeding)
F22D6.5 prp-4 DYRK RNAI (feeding) ®
F23C8.8 MARK RNAI (feeding)
F28B12.3 vrk-1 VRK RNAI (feeding)
F35G12.3 sel-5 Nak RNAi (feeding)
F43C1.2 mpk-1 MAPK RNAi (feeding) ®
F49E11.1 mbk-2 DYRK RNAI (feeding)
mbk-2(ne992)
F55G1.8 plk-3 Polo-like RNAi (feeding)
F59E12.2 zyg-1 unique RNAI (feeding) ®
F59E12.3 uncharacterized | RNAi (feeding)
H25P06.2 cdk-9 CDK RNAI (feeding)
H39E23.1 par-1 MARK RNAI (feeding)
par-1(b274)
par-1(e2012)
par-1(it51)
par-1(it60)
par-1(zu310)
KO03ES.3 cdk-2 CDK RNAI (feeding)
K04C1.5 uncharacterized | RNAi (feeding)
K07C11.2 air-1 Aurora RNAI (feeding)
R06C7.8 bub-1 Bub RNAI (feeding)
R10D12.10 TTBKL RNAI (feeding)
T01G9.6 kin-10 CK2 RNAI (feeding)
T05GS.3 cdk-1 CDK RNA| (feeding)
T17E9.1 kin-18 MAP4K RNAI (feeding)
T20F10.1 NDR RNAI (feeding)
WO6F12.1 lit-1 MAPK RNAI (feeding)
W10G6.2 sgk-1 SGK RNAI (feeding)
Y 106G6E.6 csnk-1 CK1 RNAI (feeding)
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TABLE 4 continued

WormBase ID | Gene Name | Kinase Family” Method of Analysis
Y18D10A.5 sk-3 GSK RNAI (feeding)
Y39H10A.7 chk-1 CAMK RNAI (feeding)
Y52D3.1 MAP4K RNAI (feeding) ®
YS53C12A.1 wee-1.3 WEE RNAI (feeding)
Y54E10BL.6 mek-2 MAPKK RNAI (feeding)
Y59A8B.14 par-4 LKBI1 par-4(it33)

par-4(it47ts)

par-4(it75)
Y71F9B.7 plk-2 Polo-like RNAI (feeding)

* Kinase family classification taken from Manning (Manning, 2005)
* No phenotype observed by RNAi(feeding)
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TABLE 5: Changes in MEX-S expression levels in 1-cell embryos

Pixel intensity”

Stage Anterior Posterior
Newly-fertilized 97.3+18.1 (n=6) 100.5£17.7 (n=6)
1-cell® 210.4+12.8 (n=4) 39.7+6.8 (n=4)

®Values represent the average pixel intensities +standard deviation and sample size (n).

® Newly-fertilized embryos were measured at the time when the male and female
pronuclei were just visible by DAPI staining.

¢ 1-cell embryos were measured when the male and female pronuclei fused to form a

single zygotic nucleus.
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Discussion

In this study, [ have demonstrated that phosphorylation of the CCCH zinc finger
protein MEX-5 at Ser458 is critical for its asymmetry in 1-cell embryos. This
phosphorylation occurs prior to fertilization and requires the activity of two Ser/Thr
kinases, PAR-1 and PAR-4. These results provide the first evidence that MEX-5 is a
target of at least two PAR proteins, and also provide the first known report of a role for
PAR-1 and PAR-4 in development of the germline. While MEX-5 asymmetry is
critical in embryos for exclusion of germline proteins from the anterior, this asymmetry
is actually set up prior to fertilization with the phosphorylation of MEX-5 by PAR-1
and PAR-4 (Figure 13). I propose that the coordinate activities of PAR-1 and PAR-4
are necessary to prime MEX-5 to quickly respond to events that polarize the embryo

following fertilization.

MEX-S§ asymmetry is controlled by multiple processes

MEX-5 and MEX-6 are members of a C. elegans CCCH zinc finger family that
includes the germline proteins PIE-1, POS-1 and MEX-1 (Guedes and Priess, 1997,
Tabara et al., 1999; Reese et al., 2000; Schubert et al., 2000). Previous experiments
suggested that the asymmetric expression of these proteins is regulated by two distinct
pathways: one pathway that localizes these proteins to their respective poles in 1-cell
embryos, and a second pathway that degrades these proteins in somatic blastomeres
(Reese et al., 2000; Schubert et al., 2000; Cuenca et al., 2003; DeRenzo et al., 2003).

The zinc finger domains of each of these proteins are necessary for their degradation in
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somatic blastomeres after the 1-cell stage (DeRenzo et al., 2003), but the mechanisms
that result in asymmetry in 1-cell embryos are unclear.

This study expands on these previous observations by identifying a MEX-5
domain that is uniquely required for MEX-5 asymmetry in 1-cell embryos. Mutation of
the MEX-5 Ser458 to Ala significantly reduced MEX-5 asymmetry at the 1-cell stage,
but did not prevent degradation of MEX-5 in somatic blastomeres. Conversely,
mutation of the Cys residues in the ZF2 domain did not prevent anterior localization of
MEX-5 in 1-cell embryos, but did prevent later MEX-5 degradation. These results
demonstrate that at least two distinct processes control MEX-5 asymmetry in early
embryos, one of which requires ubiquitin-mediated proteolysis. Three general
processes may result in MEX-5 asymmetry in 1-cell embryos: restricted translation,
targeted transport, and localized degradation. As I discuss below, none of these
processes are mutually exclusive, and it is likely that the embryo utilizes several
processes concurrently to ensure that MEX-5 expression is restricted to the anterior.

In examination of transgenic strains expressing GFP:MEX-5 fusion proteins, I
observed significant increases in the expression of GFP:MEX-5 throughout 1-cell
embryos, compared to oocytes and newly-fertilized embryos. These increases were
observed prior to the appearance of MEX-5 asymmetry, suggesting that MEX-5 levels
are regulated in part by de novo translation. Because maternal mex-5 mRNA is
distributed uniformly in 1-cell embryos, translation must occur either through
interactions with asymmetrically-localized translational regulators, or through global
translation followed by localized recruitment of translated proteins. During Drosophila

oogenesis, the expression of several maternal proteins, including Bicoid, Nanos and
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Oskar, is regulated by restricted translation (Johnstone and Lasko, 2001). In C. elegans,
no examples of restricted translation have been described for 1-cell embryos. However,
translational regulation has been observed for several proteins after the 1-cell stage,
including the Notch-like receptor GLP-1. Asymmetric expression of GLP-1 is initiated
at the 2-cell stage; this expression is regulated through the 3’UTR of glp-1 (Evans et al.,
1994; Ogura et al., 2003). SPN-4, a RNP-like RNA binding protein, promotes GLP-1
translation in anterior blastomeres, while the CCCH protein POS-1 represses GLP-1
translation in posterior blastomeres (Ogura et al., 2003). Neither POS-1 nor SPN-4 are
likely to regulate MEX-5 translation since pos-1(-) and spn-4(-) embryos show
apparently normal MEX-5 localization (Gomes et al., 2001; Tenlen et al., 2006).
Furthermore, the mex-5 3’UTR is unlikely to affect MEX-5 expression or localization
after fertilization since these events were observed for GFP:MEX-5 fusion proteins
under the control of either the mex-5 or pie-1 3’UTR.

Directed transport of proteins is a common process in generating asymmetries.
In Drosophila oocytes, cell fate determinants such as Oskar and Nanos are localized to
the posterior pole by a microtubule-dependent mechanism (van Eeden and St Johnston,
1999) After fertilization of C. elegans oocytes, directed movement of cortical and
cytoplasmic proteins results in the polarization of early embryos. Sperm entry initiates
a flow of actomyosin cytoskeletal proteins away from the posterior pole and toward the
anterior pole, resulting in the anterior accumulation of several proteins, including non-
muscle myosin, catenins, cadherins, and at least two PAR proteins, PAR-3 and PAR-6
(Munro et al., 2004). This anterior cortical flow displaces cytoplasmic proteins toward

the posterior, including germline-specific P granules (Gonczy and Rose, 2005). Since
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MEX-5 asymmetry is established shortly after PAR asymmetry, it is possible that
MEX-5 is also transported to the anterior by cortical flow. However, comparisons of
the timing of GFP:MEX-5 anterior localization with that of non-muscle myosin (NMY -
2:GFP) suggest that GFP:MEX-5 anterior localization is not concurrent with cortical
flow and instead occurs shortly after. Alternatively, MEX-5 asymmetry may be the
result of directed transport to the anterior, against the posteriorly-directed cytoplasmic
flow. This transport would involve either binding to a carrier protein that translocates
MEX-5 to the anterior, or “capture” of MEX-5 by an anteriorly-localized protein(s).
While a candidate cytoplasmic carrier protein has yet to be identified, the anterior PAR
proteins PAR-3, PAR-6 and PKC-3 are goods candidates for capturing MEX-S5 in the
anterior. Both PAR-3 and PAR-6 are PDZ domain proteins and have been shown to be
involved in protein-protein interactions in multiple systems, while PKC-3 is an atypical
protein kinase (Suzuki and Ohno, 2006). The PAR-3/PAR-6/PKC-3 complex may act
directly to bind and stabilize MEX-5 in the anterior, or may recruit another protein to
the anterior that interacts with MEX-5.

MEX-5 asymmetry may be alternatively explained by a combination of the
mechanisms described above with localized protein degradation. Protein degradation
has emerged as an important mechanism to prevent inappropriate protein expression
and to ensure the timely progression of developmental events (DeRenzo and Seydoux,
2004; Bowerman and Kurz, 2006). For example, in C. elegans, P granules are
transported to the posterior pole by cytoplasmic flow, and any remaining P granules in
the anterior are rapidly degraded, ensuring the restriction of these complexes to the

germline (Hird et al., 1996; Cheeks et al., 2004). In Drosophila, oskar mRNA is
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transported to the posterior by microtubule-dependent processes, where it is translated
and stabilized. Any mRNA or protein present in the anterior is degraded (Riechmann et
al., 2002).

Multiple E3 ubiquitin ligase complexes have been identified in C. elegans, each
with different substrate specificities (DeRenzo and Seydoux, 2004). The Hect E3
ubiquitin ligase EEL-1 targets SKN-1 for degradation after the 8-cell stage, but does not
affect degradation of other proteins, including MEX-5 and the germline proteins (Page
et al., 2007). A complex that includes the cullin CUL-2, elongin C homolog ELC-1 and
SOCS box protein ZIF-1 targets MEX-5 and other CCCH proteins for degradation in
somatic blastomeres. However, this complex is not likely to cause MEX-5 degradation
at the 1-cell stage because neither mutating the MEX-5 ZF2 domain nor zif-1(RNAI)
affected MEX-5 asymmetry in 1-cell embryos. A different complex that includes CUL-
3 and the BTB domain protein MEL-26 targets the katanins MEI-1 and MEI-2 for
degradation shortly after fertilization. However, I showed that loss of cul-3 function
does not affect MEX-5 asymmetry in 1-cell embryos. Depletion of other proteins
involved in proteolysis likewise did not identify any components with a function in
MEX-5 asymmetry. However, for many of these components, no phenotypes were
observed following depletion by RNAI. It is possible that many of these proteins are
refractive to RNAI, or have redundant function (Takahashi et al., 2002). To this end,
recent work has shown that the cullins CUL-2 and CUL-5 have overlapping activities in
oocyte maturation and progression through meiosis. Neither cul-2(-) or cul-5(-) animals
showed defects in oocyte maturation or fertilization, but many cul-2(-);cul-5(-) double-

mutant animals were sterile. However, cul-5(-) animals with weak loss of function of
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cul-2 did produce embryos that progressed beyond the first cell cycle but failed to hatch
(Sasagawa et al., 2007). Since these embryos progressed beyond the first mitosis, it
would be interesting to examine MEX-5 expression for possible mislocalization.

Intriguing potential regulators of MEX-5 proteolysis are the posteriorly-
localized PAR proteins, PAR-1 (discussed below) and PAR-2. As with the other PAR
proteins, PAR-2 restricts MEX-5 to the anterior, as MEX-5 expression extends more
posteriorly in par-2(-) 1-cell embryos (Cuenca et al., 2003). PAR-2 is a RING finger
protein, as are several components of E3 ubiquitin ligase complexes, including RBX-1
(Kipreos, 2005). Based on this homology, it has been proposed that PAR-2 is a putative
E3 ubiquitin ligase (Suzuki and Ohno, 2006). It is possible that PAR-2 could act to
recruit other proteasome components to the posterior cortex through interactions with
its RING finger domain. Interestingly, the RING finger domain may be necessary for
PAR-2 protein stability, as expression of GFP:PAR-2 fusion proteins was significantly
higher when the RING finger domain was deleted compared to the full-length
GFP:PAR-2 protein (Hao et al., 2006). Loss of function of cul-2 results in ectopic
cortical localization of PAR-2 in some 1-cell embryos, suggesting that CUL-2 is
necessary to maintain anterior-posterior domains in the early embryos, perhaps through
direct interactions with PAR-2 (Liu et al., 2004; Sonneville and Gonczy, 2004).
However, no direct association between PAR-2 and proteasome components has yet
been described.

While the details remain to be elucidated, embryonic MEX-5 expression appears
to be translationally upregulated, and translation may be coupled with directed

transport, posterior degradation or both to generate MEX-5 asymmetry. The analysis of
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photoactivated or photoconvertible GFP:MEX-5 fusion proteins would provide a
helpful tool in understanding the dynamics of MEX-5 localization, particularly in the

role of directed transport or degradation.

PAR-1 has multiple roles in MEX-§ asymmetry

Epistasis analysis demonstrated that mex-5 functions downstream of each of the
par genes, as well as nmy-2 and pkc-3 (Schubert et al., 2000; Cuenca et al., 2003). par-
1 appears to act most immediately upstream of mex-5 since par-1 mutant embryos show
no defects in localization of any other par gene (Schubert et al., 2000). Since par-1,
par-4 and pkc-3 encode predicted Ser/Thr kinases (Guo and Kemphues, 1995; Tabuse et
al., 1998; Watts et al., 2000), these kinases were considered likely candidates to regulate
phosphorylation of MEX-5 at Ser458. Indeed, I identified PAR-1 and PAR-4 as
uniquely required for MEX-5 phosphorylation.

From this work and others, at least two roles for PAR-1 in regulating MEX-5
asymmetry have been identified. First, PAR-1 is required to phosphorylate MEX-5 in
the maternal germline. This activity occurs at the onset of MEX-5 translation in the
distal arm of the gonad, as germ cells exit arrest at the pachytene stage of meiotic
prophase, and enter oogenesis. Although previous studies demonstrated that PAR-1
was expressed in the maternal germline, no activity for PAR-1 prior to fertilization has
been described (Guo and Kemphues, 1995). It is not known whether MEX-5
phosphorylation is required in the germline, or if phosphorylation after fertilization
would result in the same MEX-5 asymmetry. To address this question, it would be

useful to identify temperature-sensitive alleles of par-1 that affect its kinase activity. In
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addition to defects in MEX-5 phosphorylation, par-1(RNAi)-treated animals also show
defects in development of the maternal germline, as germ cells appear to prematurely
cellularize and the production of fertilized embryos eventually ceases (data not shown).
Similar defects are also seen in par-1(it60), a putative null allele that produces fewer
embryos than other par-1 mutant alleles. Since mex-5(-);mex-6(-) double-mutant
hermaphrodites have apparently normal germlines, these observations raise the
possibility that PAR-1 may have additional targets in the germline.

A second function for PAR-1 was revealed from par-1 mutant alleles in which
MEX-5 phosphorylation occurred at wild-type levels, but no asymmetry was observed
in 1-cell embryos. These results confirmed earlier observations that PAR-1 kinase
activity was not sufficient for MEX-5 asymmetry, since both PAR-1 and MEX-5 are
expressed uniformly in par-3 mutant embryos (Etemad-Moghadam et al., 1995;
Schubert et al., 2000). After the 1-cell stage, PAR-1 activity is required to stabilize
multiple proteins in the posterior, including the germline proteins PIE-1, POS-1 and
MEX-1 (DeRenzo and Seydoux, 2004), and P granules (Cheeks et al., 2004). In the
absence of par-1, MEX-5 and MEX-6 are expressed uniformly in early embryos.
MEX-5 and MEX-6 expression activates the ZIF-1-E3 ubiqutin ligase complex, leading
to the degradation of the CCCH proteins. An analogous role for PAR-1 occurs in
Drosophila oocytes, where PAR-1 stabilizes Oskar proteins in the posterior through
phosphorylation (Riechmann et al., 2002). Oskar protein in the anterior is then targeted
for degradation by an unknown mechanism. Therefore, PAR-1 may act in the posterior
1-cell embryos to antagonize MEX-5 and MEX-6 activity (Schubert et al., 2000;

Cuenca et al., 2003).
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Two models may explain the function of PAR-1 in restricting MEX-5 to the
anterior. First, localization of PAR-1 to the posterior cortex, which requires the activity
of the RING finger protein PAR-2, may destabilize MEX-5 in the posterior and result in
its degradation (Cuenca et al., 2003). Support for this model comes from observations
that MEX-5 activity is reduced in par-3 mutant embryos (Cuenca et al., 2003). Since
PAR-1 is mislocalized throughout par-3(-) embryos, this result implies negative
regulation of MEX-5 by PAR-1 (Cuenca et al., 2003). While PAR-1 contains an
ubiquitin-associated (UBA) domain, which is also found in other proteins involved in
proteolysis (Hofmann and Bucher, 1996), none of the par-1 alleles examined in this
study have mutations within the UBA domain. Additionally, this model requires that
the mechanisms that degrade MEX-5 in the posterior act specifically on MEX-5 and not
on the germline proteins. In an alternative model, PAR-1 may activate another protein
that is required to exclude MEX-5 from the posterior. In Drosophila and mammalian
cells, PAR-1 acts with 14-3-3 proteins to phosphorylate PAR-3 homologs and exclude
PAR-3 from the posterior of Drosophila ooéytes and from the basal membranes of
epithelial cells (Benton et al., 2002; Benton and St Johnston, 2003). Since the C.
elegans 14-3-3 protein PAR-S5 is also necessary for MEX-5 asymmetry (Morton et al.,
2002; Cuenca et al., 2003), PAR-5 is a potential candidate to interact with PAR-1.

Based on interactions between PAR-1 and MEX-5 as described above, I suggest
that MEX-5 is a direct substrate for PAR-1 kinase activity. First, in a screen of over 40
Ser/Thr kinases, only PAR-1 and PAR-4 had any effect on levels of MEX-5
phosphorylation in the maternal germline and embryos. Second, MEX-5

phosphorylation at Ser458 was completely abolished in mutants expressing a putative
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kinase-dead PAR-1 protein; PAR-4 was not sufficient to initiate MEX-5

phosphorylation. Finally, par-1 functions immediately upstream of mex-5 in the
establishment of anterior-posterior polarity; to date, no genes have been identified that
act downstream of par-1 in regulating MEX-5 asymmetry. However, a search of the
MEX-5 protein sequence did not reveal any motifs known to be PAR-1 kinase target
sites (Benton and St Johnston, 2003; Nishimura et al., 2004; Riechmann and Ephrussi,
2004; Ossipova et al., 2005). Itis possible that PAR-1 does not phosphorylate MEX-5
directly, but instead activates another kinase that then phosphorylates MEX-5.
Therefore, assessing the ability of PAR-1 to directly phosphorylate MEX-5 by in vitro
kinase assays would be an important first step in understanding molecular pathway

leading to MEX-5 phosphorylation.

PAR-4 kinase activity maintains, but does not initiate, MEX-5 phosphorylation

This study demonstrated that PAR-4 kinase activity is required in the C. elegans
germline to maintain MEX-5 phosphorylation at Ser458. In par-4 mutant gonads,
levels of MEX-5(pS458) are initially high in young, more distal oocytes, but
progressively decrease in more mature oocytes, and are undetectable in the most mature
oocyte. This lack of phosphorylation is also observed in 1-cell embryos. This
observation suggests that this decrease in staining with anti-MEX-5(pS458) is due to an
increase in phosphatase activity in maturing oocytes. PAR-4 may protect MEX-5 from
the activity of phosphatases either by directly phosphorylating MEX-5, or by inhibiting
phosphatase activity. The decrease in levels of MEX-5 phosphorylation in par-4

oocytes has striking similarities to an increase in levels of activated mitogen-activated
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protein kinase (MAPK) in mature oocytes in response to sperm cues (Miller et al.,
2001). The activation of MAPK in these oocytes is associated with changes in activities
of other proteins (Leacock and Reinke, 2006). For example, up-regulation of protein
phosphatases may result in dephosphorylation of MEX-5 in the absence of PAR-4
activity. Depletion of phosphatases with known activities in the gonad, including LIP-1
and PAA-1 (Hajnal and Berset, 2002; Kamath et al., 2003) did not restore MEX-
5(pS458) levels in proximal oocytes of par-4 mutants (data not shown). However, in
several experiments, the combined depletion of PAR-4 and a phosphatase resulted in
severely defective gonads, precluding analysis of MEX-5 phosphorylation. Analysis of
MAPK pathway components in par-4 mutants would address the role of activated
MAPK on MEX-5 phosphorylation.

PAR-4 expression in the gonad shows an abrupt transition from localization at
actin-rich boundaries between germ cells in the distal arm of the gonad, to primarily
cytoplasmic localization in maturing oocytes (Watts et al., 2000) (this study). This
change in PAR-4 localization suggests that cytoplasmic expression of PAR-4 is
necessary for its role in maintaining MEX-5 phosphorylation, and may explain why
PAR-4 is insufficient to initiate MEX-5 phosphorylation at the transition from germ
cells to oocytes. Alternatively, PAR-1 kinase activity may be necessary for PAR-4
activation and/or relocalization (see below).

PAR-4 homologs, including XEEK1 (Xenopus) and LKB1 (Drosophila and
mammals), have conserved roles in cell polarity and signal transduction (Su et al., 1996;
Hemminiki et al., 1998; Jenne et al., 1998; Martin and St Johnston, 2003). Mutations in

the human kb1 locus cause Peutz-Jeghers syndrome, leading to a predisposition to
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tumorigenesis, possibly as the result of a loss of cell polarity (Hemminiki et al., 1998;
Jenne et al., 1998; Baas et al., 2004; Forcet et al., 2005). In mammalian cells, the
pseudokinase STRAD and mouse protein 25 (MO25) are obligate co-factors of LKB1
activity (Baas et al., 2003). STRAD is required to induce LKB1 activation, resulting in
actin cytoskeleton reorganization and the formation of brush borders and cell-cell
junctions (Baas et al., 2004). C. elegans has one homolog of STRAD, Y52D3.1
(WormBase), but no obvious homologs of MO25. The protein encoded by the Y52D3.1
locus has yet to be characterized, and depletion of Y52D3.1 by RNAI in wild-type
animals had no obvious effect on embryo development (WormBase). However,
Y52D3.1(RNAI) in par-4 mutant animals may uncover potential interactions between
PAR-4 and this STRAD homolog. LKBI is also required to activate multiple
components of the Wnt/f-catenin signaling pathway, including GSK-38 kinase. Loss of
function mutations in /kb1/ result in a decrease in phosphorylation of B-catenin in both
Xenopus laevis and human cell culture (Ossipova et al., 2003; Lin-Marq et al., 2005).
Loss of function of GSK-3 in early C. elegans embryos does not affect MEX-5
asymmetry or phosphorylation (this study), but is required for degradation of OMA-1
and OMA-2 in the transition from oogenesis to embryogenesis (Nishi and Lin, 2005,
Shirayama et al., 2006; Stitzel et al., 2006). LKB1 has been shown to phosphorylate
target proteins at two unique motifs, matching the consensus sequence LxT and
CGSPxY (Spicer et al., 2003). The MEX-5 C-terminal domain has a single LxT motif
(LST, amino acids 452-454). However, substitution of Thr454 with Ala had no effect

on GFP:MEX-5 asymmetry in early embryos.
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One question from these studies is whether the mechanisms that maintain MEX-
5 phosphorylation in the germline are also used in the early embryo. Is PAR-4
necessary for this maintenance in 1-cell embryos? Or is MEX-5 protected from
phosphatase activity through interactions with proteins in the anterior of each germ cell
precursor? Analysis of the temperature-sensitive allele par-4(it47) may address this
question by identifying when PAR-4 activity is critical for MEX-5 asymmetry.
Additionally, identification of mutations in par-4 that occur outside kinase domain may

shed light on such a function.

Do PAR-1 and PAR-4 regulate each other’s activities in C. elegans?

The relationship between PAR-1 and PAR-4 in other organisms is somewhat
controversial. In Drosophila, genetic data and kinase assays demonstrated that PAR-1
phosphorylates and activates the Drosophila PAR-4 homolog, LKB1, but LKB1 does
not directly phosphorylate or activate PAR-1 (Martin and St Johnston, 2003).
Conversely, experiments in mouse models and human cell culture lines demonstrated
that LKB1 directly phosphorylates Parl/MARK at conserved motifs (Spicer et al.,
2003; Woods et al., 2003; Lizcano et al., 2004). In C. elegans, PAR-1 and PAR-4 have
similar phenotypes, but do not appear to be fully redundant, since PAR-4 is unable to
initially phosphorylate MEX-5 in the absence of PAR-1 kinase activity, nor is PAR-1
able to maintain MEX-5 phosphorylation in the absence of PAR-4. Although par-7 and
par-4 mutant embryos have similar phenotypes after the 1-cell stage, par-4 mutant
embryos have apparently normal spindle positioning at the 1-cell stage (Morton et al.,

1992), suggesting that PAR-1 activity occurs prior to PAR-4 activity. In mammalian
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cells, LKB1 was shown to phosphorylate the PAR-1 homolog PAR1A/MARKS3 at the

LxT and CGSPxY motifs (Spicer et al., 2003). The C. elegans PAR-1 protein
(H39E23.1; WormBase) includes five LKB1 consensus phosphorylation sites: four sites
that match the consensus LxT motif, and one CGSPPY motif. However, it is unknown
whether PAR-4 is able to phosphorylate PAR-1 at these or other residues.

In some par-4(it47ts) mutant 2- and 4-cell embryos, there was a detectable
increase in staining with anti-MEX-5(pS458) in the germline blastomere (data not
shown). Since there are no apparent differences in PAR-1 protein localization in par-4
mutant embryos as compared to wild-type (data not shown), it is possible that
enrichment of PAR-1 in the germline blastomere results in de novo phosphorylation of
MEX-5 protein. These observations suggest that PAR-1 retains some function in the
absence of par-4. However, similar increases in anti-MEX-5(pS458) staining were not
observed in any of the par-1 alleles, suggesting that either PAR-4 is inactive in these
alleles, or that PAR-4 kinase activity is not sufficient to initiate phosphorylation of
MEX-5. PAR-4 expression appears to be unaffected in par-1(b274) mutant gonads and
embryos (Watts et al., 2000), but it is unknown whether PAR-4 retains kinase activity in
the absence of PAR-1 function. Results from this study support previous suggestions
that par-1 and par-4 function in independent pathways, rather than as part of a linear
pathway (Bowerman et al., 1997). However, it is possible that PAR-4 expression
requires PAR-1 kinase activity, so par-1(it51) mutant embryos should also be stained
for PAR-4.

Further evidence that PAR-1 and PAR-4 share some overlapping functions came

from my observations of maternal germline defects in par-1(RNAi) and par-4(it47ts)
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single mutant hermaphrodites. While oogenesis proceeded normally for the first 18 —
24 hours following entry into adulthood, after 24 hours, rounded cells, enclosed in a
complete membrane, began to appear in both the distal and proximal gonad arms.
Eventually, both par-1(RNAi) and par-4(it47ts) mutant animals ceased to make
fertilized embryos, even though sperm was still detected in the spermatheca. In par-
I(RNAi);par-4(it47ts) double-mutant embryos, this germline defect was observed much
sooner following entry into adulthood — often within 8 hours, and brood sizes were
much smaller. It is not know whether the rounded cells observed in the gonad are
prematurely-cellularized oocytes, or if they express somatic cell fate markers, as was
recently described in gonads depleted of both gld-1 and mex-3 (Ciosk et al., 2006).
Analysis of par-1(RNAi),;par-4(it47ts) double mutant gonads with the oocyte-specific
markers MEX-3 and OMA-1 would resolve this question. No role for germline
development has been previously described for PAR-1. Recently, PAR-4 was shown to
be necessary for germline quiescence in metabolically-arrested (dauer) larvae. Loss of
function of PAR-4 results in excess proliferation of germ cells; this function requires
the activity of the AMPK homolog AAK-2 (Narbonne and Roy, 2006). It would be
interesting to explore whether PAR-4 also regulates germ cell proliferation in adult

gonads.

Kinase signaling pathways and cell fate specification

In recent years, kinase signaling has emerged as a major signal transduction
pathway in establishment of anterior-posterior polarity and cell fate specification in

multiple organisms (Brajenovic et al., 2004; Gotta, 2005). In C. elegans, kinases play



75

an integral role in the progression through each stage of early embryo development.
Oocyte maturation and competence for fertilization requires the mitogen-activated
protein kinase (MAPK) pathway, which is activated in response to signals from sperm
(Miller et al., 2001). Following fertilization, exit from meiosis and entry into mitosis
requires both minibrain kinase (MBK-2) and glycogen synthase kinase 3 (GSK-3)
(Pellettieri et al., 2003; Nishi and Lin, 2005; Shirayama et al., 2006; Stitzel et al., 2006).
The maintenance of anterior-posterior polarity requires in part the exclusion of PAR-2
from the anterior cortex by phosphorylation by PKC-3 (Hao et al., 2006). My research
suggests that MEX-5 is the first known downstream target of any of the PAR kinases in
C. elegans 1-cell embryos, and provides insight into how polarity information from the
PAR proteins is transduced into somatic and germline fate decisions. Since both MEX-
5 and MBK-2 are necessary to restrict germline proteins such as PIE-1 to the posterior
(Schubert et al., 2000; Pellettieri et al., 2003), these results suggest that at least two
independent kinase signaling cascades are necessary for the asymmetry of germline
proteins. Finally, the phosphorylation of MEX-5 during oogenesis raises the possibility
that MEX-5 plays another, undescribed role in development of the maternal germline.
It will be important to determine whether MEX-5 is an in vivo substrate of PAR-1
and/or PAR-4 kinase activity, and to understand how MEX-5 phosphorylation leads to

its asymmetry.
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Figure 13. Revised model for establishment of germline asymmetry in 1-cell embryos.
Phosphorylation of MEX-5 at Ser458 by PAR-1 and/or PAR-4 occurs in the gonad prior
to fertilization, and is required for MEX-5 asymmetry in 1-cell embryos.
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Conclusions and Future Direction

The CCCH zinc finger proteins MEX-5 and MEX-6 are necessary for the proper
localization of cell fate regulators, including germline proteins, in early C. elegans
development. However, while MEX-5 was shown to act downstream of the PAR
polarity proteins in 1-cell embryos, the mechanisms resulting in MEX-5 asymmetry are
unknown. In this study, I describe several findings that indicate that MEX-5 asymmetry
requires phosphorylation by two Ser/Thr kinases, PAR-1 and PAR-4. First, I identified
two regions within MEX-5 that are necessary for its asymmetry: a region between
amino acids 199 and 270 N-terminal to the ZF1 domain, and the C-terminal 22 amino
acids. This C-terminal domain includes six Ser and Thr sites that are conserved in
MEX-6 and two MEX-5 orthologs. I demonstrated that MEX-5 is a phosphoprotein, and
that phosphorylation at Ser458 is necessary for MEX-5 asymmetry in 1-cell embryos.
Using an antiserum against MEX-5 phosphorylated at Ser458 [MEX-5(pS458)] |
demonstrated that MEX-5 is phosphorylated in the gonad when MEX-5 expression is
first detected in young oocytes, and is maintained in all oocytes. A screen of predicted
Ser/Thr kinases identified two kinases, PAR-1 and PAR-4, that affected levels of MEX-
5 phosphorylation in the gonad. MEX-5 phosphorylation was undetectable in par-
1(it51) embryos expressing a kinase-dead PAR-1 protein, although MEX-5 protein
levels were similar to wild-type. In par-4 mutant embryos expressing a kinase-dead
PAR-4 protein, MEX-5 was phosphorylated at wild-type levels in the young oocytes,

but levels progressively decreased in oocytes until it was undetectable in the most
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mature oocytes. These results demonstrate that the Ser/Thr kinases PAR-1 and PAR-4

have multiple roles in MEX-5 asymmetry.

Phosphorylation of MEX-5 C-terminal domain

The identification of MEX-5 as a phosphoprotein raises several questions about
phosphorylation in the C-terminal domain. My results show that the serine residue
Ser458 is critical for MEX-5 asymmetry and is phosphorylated in vivo. For some
phosphoproteins in other systems, negatively-charged amino acids such as Asp or Glu
can mimic a consitutively phosphorylated Ser or Thr residue. However, substitution of
Serd458 with either Asp or Glue did not result in MEX-5 asymmetry. Thus, proteins that
interact with phospho-MEX-5 may require high-affinity binding to the Ser458 site, or
MEX-5 asymmetry may require dynamic phosphorylation of Ser458 that is not apparent
in my fixed and stained preparations of C. elegans gonads and embryos. For example,
my finding that PAR-4 is required to maintain MEX-5 phosphorylation specifically in
late oocytes suggests that dynamic events may occur in normal development.

Although GFP:MEX-5% fusion protein lacked detectable asymmetry at the 1-
cell stage in most embryos, weak asymmetry was detectable in a few embryos. Itis
possible that phosphorylation at Ser458 creates a recognition site for another protein
that is necessary for MEX-5 asymmetry, and that substituting this Ser with Ala does not
completely prevent recognition of this site. For example, surrounding residues may
compensate for the loss of phosphorylation at Ser458, such as by serving as an alternate
phosphate acceptor site. This possibility is supported by the observation that no

asymmetry is detected in embryos expressing the GFP:MEX-5"°"** fusion protein. To
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determine the contribution of Ser and Thr sites to MEX-5 asymmetry, it will be of
interest to map phosphorylated residues in the C-terminal domain by mass spectrometry
(Garcia et al., 2005).

While my research shows that MEX-5 phosphorylation is dependent on PAR-1
and PAR-4 kinase activity, I have not yet been able to determine whether MEX-5 is
phosphorylated directly by either kinase. Analysis of MEX-5 proteins purified from
wild-type, par-1(it51) and par-4(it47ts) strains, as well as GFP:MEX-5°*® fusion
proteins purified from transgenic strains, would identify both primary and secondary
phosphorylation sites. In particular, analysis of MEX-5 phosphorylation in par-I and
par-4 mutant backgrounds may identify potential motifs phosphorylated by PAR-1- and
PAR-4-dependent kinase activities. Confirmation of the specificities of these motifs as
PAR-1 or PAR-4 substrates would add novel motifs to the list of known recognition
sites for these kinases in other organisms.

In addition to the MEX-5 C-terminal domain, I identified an N-terminal region
from amino acids 199 to 270 that is important for MEX-5 asymmetry. It is not known
which sequences within this region are necessary for this asymmetry. No obvious
protein-interaction motifs are present in this region (ScanSite, http://scansite.mit.edu),
and none of the Ser and Thr sites are predicted to be phosphorylated (NetPhos Server
2.0; (Blom et al., 1999)). Further deletion analysis of this region could be useful in
identifying specific residues that are critical for asymmetry, and the domain itself could

be used to screen for interacting proteins by the yeast two-hybrid system.
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Generation of MEX-5 asymmetry in 1-cell embryos

Observations of protein localization by live GFP imaging has resulted in
important insight into the process by which MEX-5 and other proteins are localized in
early embryos (Reese et al., 2000; Cuenca et al., 2003; Cheeks et al., 2004; Munro et
al., 2004). These previous experiments, in combination with this study, lead us to
propose that MEX-5 asymmetry is achieved through a combination of any of three
processes: directed transport, translation, and localized degradation. An important goal
will be to understand the contribution of each process to the generation of MEX-5
asymmetry.

By examining MEX-5 asymmetry with respect to cellular behaviors at the 1-cell
stage, I showed that most MEX-5 asymmetry occurs after anterior cortical flow. This
result could mean that MEX-5 asymmetry is only indirectly dependent on cortical flow.
It remains possible that a small fraction of MEX-5 localization is affected directly by
flow. To better analyze possible relationship between cortical flow and MEX-5
localization, it would be useful to create transgenic strains expressing both MEX-5 and
NMY -2, fused to different GFP variants (such as GFP:MEX-5 and RFP:NMY-2). Such
strains could also be useful in genetic screens to identify other genes necessary for
MEX-5 asymmetry. Performing either forward screens (by mutagenizing worm strains)
or reverse screens (by feeding worms bacteria expressing dsRNA), 1-cell embryos can
be analyzed directly for effects on GFP:MEX-5 localization. Since NMY -2 localization
is necessary for MEX-5 asymmetry, the presence of RFP:NMY -2 in the strain would

allow for discarding of mutants in which RFP:NMY -2 failed to localize to the anterior.
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Visualization of MEX-5 localization using photoactivatable GFP reporter
proteins would be very useful in understanding MEX-5 dynamics. In such experiments,
a small region of the posterior pole of 1-cell embryos is irradiated with the appropriate
excitation wavelength. These studies could provide important insight into the dynamics
of MEX-5 asymmetry; translocation of the GFP signal from one region of the embryo to
another would suggest a role for directed transport. Conversely, the disappearance of
signal from an irradiated posterior region of the embryo could suggest a role for protein
degradation. I attempted to perform these types of experiments with a photoactivated
GFP reporter protein (PA-GFP) (Patterson and Lippincott-Schwartz, 2002), under the
control of the nmy-2 promoter and 3’UTR. However, I was unable to activate GFP
fluorescence in 1-cell embryos, even though PA-GFP:MEX-S5 fusion protein was
detectable by immunostaining for GFP. I found that the level of protein expression in
embryos was much lower than in gonads, where other groups have been able to activate
PA-GFP fusion proteins successfully (J. Nance and E. Munro, unpublished). Because
the nmy-2 3’ UTR used to construct the fusion protein might influence translation levels,
future experiments should explore replacing the 3’UTR with others that are known to
promote embryonic expression. Alternatively, a photoconvertible form of GFP
(“Kaede”) was developed which converts from green to red fluorescence upon exposure
to UV light (Ando et al., 2002). Compared to PA-GFP fusion proteins, which require
activation with a laser at 413 nm, the Kaede GFP is visible under standard
epifluorescence conditions. If the Kaede GFP reporter construct is capable of
expression in the C. elegans germline, then it may facilitate selection of transgenic

embryos expressing detectable levels of GFP fusion proteins in embryos.
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mex-5 mRNA is made maternally, and is translated in oocytes prior to
embryogenesis. If embryonic mRNA translation contributes to MEX-5 asymmetry, it
may be possible to address this by inhibiting translation in the early embryo with the
drug cycloheximide (Zdinak et al., 1997), or by depleting the function of translational
regulators, such as IFG-1 and EFT-3 (Rhoads et al., 2006). Injection of cycloheximide
into the oocytes of adults expressing GFP:MEX-5 should distinguish the dynamics of

pre-existing MEX-5 protein from the behavior of MEX-5 translated in embryos.

PAR-1-mediated localization of MEX-§

I have shown that PAR-1 kinase activity is required for phosphorylation of
Ser458 and for MEX-5 asymmetry, but that phosphorylation at Ser458 is not sufficient
for the PAR-1-dependent localization of MEX-5 to the anterior. These results suggest
that PAR-1 has additional, direct or indirect, effects on MEX-5 localization that do not
involve Ser458. Identifying these additional roles will be crucial for a full
understanding of the role of PAR-1 in MEX-5 asymmetry. MEX-5 is phosphorylated
but not expressed asymmetrically in par-1(b274), par-1(e2012) and par-1(it60) mutant
embryos. Identifying mutations in par-1(b274), par-1(e2012) and par-1(it60) genomic
sequences may shed light on the role of PAR-1 in MEX-5 asymmetry; the residues
altered by the mutations have not been determined, but are known not to occur in the
kinase domain or C-terminal domain (Guo and Kemphues, 1995). PAR-1 includes a
UBA domain, which is also found in E2 and E3 ubiquitin ligases, and may be important
for interactions among proteins in the ubiquitin-mediated degradation pathway

(Hofmann and Bucher, 1996). However, I did not identify any mutations within the
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UBA domain of any of these par-1 alleles. Other mutations may lead to the
identification of domains necessary for cortical localization of PAR-1. The proteins
encoded by par-1(b274) and par-1(e2012) alleles are expressed in 1-cell embryos, but
fail to localize to the posterior cortex after fertilization.

A putative allele of par-1 previously identified in our lab (Schubert, 2000)
resembles the par-1(b274), par-1(e2012) and par-1(it60) alleles in that MEX-5 is
phosphorylated but symmetrically expressed in 1-cell embryos. This par-1(zu310)
allele is temperature-sensitive, producing 100% inviable embryos at the restrictive
temperature of 25°C. Further characterization of this allele, in particular determining
the genetic lesion resulting in the Par phenotype, and examining the localization of the
protein produced by this allele, may yield useful information on the role of PAR-1 in
MEX-5 asymmetry. Determining the temperature-sensitive period of zu370 could
indicate when PAR-1 function is critical. These experiments may be most informative
by combining the zu310 allele with various GFP:MEX-5 fusion proteins to assess when
PAR function is necessary for MEX-5 localization.

If a role for PAR-1 in MEX-5 destabilization is supported by analysis of the
experiments described above, then it is possible that other members of the ubiquitin-
mediated degradation pathway may also be necessary. I examined GFP:MEX-5
asymmetry in embryos depleted of proteasome subunits by RNAI, but in many of these
experiments either no phenotype was observed, or embryos arrested prior to the
transition from meiosis to the first mitotic division; MEX-5 asymmetry requires exit
from meiosis, which is marked by the extrusion of a polar body near the anterior pole of

the embryo, and the appearance of the male and female pronuclei. A possible approach
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to resolve the role of degradation in MEX-5 asymmetry is the use of proteasome
inhibitors, such as clasto-lactacystin -lactone. These inhibitors are irreversible and
were shown to act quickly in 1-cell embryos following delivery of inhibitors by laser-
induced holes in the eggshell (Labbe et al., 2004). Maximal MEX-5 asymmetry occurs
approximately 10 minutes after the appearance of the pronuclei, and before formation of
the single zygotic nucleus (Cuenca et al., 2003) (my observations). Therefore, exposing
embryos to proteasome inhibitors when the pronuclei first become visible might provide
sufficient time for inhibition.

A more general approach to identifying potential regulators of MEX-5
asymmetry is through yeast two-hybrid screens, and mass spectrometry analysis of
protein complexes purified by immunoprecipitation. For example, antiserum against
GFP can be used to purify GFP:PAR-1-bound protein complexes, which may reveal
candidate proteins involved in protein degradation or kinase signal transduction.

Similar experiments can be performed to purify GFP:MEX-5-bound protein complexes
from both wild-type and par-1(-) embryos. Differences in protein composition of
complexes purified from these backgrounds may provide important clues to
mechanisms that result in MEX-5 asymmetry. Similar comparisons should be made for

proteins purified from complexes bound to GFP:MEX-5 and GFP:MEX-5%%4,

PAR-4 and the maintenance of MEX-5S asymmetry

The observation of a progressive decrease in phosphorylation at Ser458 of
MEX-5 in par-4(it47ts) mutants suggests a model in which PAR-4 may be required in

oocytes to counter the effects of increased phosphatase activity on phosphorylated
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MEX-5, either by directly phosphorylating MEX-5, or by indirectly inhibiting

phosphatase activity. Activation of the MAPK signaling cascade in the proximal
oocytes may trigger removal of phosphates from MEX-5, which is counteracted by
PAR-4. To test this model, it will be important to analyze MEX-5 phosphorylation in
par-4 mutant gonads with non-activated MAPK. Depletion of sperm in old
hermaphrodites results in the downregulation of activated MAPK (Miller et al., 2001).
However, gonads from old par-4 mutants that are depleted of sperm have defects in
oogenesis, complicating analysis of MEX-5 phosphorylation. A mutation in the fem-1
gene results in hermaphrodites that fail to make sperm, and instead produce only
oocytes (Nelson et al., 1978; Doniach and Hodgkin, 1984). Prior to mating, these
oocytes lack detectable levels of activated MAPK (Miller et al., 2001; Page et al.,
2001). Therefore, if activated MAPK in mature oocytes is responsible for the decrease
in MEX-5 phosphorylation in the par-4 background, then MEX-5 phosphorylation
should be restored in all oocytes in fem-1;par-4 double mutant gonads. As a corollary
experiment, examination of the effect of precocious activation of MAPK on
phosphorylated MEX-5 would also be useful. A mutation in the efl-/ gene results in
activation of MAPK in young, more distal oocytes (Page et al., 2001). If MAPK
activation is correlated with MEX-5 dephosphorylation, then efl-1,par-4 double mutant
gonads would be expected to have decreased levels of phosphorylated MEX-5 in more
distal oocytes.

An unresolved question is whether PAR-4 has a role in maintaining MEX-5
phosphorylation in embryos. At no time during early embryo development do the levels

of MEX-5(pS458) appear to be significantly different from MEX-5 levels. It is possible
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that PAR-4 continues to protect MEX-5 phosphorylation after fertilization.
Alternatively, MEX-5 may interact with a protein(s) in the anterior that protects Ser458
from the activity of phosphatases. To ask whether PAR-4 is required for this
maintenance, MEX-5(pS458) levels should be examined in par-1(b274),par-4(it47ts)
double mutant embryos. MEX-5(pS458) levels are symmetric in 1-cell par-1(b274)
embryos, so any role for PAR-4 in the maintenance of phosphorylation should be
apparent in a decrease in levels of MEX-5(pS458) compared to levels of MEX-5. Due
to the roles of both PAR-1 and PAR-4 in germline development, it is a concern that few
or no embryos would be produced by the double mutants, as was observed in par-
1(RNAi);par-4(it47ts) double mutant hermaphrodites. However, since par-1(b274)
single mutant animals do not have the same germline defects seen in par-1(RNAi)-
treated animals, it is possible that par-1(b274),par-4(it47ts) double mutant animals
would produce sufficient numbers of embryos for analysis.

The identification of other proteins that interact with PAR-4 in the germline, as
activators or substrates, may yield more information on the role of PAR-4 in MEX-5
phosphorylation, and reveal other roles for PAR-4 in germline development. To this
end, strains expressing GFP:PAR-4 can be used in experiments to purify PAR-4-
interacting proteins by immunoprecipation with antibodies against GFP, and analyze
complexed proteins by mass spectrometry. Alternatively, possible substrates of PAR-4

may be identified in yeast two-hybrid screens.
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MEX-5§, MEX-6 and localization of germline proteins

An unresolved question is the role of MEX-6 in cell fate specification. MEX-5
can substitute fully for MEX-6 activity, as null mutants for mex-6 are viable.
Conversely, MEX-6 cannot substitute for MEX-5 activity, as mex-5 mutants are
inviable and the phenotype of mex-5;mex-6 double mutant embryos is more severe than
mex-5 single mutants. It is possible that MEX-6 and MEX-5 identical functions, but
that MEX-5 levels are insufficient for normal development. In support of this
hypothesis, we recently demonstrated that the germline CCCH protein POS-1
suppressed the mex-5 mutant phenotype, and that this suppression required mex-6
function. We proposed a model in which POS-1 functions in part to restrict MEX-6
accumulation, possibly through translational regulation of the mex-6 3’UTR (Tenlen et
al., 2006).

To test whether the mex-5;mex-6 phenotype is due to protein levels or to a
unique function for MEX-6, it would be useful to raise antibodies against MEX-6.
While existing GFP:MEX-6 transgenic strains show similar localization patterns as
MEX-5, our genetic experiments suggest that there may be subtle differences in the
expression of endogenous MEX-6 not apparent with the GFP:MEX-6 fusion proteins
(Tenlen et al., 2006). Furthermore, an antibody against MEX-6 would allow for
comparisons of the levels of endogenous protein between MEX-5 and MEX-6 in wild-
type, mex-5 and mex-6 mutant embryos.

To ask whether protein levels explain the differences in mex-5 and mex-5;mex-6
mutant embryos, transgenic strains should be created that express the MEX-6 coding

sequence under the control of the mex-5 promoter and 3’UTR. If MEX-5 and MEX-6
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are truly redundant proteins, then the mex-5-driven GFP:MEX-6 fusion protein should
be able to rescue the mex-5 single mutant phenotype. Protein levels can be monitored

by Western blot hybridization to ensure that expression from the transgene is at similar
levels to rescuing GFP:MEX-5 transgenes.

In conclusion, the work of our lab and others has demonstrated the importance
of the PAR polarity proteins in cell fate specification in early C. elegans embryos, and
identified the CCCH zinc finger proteins MEX-5 and MEX-6 as key intermediates
between the PAR proteins and downstream cell fate regulators. However, it was
unclear whether MEX-5 and MEX-6 were direct or indirect targets of PAR activity, nor
had the mechanisms leading to MEX-5 asymmetry in 1-cell embryos been described. In
this study, I have identified MEX-S5 as the first known target of the PAR proteins in the
early C. elegans embryo. The discovery that MEX-5 phosphorylation is regulated by
PAR-1 and PAR-4 in the gonad is the first published report of a role for any of the C.
elegans PAR proteins in setting up anterior-posterior polarity prior to fertilization.
Given the importance of the PAR proteins in polarization of many cell types across
metazoans, this study uncovers new roles for the Ser/Thr kinases PAR-1 and PAR-4 in
cell polarity, and enhances our understanding of the signaling pathways regulated by the

PARs.
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ABSTRACT

Cell fate specification in the carly C. elegans embryo requires the activity of a family of proteins with
CCCH zincdinger motifs. Two members of the family, MEX-h and MEX-6, are enriched in the anterior of
the early embryoe where they inhibit the accumulation of posterior proteins. Embryos from mex-5 single-
muant mothers are inviable due to the misexpression of SKN-1, a transcription factor that can specify
mesaderm and endoderm. The aberrant expression of SKN-1 causes a loss of hypodermal and neuronal
tissue and an excess of pharyngeal muscle, a Mex phenotype (muscle excess). POS-1, a third protein with
SCCH motifs, is concentrated in the posterior of the embryo where it restricts the expression of at least
one protein to the anterior. We discovered that reducing the dosage of pos-1(+) can suppress the Mex
phenotype of mex-5(~) embryos and that POS-1 binds the 3-UTR of mex-6. We propose that the
suppression of the Mex phenotype by reducing pos-1(+) is due to decreased repression of mex-6 trans-
lation. Qur detailed analyses of these protein functions reveal complex interactions among the CCCH
finger proteins and suggest that their complementary expression patterns might be refined by antag-

onistic interactions among them.

fundamental question in development is how sister

cells become different from one another. These
differences can result from an intrinsic asymimetry pres-
ent in the mother cell or asymmetry can be triggered by
an external cue. In the Caenorhabditis elegans embryo,
anterior-posterior asymmetry is initially established at
fertilization (GowpsTeIN and Hirp 1996). The sperm
aster activates a cascade of cvents in the one<cell em-
bryo that results in the asymmetric localization of a
group of proteins, called PARs (SADLER and SHAKES
2000; WALLENFANG and SEYDOUX 2000; CUENCA ¢t al
2003). The PAR proteins are required to polarize the
one-cell embryo, and their asymmetric localization has
two major downstream effects. First, PAR proteins
control the asymmetric placement of the first mitotic
spindle. As a result, at the two-cell stage the anterior
blastomere is larger than its posterior sister. Second,
the PARs affect the fates of the anterior and posterior
cells through the asymmetric localization of cell fate
determinants (Rosk and KemprHues 1998). The larger
anterior cell produces the majority of ectoderm, hypo-
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dermis, and neurons in the wild-type worm. The smaller,
posterior sister cell generates the endoderm, the germ-
line, and the majority of mesodenn. The mechanisms
by which PAR proteins act on the downstream pro-
teins that regulate cell fate have only recenty begun
to be elucidated (ScHUBERT @ al. 2000; CUENCA o al
2003).

The PAR proteins, in particular the Ser/Thr kinase
PAR-1, are thought to act on members of the CCCH
zincfinger protein family to regulate cell fate. PAR-1
restricts two CCCH proteins, MEX-5 and MEX-6, to the
anterior pole of the one-cell embryo. The function of
both MEX-5 and MEX-6 proteins is required to limit
the accumulation of three other CCCH proteins, PIE-1,
POS-1 and MEX-1, such that they are enriched in the
posterior of the embryo (SCHUBERT ¢ al. 2000; CuENCa
el al. 2003). PIE-1 acts in the nucleus of germline
precursors to repress transcription and in the cytoplasm
where it prevents degradation of at least one maternal
mRNA and promotes expression of that message
(MELLO ef al 1996; SEYDOUX ef al 1996; BATCHELDER
et al. 1999; TENENHAUS et al, 2001). POS-1 is critical for
both somatic and germline fates (TABARA ef al. 1999;
D’AGOSTINO et al. 2006) and acts as a translational re-
pressor by directly binding the 3'-UTR of its target gene
(OGURA et al 2003), and MEX-1 affects the accumulation
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of several proteins (MELLO ¢ al. 1992; Guepes and
Prikss 1997).

Each member of the above C. elggans family of CCCH
zinc-finger proteins controls cell fate by i ability to
regulate the accumulation and/or expression of other
proteins. The molecular mechanism(s) by which this
regulation is achieved is unknown for MEX-5, MEX-6,
MEX-1, and for the cytoplasmic function of PIE-1. Pro-
teins with CCCH motifs in mammals, flies, and yeast
have been associated with diverse aspects of RNA
regulation, including processing, localization, and de-
stabilization (BEGEMANN et al. 1997; BLACKSHEAR 2002;
ADERETH ot al, 2005; Lapp et al. 2005; Puic el al 2005).
For example, the mammalian TTP and the yeast Cth2
CCCH proteins have been shown to regulate expres-
sion by binding and targeting mRNAs for degradation
(Brackstrar 2002; PutG ef al. 2005). Possibly, the C.
elegans CCCH proteins nse similar mechanisms 10
control cell fate in the early embryo.

Both CCCH proteins MEX-b and POS-1 affect SKN-1
via its accumulation and/or its activity (TABARA ¢ al
1999; ScHUBERT ef al. 2000). SKN-1 is a transcription
factor that acts in descendants of the posterior blasto-
mere of the two-cell embiyo and is important for the
specification of endoderm and a subset of mesodermal
tissues (BOwrrRMAN ¢f al 1992). In wild-type wo-cell
embryos, SKN-1 is presentat a high level in the posterior
cell, and is detected at a lower level in its anterior sister
(BOWERMAN ¢f al, 1993). In mex-5 mutant embryos,
SKN-1 protein accumulates to a high level in the anterior
blastomere, similar 10 the level seen in its posterior
sister. This misexpression of SKN-I results in a Mex
(muscle excess) phenotype. In these mutant embryos,
the anwrior blastomere of the wo-cell embryo pro-
duces ectopic mesodermal tssues, body-wall muscle,
and pharyngeal cells (SCHUBERT ¢ ol 2000). Loss of
pos-1 function has a very different effect on SKN-1. Al-
though SKN-1 expression appears wild-type in pos-1(—)
embryos, loss of pos-1 appears to reduce SKN-1 activity.
Terminally developed pos-1 mutant embryos lack endo-
derm and asubset of mesoderm, a phenotype similar to
that of skn-1(~) embryos (TABARA ¢ al. 1999). Thus, the
effects of mex-5(— )and pos-1(-) are very different; Joss of
mex-5 causes ectopic accumulation and activity of SKN-1,
whereas loss of pos-I reduces SKN-1 activity.

In addition to mex-3, mutations in three other genes,
mex-1, efl-1, or dpl-1, disrupt SKN-1 asymmetry and cause
a Mex phenotype (Me110 o el 1992; BOWERMAN ¢f al
1993; Pack o al 2001). MEX-1 is a CCCH protein
(Gurpgs and Priess 1997). ¢fl-1 and dpl-] encode pro-
teins similar o the mammalian transcription factors
E2F and DPI, respectively (PAGE ef ol 2001). These two
proteins function in the maternal germline where they
upregulate the transcription of genes involved in oo-
genesis and early embryogenesis. Their targets include
mex-6, mex-3, and mex-1 (CH1and REINKE 2006); thus, the
Mex phenotype of ¢fl-1(—) or dpl-1{— ) embryos is most

likely caused by reduced transcription of these CCCH-
encoding genes.

We are interested in the interactions among the var-
ious proteins that control cell fate in the early embryo.
To achieve this objective, we screened for dominant
mutations that suppress the temperamresensitive Mex
phenotype of ¢f-l{sel). We isolated a loss-of-function
mutation in the pes-I gene. Our analysis indicates that
SKN-1 activity is very sensitive to the dosage level of pos-
1{+ ), but that pos-T is not essential for SKN-1 to specify
mesoderm or endoderm. We propose that POS-1 can
indirectly affect SKN-1 in the anterior blastomere, pos-
sibly by repressing mex-6 translation. In addition, our
analysis reveals that mex-53 is required for the asymmetric
pattern of two class IT messages, pos-1 and mex-1. Taken
together, these data indicate mutually restrictive inter-
actions among the anterior and posterior CCCH finger
proteins that may contribute w their complementary
expression patterns.

MATERIALS AND METHODS

Strains: The standard wild-type strain used in these experi-
ments is the Bristol strain N2, The following mutant alleles
were used: LG I, dplI{zu355), unc4(el20), rol-1(e187). let-
23(sy97), mex-1(zul22); LG 11, glp-1(e2142), unc-11%ed3), LG
1V, mex-5(zul99), unc-30(el91);, LGV, rol-Hsc8), efi-1(sel), unc-
42(270). pas-1{zu454), pos-1{zul48), dpy-11(e224), let-406(5s206),
LG X, lin-2(el 309); and MED-1:GFP (MADURO ¢t al. 2001). The
ransgene insertion zulsl59 | pie-1::gfp:: mex-6 (mex-6 3'-UTR)|
was created in this study and is described below. C. elegans
culture, mutagenesis, and genetics were performed as pre-
viously described (BRENNER 1974).

Screen for suppressors of efl-1(sel): We screened for mod-
ifiers of efl-1(sel) using the strain efl-1{sed );lin-2(e1309). This
strain was mutagenized with EMS, and the Fy were shifted to
26° at the L4 stage and screened asadults. We recovered those
worms that produced viable progeny (a bag of viable worms).
We screened 36,000 Fy hermaphrodites and isolated 12 dom-
inant suppressors of the efl-1(sel) temperature-sensitive phe-
notype. Upon further examinarion one of these suppressors
was discovered to be allele 2u454 of pos-1.

Antibodies and fluorescence: We detected SKN-1, POS-1,
and MEX-3 proteins using antibodies and procedures that
have been previously described (BOwerMAN e al. 1993;
TABARA of al 1999; SCHUBERT et al. 2000). We used the mono-
clonal antibody mAb3NB12 to detect pharyngeal muscle cells
{Prikss and THOMSON 1987), and the expression of med-1 was
detected by the fusion construct MED-1:GFP creared and
integrated by Mapuro et al (2001). The presence of endo-
derm was scored using polarizing optics for the intestinal-cell-
specific gut granules (BOWERMAN ef al 1992).

RNA-mediated interference: To direct RNA-mediated in-
terference against pos-1 and mex-1, we used a pair of nested
primers to PCR amplify part of the coding region of these
genes from genomic DNA. Each set of internal primers con-
tains the T7 sequence at the 5'-end to use T7 RNA polymer-
ase to generate doublestrand RNA (dsRNA). To specifically
remove mex-5 or mex-6, we targeted the region described by
SCHUBERT o al. (2000). To direct RNA-mediated interference
against skn-J, we used the cDNA yk2d12 in which the skn-/
insert is flanked by T7 and T3 RNA polymerase binding sites.
L4 worms were soaked in dsRNA for ~15 hr at the tempera-
ture specified. In the case of efl-I(sel) pos-1(zul48)/efl-1(sel)
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pos-1{+ ) heterozygous worms treated with mex-6(dsRNA), we
were unable to distinguish heterozygotes from the homozy-
gous efl-1(sel) pos-1(+ ) worms at the L4 stage. Since soaking
causes only a transient removal of mex-6, we scored the
phenotypic outcome for the progeny of each treated worm
and later determined the corresponding genotype of each
worm on the basis of its viable progeny.

In situ hybridization: cDNA probes for pos-1 and mex-1 were
generated using asymmetric PCR, digoxigenindabeled nucleo-
tides, and the cDNAsyk117h11 and pJPSG9Y, respectively. Fixa-
tion and hybridization procedures were essentially as described
in SGHISA et al. (2001). Briefly, adults were dissected in M9 on
a glass covenslip to remove embryos. The coverslips were in-
verted ona 0.1% polylysinecoated stide and frozen on dry ice.
After removal of the coverslip, the slide was immersed in 100%
methanol at ~20° (5 min), 100% methanol at room temper-
ature (5 min), 90% methanol (1 min), 70% methanol (1 min),
and 50% methanol (1 min) and washed twice in PTw (5 min;
IX PBS, 0.1% Tween 20). Embryos were weated with pro-
teinase K (20 pg/ml; 15 min) at 37° and washed in 2 mg/ml
glycine in PTw (2 min) and PTw (5 min). Embryos were fixed
for 20 min at reom temperature in 4% formaldehyde in PRS
and then washed in PTw (5 min), 2 mg/ml glvcine in PTw
(5 min), PTw (5 min), and 2X SSC (5 min).

Hybridization buffer consisted of 100 ug/ml salmon sperm
DNA, 50 ug/ml heparin, 0.1% Tween 20, 50% formamide, and
53X SSC. Embryos were prehybridized for 10 min at 48°. Probes
were boiled in hybridization buffer for 10 min and put on ice
prior 10 applying to the sample tissue on a microscope slide.
The tissue was covered with a glass coverslip, sealed with rub-
ber cement, and incubated at 37°0r 48° for 12-18 hr. After
hybridization, the slide was washed at 48° with hybridization
buffer (15 min, 30 min). The slide was then washed twice in 2X
SSC (10 min). For alkaline phosphatase detection, the slide
was washed in PBT (1X PBS, 0.1% BSA, 0.1% Triton X-110)
twice for 5 min at room temperature and 5-bromo-4chloro-3
indolyl phosphate and 4-nitro blue tenazolium chloride sub-
strates were added. To stop the detection reaction, embryos
were washed twice in 150 mm NaCl, 50 mum Tris-=HCI pH 7.8,
0.1% BSA, 0.1% Tween-20. Embryos were placed in PBS con-
taining 0.08 pg/ml DAPI and covered with mounting media.

Yeast trihybrid: We used the yeast rihybrid system designed
by Purz et al. (1996). This assay for RNA-protein interactions
was also used by OGura etal. (2003) to demonstrate that POS-1
binds the glp-1 3-UTR. Therefore, we used their pos-I fusion
construct in our experiments and tested its interaction with
the gip-1 3'-UTR as a positive control. We also used their
mutant pos-I(ne51) construct as a negative conwrol. The pos-
1(ne51) mutant allele has a missense mutation that alters the
second zinc finger in the POS-1 protein (OGura et al 2003).
This mutation most likely disrupts pos-I function, and OGura
et al. (2003) did not detect binding of the gip-1 3-UTR with
this mutant pes-1. We constructed the fusion RNA between Rev
response element (RRE) and the mex-63'-UTR by using a mex-6
PCR product. Qur PCR primers were 5'-cgegacgegtccattttiga
tttacccactgagagtee-3' and 5'-agaatgeggecgcaggegeagggtatigg
aatgg-3'. The 5'-end of each primer contains a restriction en-
zyme site, Ml and Notl, respectively, allowing for unidirec-
tional cloning. The PCR product was digested and cloned into

the pRevRX vector. The wild-type 226-bp sequence of the mex-6

3".UTR was confirmed by sequencing.

The yeast strain PJ69-4A was cotransformed with plasmids
containing the pos-1 fusion and the mex-6 3'-UTR fusion,
Transformants were selected on synthetic complete media
lacking leucine and tryptophan. The RNA-protein interac-
tions were detected by growth on synthetic complete plates
lacking tryptophan, leucine, and histidine and supplemented
with 5 mM 3-amino-1,2,4triazole, a His3p inhibitor.

Construction and integration of gfp:mex-6 fusion: Standard
techniques were used to manipulate and amplify DNA. A pie-
Ipromoter ::gfp: ! mex-6 transgene, pJT78, was created by mod-
ification of a previously described pie-1::gfp expression vector
(STROME, ¢t al 2001). The mex-6coding sequence was PCR
amplified from mex-6 cDNA yk733b2 using primers with Spd
adapters at the 5'-ends. (Complete primer sequences are
available upon request.) The mex-6 PCR product was cloned
downstream of gfpinto the Spel site of the pie-I promoter::gfp
plasmid. Sequencing was performed to confirm that the mex-6
insert was in the correct orientation and in-frame with the gfp
sequence. A unique Notl site was created in the plasmid by
mutagenesis of one of two Nofl sites. The une-119(+) genomic
fragment was inserted into this Nofl site (MapURO and
PregrimM 1995). A pie-Ipromoter::gfp: mex-6 (mex-6 3'-UTR)
transgene, pJT79, was created by modification of pJT78. A
Kpnl fragment of p|T78, containing gfp: mex-6 and piel 3'-
UTR, was removed and used as a template for PCR amplifica-
tion of gfp:imex-6. Genomic DNA was used as a template to
amplify 939 bp of mex-6 3-UTR immediately downstream of
the TAG codon. A twostep fusion PCR method was used to
fuse gfp::mex-6 and mex-6 3"-UTR sequences (Hoserr 2002).
The final fusion PCR product included Kpnl sites at both the
5'- and 3'-ends, and was cloned into the Kpnl site of pJT78.

Strains expressing pie-Ipromoter igp: mex-6 (mex6 3'-
UTR) were obtained by microparticle bombardment of unc-
119(ed3) worms with the pial promoter::gfp: imex-6 (mex-6
3-UTR) plasmid described above (Pravris of al 2001).

RESULTS

Reducing the gene dosage of pos-1(+) suppresses
the Mex phenotype of efl-1, dpll, and mex-5 mutant
embryos: We identified the mutant 2u454 in a genetic
screen for suppressors of the maternal-effect lethal eff-
1(sel }Mex phenotype (MATERIALS AND METHODS). The
zu454 mutation resulted in dominant maternal-effect
suppression of efl-1{sel). Over 50% of the embryos from
mothers that were efl-1(sel) pos-1(zu454)/efl-1(sel) pos-
1(+) formed viable pretzel-shaped progeny, compared
w only 5% of the embryos from ¢f-1{sel ) homozygous
control mothers (Table 1).

After outcrossing the zu454 allele from the efl-1(sel)
background, a nonconditional, maternal-effect lethal
phenotype was observed. The dead embryos resembled
those produced by pos-1(~) mothers (TABARA ef al.
1999); when terminally differentiated, the zu454 em-
bryos lacked endoderm and produced varying amounts
of pharyngeal tissue. The zu454 mutation mapped to
the pos-1 locus, and complementation analysis demon-
strated that zu454is a mutation in the pos-1 gene.

We sequenced the newly isolated pos-1 allele, zu454,
and discovered a transition of a C to T that conceptually
results in a nonsense codon at codon 92, Thus, in
this mutant the POS-1 protwin would be truncated to
a length of 91 amino acids instead of its normal length
of 264 amino acids. The wild-type POS-1 protein con-
tains two CCCH zinc-finger motifs, each of which is
required for POS-1 function (TaBara ¢f al. 1999; OGura
el al. 2003). Both domains would be absent in the
2u434 truncated POS-1 protein, suggesting that the
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TABLE 1

Mutati in pos-1 dc tly suppress the morphological
defect of dpl-1, ¢fl-1, and mex-5 mutant embryos

% normal

Strain morphology (n)
Wild type 96 (237)
efl-1(sel) 5 (110)
efl-1(sel) pos-1(zu454)/efl-(sel) pos-1(+) 63 (188)
efl-1(sel) pos-1(zul48)/efl(sel) pos-1(+) 63 (300)
dpl-1(2u355) 8 (294)
dpl-1(2u335 );pos-1(zud 54)/pos-1(+ ) 43 (54H)
mex-5(zu199) 1 (180)
mex-5(zu199);pos-1(zud54)/pos-1(+ ) 50 (490)
mex-5(zul99);pos-1(zul 48)/pas-1(+) 68 (250)
mex-5(RNA) 1 (171)
pos-1(zu454)/pos-1(+ );mex-5(RNAi) 67 (209)
mex-1(zul22) 0 (272)

mex-1(zu122);pos-1(zud54)/pos-1(+) 0 (>200)

N2 and efl-I(sel ) hermaphrodites were incubated at 26°, All
other hermaphrodites were incubated at 22°, Suppression of
embryonic morphology was assayed by the number of em-
bryos that hatched or formed pretzels.

suppressing mutation of poes-1 results in a nonfunctional
protein,

To confirm that a reduction of pes-1(+ ) function can
suppress the efl-1(sel) phenotype, we tested whether the
null pos-1 allele zul48 (TABARA et al. 1999) suppressed
the ¢fl-1(sel) Mex phenotype. This mutant pos-1 allele
strongly suppressed the efl-1(s¢]) temperaturesensitive
Mex phenotype (Table 1; Figure 1), equal to the levels
observed with the newly isolated pos-l allele. Thus,
reduction of pas-1(+) gene dosage appears to be suf-
ficient for suppression of the ¢fl-1(se]) Mex phenotype.

The efl-1(sel) Mex phenotype is very similar to the
Mex phenotype of dpl-1 and mex-5 single-mutant em-
bryos (PAGE e al. 2001). Therefore, we tested whether
the Mex phenotypes of dpl-1(~) and mex-5(~ ) were also
suppressed by reducing the gene dosage of pos-1(+)
and found that both were strongly suppressed by muta-
tions in pas-1 (Table 1). The mex-5(— );pos-1(—)/pos-1(+ )
double-mutant strain was viable.

We also tested whether reducing pos-1(+) dosage
could dominantly suppress mex-I mutant embryos. mex-1
mutant embryos resemble mex-3, dpl-1, and efl-1 single-
mutant embryos with respect to their terminally differ-
entiated phenotype, and all four mutant embryos
accumulate high levels of SKN-1 in the anterior blasto-
mere and its daughters, compared to wild-type embryos
(MELLO et al 1992; BOWERMAN ¢t al 1993; SCHUBERT
et al. 2000; PAGE et al 2001). However, unlike mex-5, dpl-1,
and e¢fl-1 mutants, mex-1 is not suppressed by reducing
Ras/MAPK signaling (PAGE et al 2001). mex-1(—) was
also not suppressed by reducing pos-1(+ ) dosage as mex-1;
pos-1{—)/pos-1{+ ) mothers produced all dead progeny
with the Mex phenotype (Table 1), consistent with the

previous distinction between mex-I1(—) embryos and
those Mex embryos caused by mutations in mex-5, dpl-1,
or ¢fi-1.

Reduction of pos-1(+ ) dosage does not alter the ter-
minal phenotype of mex-5;mex-6 double-mutant embryos:
MEX-H6 and MEX-6 encode highly similar proteins
that function redundantly in the embryo (SCHUBERT
et al. 2000; HUANG et al. 2002). In a two<cell mex-5(—)
embryo, SKN-1 is the only protein whose asymmetry
is consistently disrupted, and the resulting embryos
are inviable. In contrast, no disruption of embryonic
asymmeuy has been detected in mex-6 mutant embryos,
and these¢ embryos are viable. mex-5;mex-6 double-
mutant embryos show a severe disruption in the asym-
metry of multiple proteins. At the two-cell stage,
proteins such as MEX-3 and GLP-1, that are expressed
anteriorly in both wild-type and mex-5(— ) embryos, are
absent in mex-5(= );mex-6(—) embryos. Conversely, the
proteins PIE-1. MEX-1, and POS-1, that accumulate
posteriorly in wild-type and mex-5(—) two-cell embryos,
are detected in both blastomeres in the double mutant
(ScHUBERT ¢ al. 2000).

Since reduced dosage of pos-1(+) can make mex-5(—)
embryos viable, we tested whether reduction or loss of
pos-1(+) function could affect the terminal phenotype
of mex-5;mex-6 double-mutant embryos. A terminal mex-
5(— );mex-6(— ) embryo possesses ectopic body-wall mus-
cle and hypodermal cells but lacks pharyngeal muscle
and endoderm (SCHUBERT ¢ al. 2000). An additional
characteristic of this double-mutant embryo is that it
generates a small number of neurons (~10/embryo),
whereas a wild-type embryo possesses 269 neurons. To
determine if reduction of pos-1(+ ) dosage could affect
the mex-5(~ );mex-6(— ) phenotype, we examined termi-
nally developed embryos from pos-1(zu454)/pos-1(+ );
mex-5(RNAiL); mex-6(RNAi} mothers, We detected no dif-
ference between these embryos and those from mex-
5(= )rnex-6(— ) doubleanutant mothers (Table 2). To test
whether a complete loss of pos-1 function could affect
the mex-5(~ );mex-6(— ) terminal phenotype, we also ex-
amined pos-1{zu454);mex-5(RNA);mex-6({RNAi) embryos.
Scoring for both the presence of endoderm and the
number of neurons produced, we detected no differ-
ence in the terminal phenotype of pos-1;mex-3;mex-6
triple-mutant embryos compared to mex-5:mex-6 double-
mutant embryos (Table 2). Thus, reduction of pos-1(+)
did not suppress or modify the mex-5(—);mex-6(—) ter-
minal phenotype.

Reduction of pos-1(+) dosage suppresses the Mex
phenotype by eliminating ectopic SKN-1 activity but
not ectopic SKN-1 accumulation: To further analyze the
ability of pos-1(— ) to suppress the Mex phenotype of ¢fl-1
and mex-5 mutant embryos, we examined the expression
of the med-1 gene. Expression of med-1 is dependent on
SKN-1 activity and correlates with SKN-1 specification
of mesoderm and/or endoderm. Consistent with this
correlation, med-1is a direct target of SKN-1 (Mabpuro
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Nomarski
terminal stage

wild type i1

ofl-1(ge1) |

efl-1(se1) pos-1{zu148y
efl-1(sa1) pos-1(+} 1

ofl-1(sel) pos-1(zut48y
efi-1(se?) pos-1({+};
mex-6(RNAI)

et al. 2001). Because ¢fl-1 and mex-5 mutant embryos
have a SKN-l1-dependent Mex phenotype (SCHUBERT
et al. 2000; PAGe et al 2001), we confirmed that med-1 is
ectopically expressed in these mutant embryos, using a
med-1:gfp fusion constructfrom MADURO et al. (2001). In
wild-type embryos, this construct is expressed in a subset
of descendants from the posterior blastomere of the
two-cell embryo, and this expression patwern is similar to
that of the endogenous MED-1 protein (MADURO et ol
2001). In ¢fl-1 and mex-5 mutant embryos, MED-1:GFP
was ectopically expressed in the descendants of the an-
terior blastomere (n = 24 for ¢fl-1 and n =21 for mex-5),
consistent with these embryos generating ectopic me-
sodermal tissues from this blastomere (Figure 1; data
not shown). We next determined whether the MED-

MED-1:GFP
15-cell stage

FiGure 1.—Reducing the gene dosage of
pos-1(+ ) suppresses the Mex phenotype of eff-
I(sel). (left) Nomarski images of terminally
developed embryos from wild-type, efl-I(sel), ¢fl-
I(sel) pos-1(zul48)/efl-1(sel) pos-1(+), and efl-
I(sel) pos-1(zul48)/efl-1(sel) pos-1(+ );mex-6(RNAi)
mothers. Note that embryos from both wild-
type and efl-I(sel) pos-1(zul48)/efl-1(sel) pos-1(+ )
mothers form pretzel-shaped progeny, whereas
embivos  from  efl-I(sel) and efl-I(sel) pos-
Izul48)/efl-1(sel) pos-1(+ );mex-6(RNAi) mothers
clo not form pretzels, (Right) MED-1:GFP expres-
sion in embryos at the 15cell stage. The MED-
L:GFP expression pattern in wild-type embryos
is identical to that seen in embrvos from efl-
I(sel) pos-1(zul48)/efl-1(sel) pos-1(+) mothers. In
both types of embryo, MED-1:GFP is expressec
in only asubsetof descendants from the posterior
blastomere of the two-cell stage. Embryos from
efl-1(sel) and efl-I(sel} pos-1(zul48)/efl-1(sel} pos-
I{+ );mex-6(RNAi) mothers express MED-1:GFP
ectopically in the descendants of the anterior
blastomere of the two-cell stage. All embryos
are oriented with the anterior to the left. The
length of the embryo is 50 pm.

1:GFP expression pattern changed in ¢fl-1 and mexb
mutant embryos suppressed by reduction in pos-I(+)
dosage. All embiyos examined from efl-I(sel) pos
1Gzul48)/efl-1(sel) pos-1(+) mothers, incubated at the
efl-1(sel) restrictive temperature, or from pos-1(zul48)/
pos-1(+ );mex-5(RNA i) mothers, expressed MED-1:GFP in
awild-type pattern (n =25 for ¢fl-] and n = 24 for mex-5)
(Figure 1; data not shown). The restoration of wild-type
MED-1 expression indicates that a haploid level of pos-
1(+ ) suppresses the Mex phenotype by acting upstream
of med-1 expression and by preventing either ectopic
SKN-1 activity or misexpression of SKN-1.

In mex-5, efl-1, and dpl-1single-mutant embryos, SKN-1
is present at high levels in the anterior blastomere and
its daughters, compared to the lower levels observed in

TABLE 2

Mutations in pos-I do not alter the terminal phenotype of mex-5;mex-6 double-mutant embryos

Smain % mex-5(— )ymex-6(— ) phenotype % pos-1(~) phenotype n

mex-5(RNAi);mex-6(RNAi) 100 0 120
pos-1(zud54 )/ pos-1(+ );mex-5(RNAi);mex-6( RNAi) 100 0 83
pos-1(zu454);mex-5(RNAi);mex-6(RNA1) 100 0 67
pos-1(zu454) 0 100 96

Hermaphrodites were incubated at 22°, The mex-5(— );mex-6(— ) phenotype was distinguished from the pos-1(— ) phenotype by a
neuronal GFP marker. A mex-5;mex-6 double-mutant embryo produces ~10 GFP expressing cells, while a pos-1(— )embryo produces

>30 GFP positive cells.
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nuclel

wild type

mex-5(RNAI)

s-1(zu148)+;
ﬁ.';x- RNAI}

FIGURE 2.—Reducing the gene dosage of pos-1(+ ) does not
alter SKN-1 misexpression in mex-5 mutant embryos. (Left)
SKN-1 protein in twocell embryos from wild-type, mex-
S5(RNAQ), and pos-I{zul48)/+ ;mex-5(RNAi) mothers. Embryos
from both mex-5(RNAi) and pos-1(zu148)/+ ;mex-5(RNAi) moth-
ers show misexpression of SKN-1 in the anterior blastomere.
(Right) The corresponding embryos stained with DAPI 1o
show the nuclei.

these cells in wild-type embryos. In Mex mutant embryos
suppressed via reduced Ras/MAPK signaling, SKN-1
accumulation is restored to the wild-type pattern, in-
dicating that the Ras/MAPK pathway functions up-
stream of SKN-1 (PAGEk et al 2001). To determine if
reduction of pos-1(+ ) also suppresses the misexpression
of SKN-1 in Mex mutants, we stained embryos from pos-
1(zul48)/pos-1(+ );mex-5(RNAi) mothers with anti-SKN-1
serum. In all two<ell and four-cell embryos examined
(n = 42), we detected a high level of SKN-1 in the
anterior blastomere(s); this pattern appeared identical
to that seen in mex-5(RNAi) control embryos (Figure 2).
The majority of embryos from pos-1(zul48)/pos-1(+);
mex-5(RNA{) mothers that were allowed to terminally
differentiate had normal morphology (67%, n = 209;
Table 1). These results suggest that reducing pos-1(+)
does not restore the wild-type pattern of SKN-1 accu-
mulation and indicate that reducing pos-1(+) affects
SKN-1 activity. This result is consistent with analysis of
SKN-1 in pos-1{~) singlemutant embryos. In these
mutant embryos, SKN-1 accumulation appears wild type
even though SKN-1 activity is decreased (TABARA et al.
1999; MADURO ¢t al 2001).

POS-1 is not required for SKN-1 to specify meso-
dermal or endodermal tissue: Because our suppression
analysis indicates that SKN-1 activity is very sensitive to
pos-1{+ ) dosage, we more closely explored the interac-
tion between these two genes. We examined whether
skn-1(+ ) could specify mesoderm in the absence of pos-
I(+ ). To accomplish this aim, we looked at two markers
indicative of this SKN-1 activity: med-1:gfp expression

and gip-lindependent production of pharyngeal tissue
(MELLO ef al. 1992; BOWERMAN ef al. 1997; MADURO el al.
2001). We scored for the presence of these markers in
pos-1;mex-1 double-mutant embryos. Similar to ¢fl-7 and
mex-5 mutant embryos, mex-] mutant embryos have a
terminal Mex phenotype that is dependent on SKN-1
(MELLO o al 1992; ScHUBERT o al 2000; PAGE et al.
2001), and as expected, mex-1(— ) embryos express the
SKEN-1 target gene med-1 ectopically (MADURO el al
2001). We examined the expression of the med-1:gfp
fusion in pos-1(zu454 )ymex-1(RNAi) double-mutant em-
bryos and detected ectopic expression of MED-1:GFP,
although the GFP signal was weaker in the double
mutant compared to mex-I single-mutant embryos (in
12/16 pos-1(zu454),mex-1{RNAi) embryos, MED-1.GFP
was detected in AB descendants; all 16 embryos were
Mex when terminally developed.) This experiment
indicates that POS-1is not required for SKN-1 to specify
mesoderm,

To confirm this interpretation of the pos-1;mex-1 dou-
ble mutant, we constructed a pos-/;mex-1 mutant in the
background of gip-1(e2142) and stained for pharyngeal
muscle in those embryos produced at the restrictive
temperature for gip-1(e2142). In glp-1 mutant embryos,
the only pharyngeal muscle produced is dependent on
the autonomous function of SKN-1 (MeLLO ef ¢l 1992;
BowerMaN ¢t al 1997). Previous analysis of pes-I mutant
embryos suggested that the presence of pharyngeal
muscle is dependent on gip-1 (TABARA et al 1999). We
confirmed that gip-1(e2142);pos-1(zu148)double-mutant
embryos did not produce pharyngeal muscle (n = 13;
Figure 3). In contrast, all glp-1(e2142);pos-1(zul48):mex-
1(RNAi) triple-mutant embryos produced pharyngeal
muscle, demonstrating that SKN-1 specifies mesoderm
without POS-1 (n == 18) (Figure 3).

Our above analysis concentrated on the effect that
loss of pos-1(+) has on cctopic SKN-1 function. We
examined the amount of pharyngeal muscle, a meso-
dermal tissue, produced because ectopicanterior SKN-1
activity results in production of this tissue (MELLO ¢ al
1992; BOWERMAN et al. 1997), SKN-1 function in its wild-
type site of action is associated with production of both
mesodermal and endodermal tissues (BOWERMAN ef al.
1992). When we first examined the pos-1(zu454) mutant
embryos in the efl-1(sel) background, we observed that
the majority of efl-I(sel) pos-1(zu454) embryos generate
endoderm, unlike pos-! single-mutant embryos. To con-
firm that this observation was due to efl-I(sel) and not
to a secondary mutation in our mutagenized back-
ground, we constructed the efl-1(sel) pos-1(zul48) dou-
ble mutant and examined the embiyos from efl-1(sel)
pos-1(zul48) mothers. At 23°, 6% of pos-1(z1148) mutant
embryos produced endoderm (n = 144), whereas 70%
of efl-1 pos-1 double-mutant embryos made endoderm
(n=90). To confirm that the endoderm presentin ¢fl-]
pos-1 mutant embryos was due to skn-1(+), we reduced
skn-1 function by RNAI in the efl-I(sel) posl(zul48)
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gip-1(62142)
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Ficure 3.—POS-1 is not required for SKN-1 to specify pha-
ryngeal muscle. Terminally developed embryos were stained
for pharyngeal muscle with the antibody mAb3NBI2, The
mothers were incubated for 16 hr atr 26°, the restrictive tem-
perature for botly gip-1(e2142) and efl-1(sel), and then trang
ferred to prewarmed plates for 12 more hours. Terminally
developed embryos from the second plate were subsequently
stained for pharyngeal muscle. The presence of pharyngeal
muscle independent of gip-1 function is due to autonomous
SKN-1 function (MELLO o al 1992).

background. We detected endoderm in only 12% of
efl-1(sel) pos-1(zu148);skn-1(RNAi) triplemutant em-

double-mutant embryos, production of endoderm is
dependent on skn-I(+), and in the efl-I(scl} mutant

background, SKN-1 can specify endodern in the ab-
sence of pos-1(+).

Since efl-I(sel) suppressed the loss of endoderm in
pos-1 mutant embryos, we determined whether ¢fl-1(sel)
also suppressed the loss of mesoderm. To score this
suppression, we examined the presence of pharyngeal
muscle in glp-1(e2142);efl-1(sel) pos-1(zul48) wiple-
mutant embryos produced at the restrictive tempera-
ture for glp-1(e2142) and efl-1(sel). As stated above, no
gip-1(e2142);pos-1(zul48) double-mutant embryos pro-
duced pharyngeal muscle (n = 13); however, 64% of
gip-1(e2142)efl-1(sel) pos-1(zul48) embryos produced
pharyngeal muscle (n = 150) (Figure 3). Thus, in the
efl-1(sel) mutant background, SKN-1 can specify both
endodermal and mesodermal tissues without pas-1(+)
function. To determine whether SKN-1 was functioning
at its normal site of action to specify these tissues, we
looked at the expression of MED-L:GFP in ¢fl-1 pos-1
double-mutant. embryos. We detected the wild-type
pattern of MED-1:GFP expression in all efl-I(sel) pos
1(zul48) embryos examined (n = 22).

At this point, the data indicated that the level of pos-
I(+} is important for SKN-1 to specify mesoderm and
endoderm in certain backgrounds, but that pes-1(+)
was not necessary for this SKN-1 activity. These conclu-
sions lead us to examine two hypotheses that might
explain why reduction in pes-I(+) dosage suppresses
Mex mutants. These hypotheses are not mutually ex-
clusive: (1) POS-1 is misexpressed in the above Mex mu-
tants, and this ectopic POS$-1 is important for ectopic
SKN-1 activity and (2) POS-1(+) affects SKN-1 activity by
acting as a translational repressor; i.e., POS1 represses
translation of a SKN-1 inhibitor.

efl-1 and mex-5 mutant embryos have an asymmetric
POS-1 expression pattern but a symmetric pos-I mRNA
distribution: In wild-type two-cell embryos. POS-1 and
SKN-1 are more concentrated in the posterior blasto-
mere than in the anterior; however, both proteins are
detected at a low level in the anterior blastomere
(BowERMAN et al. 1993; TABARA et al 1999). Ourgenetic
analysis demonstrates that the ectopic activity of SKN-1
is very sensitive to pos-1(+) levels. Could the ectopic
activity of SKN-1 in the efl-1, dpl-1 and mex-5 single mu-
tants be due in part to POS-1 misexpression?

To test this possibility, we examined the localization
of the POS-1 protein and pos-I mRNA in Mex mutant
embryos. In early ¢ff-] and mex-5 mutant embryos, POS-1
accumulation appeared asymmetric, similar to its pat-
tern in wild-type two-cell and four<ell embryos (Figure
4). This observation suggests that ectopic SKN-1 activity
in ¢fl-1 and mex-5 murant embryos is not due 1o ectopic
POS8-1 accumulation.

In wild-type embryos, pos-1 mRNA is asymmetrical at
the two-cell stage in a pattern similar to that of the
protein; a high level of pos-I mRNA appears in the pos-
terior blastomere, and a lower level of pos-] mRNA is
presentin the anterior blastomere (TABARA ef al. 1999).
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2-cell 4-cell

efl-1{se1)

mex-5(zu199)

Ficure 4.—In ¢fi-1 and mex-5 mutant embryos, POS-1 aceu-
mulation appears wild type. In wild-type embryos, POS-1 accu-
mutlation is asymmetric; POS-1 is present at a higher level in
the posterior blastomere and in its daughters at the two-cell
and fourcell stages (100%, n = 28 for the two<cell stage
and n = 31 for the fourcell stage). A similar pattern of asym-
metry is seen in ¢ff-7 and mex-5 mutant embryos {for efl-1(sel ),
100%, n= 12 for the two-cell stage and 7 = 13 for the fourcell
stage; for mex-5(zul 99), 100%, n = 16 for the two-cell stage and
n = 20 for the four-cell stage].

In contrast, in ¢fl-1 and mex-3 mutant embryos, pos-1
mRNA was symmetric at the two- and fourcell stages
(Table 3; Figure 5). This result, combined with the
staining for POS-1, demonstrates that the asymmetric
accumulation of POS-1 is not completely regulated by
the distribution of its mRNA and is consistent with
experiments by DERENZO et al (2003), showing that
POS-1 asymmetry is controlled by protein stability. Al-
though an even distribution of the pos-/ message does
not appear to eliminate POS-1 protein asymmetry, this
disruption of message asymmeury could subtly affect
POS-1 protein levels in the anterior blastomere (s) at the
two- and four-cell stages.

The pos-1 message is a member of the class I mRNAs,
a group of mRNAs with a characteristic distribution in
the embryo. These messages appear to be localized
and/or stabilized in the germline lineage of the early

embryo (8eynpoux and Fire 1994). The disruption of

pos-1 mRNA asymmetry in the mex-5 mutant could be
specific to the pos-1 message or could be due to a general
defect in the localization and/or stability of class II
messages. Therefore, we tested whether another class
II message lost asymmetry in the mex-5 mutant back-
ground. In early wild-type embryos, mex-] mRNA is
asymmetrically localized, similar to pos-] mRNA. How-
ever, while pos-1 asymmetryis visible at the wo-cell stage,
mex-] mRNA asymmeuy is not clearly discernible until
the four-cell stage, when mex-I mRNA is at high levels in

TABLE 3

Percentage of two- and four-cell embryos in which mRNA is
symmetrically localized

Embryonic % with
RNA Strain stage symmetry (n)
pos-1 - Wild type Two cell 16 (112)
Four cell 0 (115)
eft-1(sel) Two cell 87 (31)
Four cell 88 (32)
mex-5(zul99) Two cell 94 (62)
Four cell 88 (43)
mex-1 Wild type Two cell 67 (21)
Four cell 4 (24)
mex-5(zul 99) Two cell 100 (12)
Four cell 43 (14)
mex-3(zul 99 ) mex-6(ph#4))  Two cell 100 (40)
Four cell 100 (28)

efl-1(sel) hermaphrodites were incubated at 26°. All other
hermaphrodites were incubated at 22°,

the daughters of the posterior cell and rarely detected
in the daughters of the anterior cell (Guebpes and
Priess 1997). In mex-5 mutant embryos, mex-I mRNA
was symmetric at the fourcell stage (Table 3). Thus,
mex-3 controls not only the asymmetric pattern of SKN-1
accumulation, but also the asymmetric distribution of
two class II maternal messages.

POS-1 binds the 3-UTR of mex-6: Since POS-1
has been demonstrated to be a translational repressor

2-cell 4-cell

wild type |

ofl-1{se1)

mex-5(zu199)

FiGure 5.—pos-1 mRNA is symmenically localized in efl-1
and mex-5 mutant embryos. fa sitw hybridization was per-
formed on two- and four<ell embryos with a probe for the
pos-1 mRNA. In wild-type embryos, pes-I mRNA has an asym-
metric clistribution, with a higher concentration in the poste-
rior blastomeres; this asymmetry is absent in ¢f-] and mex-5
mutant embryos.
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Fioure 6.—~POS1 hinds the SCR-like
region of the mex-6 3-UTR. (A) The
mex-6 3'-UTR shares similarity with
the conserved SCR of the gip-1 3'-UTR.
The alignment shows the similarity be-
tween the o eleguns (Ce) mex-6 3'-UTR
and the (Ce) gip-1 3 UTR. In addition.
the mex-6 and gip-1 3'-UTRs are aligned
with a conserved SCR that was derived
from a comparison of gip-1 3'-UTRs
from multiple nematode species (MNS)
(Ruper. and KmvsrLe 2001). Identical
nucleotides are highlighted by a solid
background. (B) POS-1 binds the mex-6
3"-UTR. (Left) The veast trihybrid assay.
(Right) A corresponding diagram indi-
cating the various plasmid combinations
tested. Growth on the selective medium
is seen only when a plasmid containing

(OGURA ¢l al. 2008), we reasoned that reduction of this
function might explain the suppression of the Mex
phenotype, i.e., reduction in pos-I{+ ) levels leads to in-
creased expression of its target. We would expect such a
targetto be more highly expressed in the anterior of the
embryo, an expression pattern complementary to that
of POS-1, and possibly to possess similarity to the gip-1
spatial control region (SCR), asequence within the gip-1
$8-UTR that POS-1 direcdy binds (Evans o al 1994;
OGURA e al 2003). An auractive candidate for such a
target is mex-6. A MEX-6:GFP fusion protein is derected
in the anterior blastomeres of the two-cell and the early
four-cell embryo (CuENCa ef al 2003), and we identified
a region in the mex-6 3'-UTR that is very similar to the
conserved SCR of gip-1 (Figure 6A). In this region of the
mex-6 8'-UTR, 27 nucleotides are identical to the 34 nu-
cleotides shown w be sufficient for gip-I repression in
the embryo (MARIN and Evans 2003). Additionally,
mex-5 and mex-6 encode very similar proteins that func-
tion redundantly during early embryogenesis (SCHUBERT
et al 2000); thus, an increase in mex-6 gene function
might compensate for a loss of mex-5,

We tested whether POS-1 can bind the 3'-UTR of
mex-6 using the yeast trihybrid assay. The trihybrid assay
is a modificaton of the wo-hybrid assay; it uses two
fusion proteins and a fusion RNA (Purz etal 1996). The
assayed protein, in this case POS-1, was fused to the
GAL4 activation domain, and the GAL4 DNA-binding
domain was fused to HIV-1 RevM1. The fusion RNA
included RRE, a domain bound by HIV-1 RevM10, and
the test RNA, in this case the 226 nucleotides of the
mex-6 3'-UTR that contain similarity to the SCR of gip-!
(Figure 6A). If POS-1 binds this region of the mex-6

functional pos-1 is paired with a plasmid
conwining either the mex-6 3'-UTR or
the gip-1 3-UTR. The interaction be-
tween POS-1 and the gip-] 3'UTR was
demonstratcd by OGURA et al. (2003)
and was used as a positive control in
our experiment.

3’-UTR, then the GAL4 DNA-binding domain and the
GAL#4 activation domain will be in close contact, acti-
vating transcription of genes under the control of the
gald promoter. In yeast, this interaction is detected as
growth on a selective medium. Using this assay, we de-
tected an interaction between POS-1 and the mex-6
3-UTR, indicating that the similarity between the
8-UTRs of gip-! and mex-6 is functdonally relevant
(Figure 6B). We also retested the ability of POS-1 to
bind the gip-1 3"-UTR, and as expected, detected an
interaction. Conversely, no interactions were detected
between a nonfunctional POS§1 protein, encoded by
pos-I(a51), and the mex-6 3'-UTR. Likewise, no inter-
actions were detected between a functional POS-1 pro-
tein and RNA containing only the RRE domain. These
results demonstrate the specificity of the interaction
between functional POS-1 protein and the region of
the mex-6 3'-UTR containing similarity to the gip-1 SCR
(Figure 6B).

mex-6 is required for the suppression of the Mex
phenotype via reduction of pos-I(+): If reducing
the dosage of pos-1(+) relieves repression of MEX-6
translation, then the ability of pos-1(—) to dominandy
suppress the Mex phenotype of ¢fl-1 should require mex-
6(+ ). To test this idea, we removed mex-6 by RNAI in
the efl-I(sel) pos-1{~)/efl-1(sel) pos-1(+) background.
When efl-1{sel) pos-1{zul48)/efl-1(sel) pos-1{+ ) mothers
were grown at 26°, 63% of their progeny appeared wild
type (Table 1; Figure 1). In contrast, only 3% of the
progeny from e¢fl-1(sel) pos-1(zu148)/cfl-1(sel) pos-1(+);
mex-6(RNAi) mothers appeared wild type and 92% of
the progeny were Mex (n = 88) (Figure 1). This resultis
consistent with the hypothesis that reducing pos-1(+)
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dosage suppresses the Mex phenotype by increasing
MEX-6 expression,

pos-1 does not spatially restrict GFP:MEX-6 expres-
sion: To examine MEX-6 expression in a pos-I mutant
embryo, we generated a C. deganssirain thatexpressed a
gfprmex-6 fusion containing the endogenous mex-6 3'-
UTR (MATERIALS AND METHODS). In a wild-type back-
ground, the GFP:MEX-6 signal was enriched in the
anterior blastomere of the two-cell embryo and in this
blastomere’s daughters at the early four-cell stage. We
could not compare this pattern to that of endogenous
MEX-6 because no antibodies presently exist that spe-
cifically recognize MEX-6. However, the GFP:MEX-6
expression pattern was very similar to that of MEX-5.
When we removed pos-1 by RNAI, we detected no dif-
ference in the GFP:MEX-5 expression pattern (n = 13

DISCUSSION

Reducing the dosage of posl(+) indirectly sup-
presses the Mex phenotype: While screening for muta-
tions that can dominantly suppress the Mex phenotype
of efl-1(sel), we isolated a loss-of-function mutation in
the pos-1 gene. We subsequently determined that a null
mutation in pos-I can dominantly suppress two other
Mex mutants, dpl-1 and mex-3, but not mex-1. The pos-1
gene was previously identified on the basis of loss-of-
function mutations that cause a maternal-effect lethal
phenotype. Embryos from pos-1 mutant mothers are
inviable and lack endoderm and a subset of mesodermal
tissues (TABARA el al. 1999). This phenotype is similar
to that of skn-1 mutant embryos; thus, POS-1 previously
was thought to be required for SKN-1 to specify meso-
derm and endoderm (TABARA ¢t al. 1999; MADURO d al,
2001).

In addidon to showing that reduced dosage of pos-
I(+) can suppress Mex mutants, we made three novel
discoveries: (1) Although SKN-1 activity is exquisitely
sensitive to the level of pos-1(+), pos-1is not required for
SKN-1 to specify mesodermal or endodermal tissues; (2)
POS-1, a demonstrated translational repressor, can bind
the 3-UTR of the mex-6 message; and (8) the asymmetry
of two class II messages is disrupted in mex-5 mutant
embryos.

How does reducing pos-1(+) levels suppress Mex
mutants? If pos-1(+) is not required for SKN-1 to specify
mesoderm, then how does reduction of pos-I(+) sup-
press this SKN-1 ectopic activity? We propose that the
low level of POS-1 detected in the anterior blastomere
is functionally significant, and since POS-1 has been
demonstrated to actas a translational repressor (OGURA
el al. 2003), it is a decrease in this function that sup-
presses the Mex phenotype. Thus, we searched for a
potential target of POS-1 with the expectations that such
a target would have an accumulation pattern comple-

\ / 1( \
\. el S0
MEX-5 -

t
SKN-1

accumulation
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Ficure 7.—This model depicts interactions between MEX-
6, MEX-3, POS-1, and 8KN-1 in the early embryo. The model
incorporates previously demonstrated interactions and the
genetic interactions implied by our analysis. SCHUBERT et al.
(2000) showed that together MEX-5 and MEX6 limit accumu-
lation of POS-1. Our dara suggest that POS-1 represses trans-
lation of MEX-6; however, an additional mechanism, denoted
“Y.” must exist to regulate MEX-6. Itis the combined action of
POS-1 and Y that restricts MEX-6 accumulation in the em-
bryo. In addition to the effects of MEX-6, MEX-5, and
POS-1 on each other, they each affect SKN-1. We argue that
POS-1 affects SKN-1 indirectly by repressing translation of
MEX-6 and/or an unknown SKN-1 inhibitor, denoted “X.”
MEX-6 affects SKN-1 activity by upregulating the accumula-
tion of X and/or by inhibiting SKN-1 accumulation.

mentary to that of POS-1 and might have a 3-UTR with
similarity to the known POS-1 wrget, glp-1 (OGURA et al.
2003). We determined that the 3-UTR of mex-6 con-
tains similarity to the gip-f 3'-UTR and, using the yeast
trihybrid assay, we showed that POS§-1 binds this region
of the mex-6 message (Figure 6). Consistent with our
hypothesis, suppression of the Mex phenotype by re-
duced pos-1(+ ) dosage requires mex-6, Together, these
results suggest that reducing the level of pos-1{+ } sup-
presses the Mex phenotype by decreasing repression of
mex-6 translation (Figure 7).

If MEX-5 and MEX-6 have identical functions and
MEX-6 levels are increased by reducing pos-1(+), then
whty is SKN-1 misexpression detected in the suppressed
embryos? There are three possible explanations for this
apparent inconsistency:

1. SKN-1 levels in the anterior blastomeres of sup-
pressed Mex embryos are affected, but we cannot
detect this reduction in SKN-1 accumulation. We
believe that this is unlikely to be the only explana-
tion, since reduction of Ras signaling restores a wild-
type pattern of SKN-1 but only modestly suppresses
the Mex phenotype (<40% of these double-mutant
embryos are suppressed) (PAGE et al. 2001). In con-
trast, reducing pos-1(+) showed no detectable ef-
fect on SKN-1 misexpression, yet resulted in nearly
70% of double-mutant embryos being suppressed
(Table 1).

2. MEX-6is a target of POS-1, butanother POS-1 target,
either in combination with MEX-6 or independently,
inhibits SKN-1 activity in the suppressed embryos.
Our data do not rule out the existence of such an
independent inhibitor; however, the Mex phenotype
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of efl-1{sel) pos-1(2ul48)/efl-1(se1) pos-1(+ );mex-6( RNAi)
embryos suggests that it is unlikely.

. MEX-6 upregulates the expression of a SKN-1 in-
hibitor (Figure 7), and this regulation is more sen-
sitive to MEX-6 levels than downregulation of SKN-1
accumulation.

w

POS-1 does not exclusively restrict MEX-6 expres-
sion: Although we have shown that POS-1 binds the
3'-UTR of mex-6, loss of pos-1 function did not result in
ectopic MEX-6 expression. The GLP-1 protein, a pre-
viously identified target of POS-1 repression, is ectopi-
cally expressed in the posterior blastomere of pos-1(~)
mutant embryos (OGura et al. 2003; B, D. Pack, un-
published observation). If POS-1 also represses trans-
lation of mex-6, then why is MEX-6 not misexpressed in
the posterior blastomere of pos-I mutant embryos? Two
possibilities could explain this result. First, other CCCH
proteins in the posterior blastomere may act redun-
dantly with POS-1 to repress mex-6 translation, Second,
MEX-6 protein asymmeuy may also be regulated post-
translationally. We favor the latter possibility since
CUENCA et al. (2003) observed that after replacing the
mex-63'-UTR with that of another gene, MEX-6 protein
was still enriched in the anterior. The asymmetric dis-
tribution of several CCCH finger proteins is controlled
by protein stability (RekSE et al 2000; DERENZO ef al
2003). In the cases where this has been demonstrated,
these proteins are targeted for degradation in anterior
blastomeres (DERENZO ef al. 2003). If the MEX-6 protein
is selectively degraded in the posterior blastomere, then
POS-1 would function as an additional level of regula-
tion in restricting MEX-6 accumulation, and MEX-6
misexpression might be detected only in an embryo
defective in both MEX-6 degradation and POS-1 activity.

An example of a protein whose expression is under
such dual regulaton is the Drosophila transcription
factor Tramtrack. Tramtrack is regulated both by its pro-
tein stability and by translational repression (Hirora
et al. 1999; OrABE ef al. 2001), Reduced function of the
translational repressor alone has phenotypic conse-
quences in the developing eye; however, under this
circumstance, misexpression of Tramtrack is not detected.
Extensive misexpression of Tramtrack is seen when the
function of both pathways is reduced (HiroTA of al
1999). From our analysis, we suspect that MEX-6 accu-
mulation is under similar dual regulation in the C.
elegans embryo.

Mutations in efl-] and mex-5 disrupt the asymmetric
pattern of class IT messages: Many markers that are
asymmetrically expressed or localized in the two-ell
embryo have been identified (Seypoux and FrRe
1994, Rose and KeMmprues 1998; BowerMmanN 2000,
PeLLETTIERI and SEyDoux 2002). In previous studies
of efl-1 and mex-5 mutant. embryos, the only marker
consistently detected as altered at the two-cell stage was
the SKN-1 protein (SCHUBERT et al. 2000; PAGE et al.

2001). In our current analysis of mex-5 and efl-1 single-
mutant embryos, we observed that the asymmetry of two
class II mRNAs is disrupted (Table 8). In the maternal
germline of wild-type hermaphrodites, both pes-1 and
mex-1 messages are detected on P granules and uni-
formly throughout the egg cytoplasm (Guepes and
Prizss 1997, TABARA ¢f al. 1999; Scuisa ¢f ¢l 2001). Like
other class IT mRNAs in the early embryo, these mes-
sages become asymmetrically localized to the posterior
cytoplasm and/or degraded from the anterior (SEYDOUX
and Fire 1994; Guepes and Priess 1997; TABARA ¢f al.
1999). In mex-5 and ¢fF] mutant embryos, the mecha
nism(s) that control this asymmetry appear defective.

The idea that mex-5 and efl-1 influences more than
SKN-1 asymmetry is not novel. Certain double-mutant
combinations with mex-3 or ¢fl-1 have extensive effects
on embryonic polarity, In efl-I;mex-5 and mex-5;mex-6
double-mutant embryos, the normal asymmetric pat-
tern of many markers is altered. In such double-mutant
embryos, wild-type anterior markers are absent, and
proteins that are normally restricted to the posterior
and/or germline progenitor are expressed throughout
the two-cell and four<ell embryo. Not surprisingly, we
observed a symmetric distribution of a class II message
in mex-5;mex-6 double-mutant embryos (Table 3). This is
consistent with the recent report that the class IT mes-
sage nos-2 is symmetrically distributed in mex-5(RNAi);
mex-6 (RNAi) embryos at the 16-cell stage (D’AGOSTING
et al. 2006). Since many posterior proteins are misex-
pressed in these double-mutant embryos, the disruption
of message asymmetry could be due to mislocalization
of the posterior proteins. In early mex-5 single-mutant
embryos, the majority of posteriorly expressed proteins
are properly localized (ScHUBERT ¢ al 2000); yet, we
still detected uniformly distributed messages in this
mutant embryo. Thus, we propose that a primary func-
tion of mex-5 involves message localization and/or sta-
bility. This function could be similar to that of the CCCH
finger proteins TTP and Cth2. Each of these proteins
argets mRNAs for destabilization, often by binding an
AU-rich element (ARE) in the 3’-UTR of the mRNAs
(Lat et al 1999; Puic ¢ al. 2005). Consistent with this
idea, the 3"UTR of mex-1, contains an exact mawch to
the ARE sequence 5'-UAUUUAUU-3".

Interestingly, the dynamic pattem of MEX-5 expres-
sion is consistent with a function in mRNA degradation.
At each early cell division of the germline lineage, a
somatic sister cell and a germline progenitor are pro-
duced. At each of these divisions, MEX®5 becomes
enriched in the somatic sister cell (SCHUBERT et al
2000), and maternal mRNAs disappear from this cell
(Sevypoux and Fire 1994).

Do the anterior and posterior CCCH proteins
mutually restrict one another’s expression? The ante-
rior CCCH protein MEX-5 and the posterior CCCH
prowin POS-1 have complementary roles in regulating
protein expression in the early embryo. MEX-5 limits
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the expression of a posterior protein, whereas POS-1
restricts the expression of at least one anterior protein
(SCHUBERT o al. 2000; OGura ¢t al. 2003). However,
neither of these proteins exclusively restricts the ex-
pression of the other in the twocell embryo. In mex-5
mutant embryos, POS-1 was more highly enriched in the
posterior, identical to its wild-type pattern, and in pos-1
mutant embryos, MEX-5 was more concentrated in
the anterior. Yet, our analyses of these two proteins sug-
gest that they exert a subtle influence on one another.
In mex-5 mutant embryos, the asymmetry of the pos-1
message was affected, such that pes-7 mRNA was de-
tected at high levels in both posterior and anterior
cells. This disruption of pos-1 message asymmetry did
not affect POS-1 protein asymmetry, but it may affect
the level of POS-1 present in the anterior. We have
also demonstrated that POS-1 can bind the 3’-UTR of
mex-6, a gene redundant in function to mex-5, and pro-
vided genetic data suggesting that POS-1 influences
the amount of MEX-6 in the anterior blastomere. This
intricate regulation between the MEX-5/6 and POS-1
proteins may be important for maintaining their strong
complementary patterns. These complementary pat-
terns not only are present at the two-cell stage but also

are repeated at cach subsequent asymmetric division of

the germline lineage (Tasara ef ol 1999; SCHUBERT
et al. 2000). Although their asymmetric patterns were
not altered at the two-cell stage in pos-1 or mex-3 mutant
embiyos, the expression of MEX-5 or POS-1 is more
likely to hecome symmetric with each subsequent germ-
line division in the respective mutant embryo (J. A.
ScHisa and B. D. PAGk unpublished observations).
Thus, the interactions of these proteins may initiate a
feedback loop that reestablishes and refines their
expression in later asymmetric cell divisions.
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