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Regulation of Maternal mRNAs in Early Development
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Most sexually reproducing metazoans are anisogamous, meaning that the two gametes that
combine during fertilization differ greatly in size. By convention, the larger gametes are con-
sidered female and are called ova, while the smaller gametes are male and are called sperm. In
most cases, both gametes contribute similarly to the chromosomal content of the new organ-
ism. In contrast, the maternal gamete contributes nearly all of the cytoplasm. This cytoplasmic
contribution is crucial to patterning early development; it contains the maternal proteins and
transcripts that guide the early steps of development prior to the activation of zygotic tran-
scription. This review compares and contrasts early development in common laboratory model
organisms in order to highlight the similarities and differences in the regulation of maternal
factors. We will focus on the production and reversible silencing of maternal mRNAs during
oogenesis, their asymmetric activation after fertilization, and their subsequent clearance at the
midblastula transition. Where possible, insights from mechanistic studies are presented.
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1. INTRODUCTION

In the latter part of the 19th century, comparative embryol-
ogy was a relatively young and vibrant field. Early embryolo-
gists, through a series of painstaking observations made using
limiting and indefinite samples, described the basic steps that
comprise the development of a single fertilized cell into a com-
plex multicellular organism. The first comprehensive compari-
son of embryogenesis across the animal kingdom was published
in a seminal two-volume series titled “A Treatise on Compara-
tive Embryology” by Francis Balfour (Balfour, 1880; Balfour,
1881). In this work, Balfour declared that two major questions
face comparative embryologists: (1) What is the origin and ho-
mology of germinal layers, tissues, and organs between species,
and (2) How did the complicated organs of vertebrates evolve
from their counterparts in simpler animals? A major goal of the
early embryologists was to identify developmental themes that
could unify the largely disparate observations made between
species, mainly in an effort to reconcile their findings with Dar-
win’s recently published principle of natural selection (Darwin,
1859). Now, nearly 130 years later, modern embryologists are
addressing the same questions, bringing to bear the tools of
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molecular biology and genetics, the ability to generate trans-
genic organisms, and new approaches that enable genome-wide
analysis of gene expression patterns. Similarities in the molec-
ular processes underlying embryogenesis are strongly sugges-
tive of origins through a common ancestor, but as yet do not
explain the vast differences in morphology between metazoan
species.

One theme that emerges from the study of embryogenesis is
that post-transcriptional regulation of maternal mRNAs is criti-
cal to the developing zygote. As oocytes develop, the chromo-
somal content of the egg becomes locked in meiosis until the
time of fertilization, precluding transcription of the mRNAs in-
herited by the new organism. Maternal transcripts are produced
and reversibly silenced in the earlier stages of oogenesis, in
some organisms requiring the support of “nurse” cells to pro-
vide mRNA to the maturing oocyte. Moreover, the embryos of
most animals do not transcribe their DNA until the zygote has
divided one or more times. In most cases, zygotic transcription
does not begin until several cell divisions have occurred, after
a number of patterning and cell fate specification events have
taken place. Thus, activation of maternal transcripts by mater-
nal regulatory factors provides the starting point for formation
of the body plan.

In this review, we explore early development in common lab-
oratory model organisms including Drosophila melanogaster
(fruit fly), Caenorhabditis elegans (nematode worm), Xeno-
pus laevis (frog), Danio rerio (zebrafish), and Mus musculus
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(mouse). Recent advances and mechanistic aspects of post-
transcriptional regulation of maternal mRNAs are the focus of
this work, beginning with gametogenesis and ending with the
mid-blastula transition (MBT) when zygotic transcription takes
over. This comparison not only reveals anumber of similarities in
the regulation of embryonic patterning, especially in germline
specification, but also identifies several intriguing differences
that provide a platform for speculation about the molecular basis
of morphological heterogeneity. According to Balfour, the sci-
ence of comparative embryology is “intimately bound up with
comparative anatomy; without which it indeed becomes quite
meaningless” (Balfour, 1880). Therefore, we begin by describ-
ing the anatomy of oocyte formation and early embryogenesis
in each of these species.

2. EARLY DEVELOPMENT IN METAZOAN MODELS

At an anatomical level, the process of embryogenesis in labo-
ratory model organisms appears to be incredibly divergent. Basic
decisions in development are made at different times, and alter-
native strategies are used to coordinate formation of the body
axes and to specify cell fate. For example, in some species,
body axes are established prior to fertilization during oogenesis,
while in others, the axes are defined by the penetration point
of the spermatocyte. Moreover, some species proceed through
the first rounds of division by duplicating nuclei without cytoki-
nesis, leading to the formation of a syncytium where several
nuclei share the same cytoplasm. This enables the establish-
ment of morphogen gradients that translate the body axes into
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subsequent patterning of tissues and organs. Other species un-
dergo incomplete cell division, where cytokinesis begins but
does not finish, leading to a region of shared cytoplasm. Still
others complete cytokinesis along with nuclear division, and as
such must rely on inductive signaling to transduce the body axes
to cell fate specification. The relationship of these development
strategies transcends phylogenetic boundaries, as the species that
make use of similar strategies are not always closely related to
one another, suggesting that basic developmental processes have
evolved multiple times over the course of evolution. Intriguingly,
molecular analysis reveals a surprising degree of conservation
in the pathways that regulate development, suggesting that even
though early development is anatomically diverse, the gene reg-
ulatory networks are conserved.

D. melanogaster Early Development

D. melanogaster (fruit fly) is a gonochoristic species, mean-
ing that there are two distinct sexes. Female flies produce oocytes
from a niche of primordial germ cells located in the germarium
at the tip of each ovariole (Figure 1A). As oocytes develop, they
move through the ovariole into the ovary, where they await fer-
tilization. At any given time, an ovariole contains a series of
egg chambers that are progressively older as they become more
distant from the germarium.

Each Drosophila primordial germ cell undergoes a series of
organized cell divisions to produce a group of 16 cells that share
cytoplasm via ring canals (reviewed in Mazumdar and Mazum-
dar, 2002). By the end of these divisions, only 2 cells have
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FIG. 1. (A) Schematic representation of Drosophila ovariole. Each ovariole contains a population of developing oocytes that age
as they approach the ovary. Farthest away from the ovary is the germarium, which contains a population of primordial germ cells
(PGC). Each PGC undergoes a precise pattern of divisions to produce an ordered cluster of cells. One of these cells (blue) becomes
the oocyte, while the others become nurse cells. These cells supply mRNAs to the transcriptionally silent oocyte as it develops.
(B) Schematic representation of Drosophila embryogenesis. After fertilization, the embryo (b/ue) undergoes a series of incomplete
mitotic divisions where the nuclei (red) divide, but cytokinesis does not occur. This produces a syncytial embryo where the nuclei
have a shared cytoplasm. As embryogenesis proceeds, the nuclei migrate to the periphery of the embryo, where they recellularize

during the mid-blastula transition.
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connections to all 4 of the cells that surround them. One of these
cells becomes the oocyte, while the rest become nurse cells that
support the oocyte. The nurse cells retain their cytoplasmic con-
nection to the oocyte, which is transcriptionally dormant. All of
the mRINA present in the oocyte is transcribed by the nurse cells
and is transported through these channels. Transport depends
on an ordered array of microtubules, the actin cytoskeleton, and
bulk cytoplasmic streaming. Microtubule-dependent transport
gives rise to a gradient of maternal mRNAs and proteins that
establishes both the anterior-posterior and dorsal-ventral axes
of the oocyte (reviewed in Bashirullah ef al., 1999; Johnstone
and Lasko, 2001). While the nurse cells are transporting ma-
ternal factors into the oocyte, it accumulates yolk protein from
the hemolymph of the mother and rapidly grows in size. Late
in oogenesis, the oocyte is surrounded in a layer of somatic
cells called follicle cells. These cells secrete both the vitelline
membrane and eggshell that surround the oocyte, and form a
micropylar canal that permits sperm entry. Just prior to oocyte
maturation, the nurse cells dump their cytoplasm into the oocyte
and disappear, producing an oocyte ready for fertilization.
After fertilization, the embryo begins a series of rapid syn-
chronous nuclear divisions without cytokinesis, resulting in a
syncytial blastoderm (Figure 1B). At the ninth round of divi-
sion, the nuclei migrate to the periphery of the embryo, and by
the end of the fourteenth round, cellularization occurs around
each nucleus. Transcription first initiates at the eleventh round,
and increases rapidly until the thirteenth round, when the mid-
blastula transition (MBT) takes place (Foe and Alberts, 1983;
Edgar and Schubinger, 1986). At this time, the length of the cell
cycle increases, and the cells begin to divide asynchronously.

C. elegans Early Development

C. elegans is a free-living soil nematode with two gen-
ders, self-fertile hermaphrodites and rare males. In contrast to
Drosophila, both male and female gametes are produced in the
same gonad from the same germline. In hermaphrodite worms,
gametogenesis begins during the final larval stage, during which
primordial germ cells differentiate into sperm. Between the tran-
sition from larvae to adult, sperm production ceases and oocyte
production begins. All gametes derive from the same population
of mitotically dividing primordial germ cells, which are located
in the tip of the gonad farthest away from the vulva (Figure 2A).
As these cells enter into meiosis, their plasma membranes break
down, forming a syncytium. The germ cell nuclei arrest in diaki-
nesis of meiosis I, and migrate to the walls of the gonad, forming
a shared cytoplasmic cylinder ringed by nuclei.

As these nuclei proceed through the gonad, they recellularize
to form spermatocytes during the L4 larval stage, then form-
ing symmetrical oocytes after the transition into adulthood. The
newly formed oocytes receive maturation cues as they approach
the uterus, then pass through the spermatheca, an organ that con-
tains the previously produced spermatocytes and/or spermato-
cytes introduced by copulation with males. Once fertilized, the
oocyte completes meiosis and rapidly establishes an anterior-

posterior body axis, with the point of sperm entry determining
the posterior pole of the embryo (Goldstein and Herd, 1996; Wal-
lenfang and Seydoux, 2000) (Figure 2B). The first embryonic
cell division occurs along this axis, giving rise to a larger an-
terior blastomere, and a smaller posterior blastomere (reviewed
by Hubbard and Greenstein, 2005).

The larger anterior blastomere is the first of six founder cells
that form during the first cell divisions. Some founder cells have
their fates specified autonomously, while the others require an
inductive signal from a nearby cell. Each founder cell is commit-
ted to differentiating into a limited subset of tissue types prior
to gastrulation (Figure 2C). In contrast, the smaller posterior
daughter is the progenitor of the entire germ line (termed the P
lineage). This pattern of division is repeated three more times,
each round forming a larger anterior daughter and a smaller pos-
terior daughter. In each of these divisions, the anterior daughter is
a founder cell, while the posterior daughter retains the cytoplas-
mic determinants of germ cell fate, and thus remains committed
to the germ lineage. After these rounds of asymmetric division,
the germline blastomere undergoes one final symmetric division
to produce two primordial germ cells, which remain transcrip-
tionally quiescent until larval development. This is in contrast to
somatic blastomeres, which initiate transcription as soon as the
four-cell stage (Seydoux et al., 1996; Batchelder et al., 1999).
Cells do not grow during early embryogenesis, so the volume of
the embryo stays constant.

There are a number of key differences in early development
between C. elegans and Drosophila. Oocytes in C. elegans are
symmetrical and the body axes are not established until after
fertilization, where their establishment is triggered by the sperm
entry point. Embryonic divisions comprise both the nucleus and
the cytoplasm, defining individual cells rather than a syncytium.
Finally, transcription initiates much earlier in C. elegans em-
bryos than it does in Drosophila.

X. laevis Early Development

A convenient model organism that has been extensively used
to study vertebrate development is the African clawed frog
X. laevis. Oocytes are large and easy to observe, and signif-
icant quantities can be obtained through routine surgery. The
ovaries of X. laevis differ dramatically from those of mam-
mals (Figure 3). Relative to the size of the organism, frog
ovaries are much larger than those of mice or humans, and
each ovary contains many more developing oocytes. These
oocytes develop over a period of 3 years. In contrast to flies and
worms, frog oocyte maturation does not occur in “assembly-
line” fashion. Instead, maturation of oocytes appears to be a
stochastic process. The oocytes derive from a population of
mitotically dividing primordial germ cells (PGCs) that arrest
in prophase of meiosis I. Each oocyte becomes ensheathed
in follicle cells that excrete a vitelline membrane around the
oocyte. During meiotic arrest, the developing oocyte is actively
undergoing transcription in preparation for the rapid series of
cellular divisions that occur after fertilization (Mitchell and
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FIG. 2. (A) False-color image of C. elegans germline. Oogenesis begins at the distal tip of the gonad (red) where a mitotically
dividing population of primordial germ cells resides. These cells transition into meiosis (fan), and the plasma membrane of each
cell disappears, forming a syncytium of meiotically arrested nuclei (blue). These nuclei recellularize (pink), generating immature
oocytes. The oocytes remain arrested in meiosis I until they approach the spermatheca (yellow), at which point they complete both
meiotic divisions and enter the spermatheca, where fertilization occurs. Fertilized embryos emerge from the spermatheca and are
retained in the uterus of the mother for multiple cell divisions. (B) False-color image of early C. elegans embryos. After fertilization,
the male and female pronuclei fuse and migrate toward the posterior pole, demarcating the anterior (pink) and posterior (blue)
halves of the embryo. The first cell (P0) divides asymmetrically to produce a larger anterior daughter (AB), and a smaller posterior
daughter (P 1). In turn, AB divides to produce two identical daughters (ABa and ABp), while P1 divides in a similar fashion to
PO, producing a larger anterior daughter (EMS), and a smaller posterior daughter (P2). (C) Founder cells of the early C. elegans
embryo. Each division of the P lineage produces a larger anterior daughter called a founder cell. Each of these cells is committed
to producing a limited number of tissue types early in embryogenesis, as labeled.

Hill, 1986). In addition, the oocyte replicates its mitochondria
many times, generating a dense region of mitochondria called
the mitochondrial cloud, or Balbiani body (Billett and Adam,
1976).

Developing oocytes pass through six stages. Stage I oocytes
are small and transparent, and the Balbiani body is clearly vis-
ible. Stage II oocytes are slightly larger, and are unpigmented
and opaque. During the third year of oogenesis, the oocyte first

becomes pigmented (Stage III), and then begins accumulating
yolk proteins from the bloodstream of the mother and rapidly
grows in size (Stage IV). During this time, a number of asymme-
tries arise in the oocyte. The nucleus migrates to one pole of the
oocyte, called the animal pole, while most of the yolk proteins
migrate to the opposite pole, called the vegetal pole (Figure 4A).
In addition, the oocyte becomes asymmetrically pigmented, with
the animal pole becoming darker than the vegetal pole. During
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FIG. 3. Comparison of the ovaries of X. laevis and M. musculus (A) Xenopus female reproductive system. The ovary is shown in
dark purple. Oocytes in various stages of development can be found throughout the ovary. Mature oocytes are released from the
ovary and move through the oviduct to the cloaca. (B) Female mouse reproductive system. The mouse ovary is much smaller than
the frog ovary. As with frogs, oocytes in several stages of development are present throughout the ovary. Oocytes are released from
follicular cysts into the fallopian tube, where they are fertilized. Embryos then pass into the uterine horn, where they implant.

stage V of oogenesis, yolk accumulation begins to slow down,
and the difference in pigmentation between the two poles of
the embryo becomes more pronounced. Stage VI oocytes have
ceased accumulating yolk, and are sensitive to the hormone pro-
gesterone, which triggers oocyte maturation (Smith ez al., 1968).
This causes the nuclear envelope to break down, and permits the
oocyte to progress to metaphase of meiosis II, where it again
arrests.

Mature oocytes are radially symmetrical, but this sym-
metry changes dramatically after fertilization. The outer,
microfilament-rich layer of the embryo, called the cortex, ro-
tates so that the vegetal pole of the cortex is opposite the point
of sperm entry. This establishes the dorsal-ventral axis of the
embryo. After cortical rotation, a series of rapid, synchronous
divisions begin that continue until there are approximately 4000
cells in the embryo. During these divisions, the volume of the
embryo does not increase, and each cell cycle lacks the associ-
ated G phases. At the 4000-cell stage, the mid-blastula transi-
tion occurs, the cell divisions become asynchronous and zygotic
transcription begins.

D. rerio Early Development
D. rerio (zebrafish) is a second convenient vertebrate model
organism. Like worms, the embryos are transparent, allowing

for easy visualization of developmental processes such as or-
gan formation and angiogenesis. Oogenesis occurs in the ovary
of adult females (described in Selman et al., 1993). Immature
oocytes are located within a group of primary oogonia. In early
oogenesis, they are surrounded by a layer of somatic follicle
cells. Immature oocytes proceed through pachytene of meiosis
prophase I, at which point they arrest. Arrested oocytes begin
accumulating cortical granules and yolk, and it is at this stage
where the animal-vegetal pole of the oocyte manifests. The ger-
minal vesicle migrates toward the animal pole, and follicular
cells near this pole specialize to generate the micropylar canal,
through which fertilization takes place. At the same time, nu-
merous RNAs localize to both poles and to the cortex of the
oocyte (Howley and Ho, 2000). Upon hormone induced matu-
ration, the oocyte completes meiosis I and arrests in metaphase
of meiosis II. At this stage, it is ovulated into the ovarian canal,
where the change in environment triggers activation.
Fertilization occurs when a sperm enters the egg through the
micropylar canal at the animal pole (Wolenksy and Hart, 1987;
reviewed in Kimmel et al., 1995). Like Xenopus oocytes, ze-
brafish oocytes are radially symmetric about the animal-vegetal
axis (Figure 4B). Unlike Xenopus oocytes, the point of sperm en-
try does not directly induce asymmetry, as the point of sperm en-
try is predetermined at the animal pole. Once the egg is fertilized,
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FIG. 4. (A) EarlyXenopus embryogenesis. After fertilization, the embryo divides along the longitudinal axis to produce two
indistinguishable daughters. This division begins in the animal pole of the embryo and continues through the vegetal pole. Prior
to the completion of the first division, the second longitudinal division occurs on a plane perpendicular to the first. The embryo
continues dividing synchronously, alternating between meridional and longitudinal divisions. After several rounds of division, a
hollow cavity called the blastocoel is formed in the animal half of the embryo. Concurrent with the formation of the blastocoel,
the midblastula transition occurs, and cell divisions become asynchronous. The animal half contains more numerous and smaller
cells than the vegetal half. (B) Early zebrafish embryogenesis. Immediately following fertilization, the cytoplasm of the embryo
redistributes, forming a clear blastodisc above an opaque yolk. The first cell division is symmetric, and only divides the blastodisc,
forming two equally sized cells. Further divisions are symmetric and synchronous, resulting in a mass of equally sized cells above
the yolk mass. The layer of cells adjacent to the yolk (called the yolk syncytial layer) have cytoplasmic connections to the yolk.

it completes meiosis II and the male and female pronuclei fuse.
Concurrently, the ooplasm begins a rapid redistribution toward
the animal pole of the fertilized egg, forming a transparent, yolk-
free bulge called the blastodisc. The blastodisc eventually de-
velops into the entire animal, while the yolk remains largely
intact throughout embryogenesis, providing nutrients to the de-
veloping embryo until it is eventually depleted. Ooplasm redis-
tribution also causes the relocalization of a number of maternal
mRNAs (Howley and Ho, 2000). Once the formation of the
blastodisc is complete, a series of rapid (~15 minutes each)
synchronous cell divisions that only divide the blastodisc begin.
After each round of synchronous divisions, the cells do not in-
crease in volume, so the embryo remains the same size as the
mature egg. This type of cell division continues until approxi-

mately the 512-cell stage, at which the ratio of cytoplasmic to
nuclear volumes triggers the midblastula transition (MBT), as
well as the onset of zygotic transcription (Kane and Kimmel,
1993). During the MBT, cell divisions in the embryo become
asynchronous, and the formation of a rough body plan begins.

M. musculus Early Development

Oogenesis in mice (M. musculus) proceeds within the ovary
of adult females. As with frogs and fish, oocyte development
is a stochastic process that begins when a primordial germ cell
enters meiosis. Each oocyte becomes surrounded in a layer of
follicle cells that secrete signaling factors that cause the oocyte
to arrest in prophase of meiosis I. Oocytes advance to metaphase
of meiosis II on exposure to progesterone. Mature oocytes are
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ovulated, then fertilized in the fallopian tube. Fertilization en-
ables the embryo to complete meiosis and commence mitotic
divisions, which average about 12 hours each. The first three
divisions are symmetric, and produce a loose ball of cells. To-
ward the end of the eight-cell stage, the cells of the embryo
undergo compaction, and form a tight sphere of cells, which
are joined together by gap junctions that permit the transfer of
small molecules between cells. Zygotic transcription initiates
at the two-cell stage in mouse embryos (reviewed in Schultz,
1993), far sooner than in other model organisms.

Common Themes in Early Development

Despite the significant differences in the morphology of
adults in the species discussed here, there are a number of
common themes underlying their early development. In each
species, there is a rapid response to a biological cue that in-
duces the oocytes to progress through meiosis and thus become
incapable of transcription. Concomitant with the progression
through meiosis, the genetic program of the oocyte changes
dramatically in preparation for fertilization. Post-transcriptional
regulation of maternal mRNAs plays a crucial role in this repro-
gramming.

With the exception of mice, newly fertilized embryos of all
of these species undergo a series of rapid mitotic divisions
without either of the G phases present in a normal cell cycle.
This produces a blastula of cells that comprises roughly the
same volume as the oocyte and does not resemble the eventual
shape of the adult. Despite the “ball of cells” morphology in
the blastula stage, a number of cell specification events have
already taken place that profoundly influence subsequent differ-
entiation and organ formation. Because the zygotic genome is
transcriptionally quiescent for most of the blastula stage, the
defining moments in the life of an organism occur without
the benefit of transcription. Therefore, regulation of maternal
mRNAs by maternal proteins plays a central role in the de-
termination of cell fates and the establishment of embryonic
axes.

3. POST-TRANSCRIPTIONAL REGULATION OF
MATERNAL mRNA IN OOGENESIS

Regulation of Maternal mRNA During Oocyte
Differentiation

The gametes of most species derive from a small popula-
tion of mitotically dividing primordial germ cells (PGCs). While
PGCs are typically capable of producing either sperm or eggs,
each individual produces only one type exclusively, with the
exception of hermaphroditic species like C. elegans. Thus, two
important regulatory events must occur prior to gametogenesis:
daughters of PGC division must enter meiosis, and then they
must commit to differentiation into haploid gametes. In C. el-
egans, both processes are regulated at the post-transcriptional
level, which we discuss here.

Regulation of Oogenesis in C. elegans

Hermaphrodite C. elegans produce both sperm and eggs from
the same niche of primordial germ cells (Figure 2A). Both the
order in which sperm and eggs are produced and the timing of the
transition from sperm production to egg production are tightly
regulated. Spermatocytes are produced during larval stages of
development, while oocytes are produced in adults. Interest-
ingly, the switch from spermatogenesis to oogenesis depends
largely on the post-transcriptional regulation of a few key tran-
scripts in the germline. One of these is fem-3 (Rosenquist and
Kimble, 1988), a transcript produced during the larval stages
of germline development that encodes a novel protein that pro-
motes spermatogenesis and inhibits oogenesis (fer: mutants lead
to feminization of the germline) (Hodgkin, 1986). Thus, oocyte
production requires the silencing of fem-3 transcripts (Barton
et al., 1987; Ahringer and Kimble, 1991). Repression of fem-3
translation depends on a five-nucleotide sequence present in its
3’-UTR named the point mutation element (PME) (Ahringer and
Kimble, 1991) (Figure 5SA). Mutations within this element result
in worms that produce sperm exclusively (Barton et al., 1987).
Moreover, the fem-3 3’-UTR is sufficient to confer a fem-3-like
expression pattern to a LacZ reporter, suggesting that the fem-3 3’
UTR is both necessary and sufficient for maintaining the correct
expression pattern of FEM-3 (Gallegos et al., 1998). Mutations
within the PME activate translation in oocytes, demonstrating
that the PME is the primary cis-element required for repression
(Gallegos et al., 1998).

Using a yeast-three hybrid assay, Wickens and coworkers
identified two nearly identical proteins, named FBF-1 and FBF-2
(collectively referred to as FBF — fem-3 binding factor) that bind
to the PME (Zhang et al., 1997). Inactivation of both genes by
RNAI results in the same phenotype as fem-3 alleles with disrup-
tions in the PME, suggesting that FBF acts directly through the
PME to repress fem-3 translation and to enable the onset of ooge-
nesis (Zhang et al., 1997). FBF-mediated repression of fem-3 is
antagonized by GLD-3, a Bicaudal-C-like RNA binding protein
(Eckmann et al., 2002). FBF cannot bind to PME-containing
sequences in the presence of GLD-3, and GLD-3 binds directly
to FBF. Therefore, GLD-3 binding to FBF is proposed to inhibit
the association of FBF with RNA (Eckmann et al., 2002), pro-
viding a plausible mechanism for reversible silencing of fem-3
translation. In this example, the antagonistic action of specific
RNA-binding proteins mediates the onset of oogenesis by reg-
ulating the expression of key genes at the post-transcriptional
level.

From Mitosis to Meiosis in C. elegans

The transition from mitosis to meiosis occurs in the vicinity
of a somatic gonad cell called the distal tip cell (DTC). As the
name suggests, this cell is located at the distal tip of the gonad,
and it secretes LAG-2, a Delta-like ligand that promotes mi-
tosis (Henderson et al., 1994). As primordial germ cells move
away from the distal tip cell, they are exposed to diminishing
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FIG. 5. Regulation of developmental events by FBF in the C. elegans distal gonad. (A) FBF represses translation from g/d-1 and
gld-3 transcripts in the mitotic region of the gonad by binding a point mutation element (PME) in 3" UTR of each transcript. In
the transition zone, FBF expression is reduced, which permits the translation of GLD-1 and GLD-3. The poly(A) tail of gld-I
transcripts is lengthened by GLD-2/GLD-3, which promotes the translation of GLD-1. GLP-1 translation is repressed by GLD-1
in the transition zone of the gonad through the STAR binding element (SBE). The gradient of LAG-2 is denoted in green. (B)
Structural models of FBF bound to the PME, and GLD-1 bound to the SBE. FBF structure modeled on the crystal structure of
Human Pumiliol bound to RNA (Wang et al., 2002b), while the GLD-1 structure is modeled on the NMR structure of SF-1 (Liu

etal.,2001).

concentrations of LAG-2 and begin to transition into meiosis.
LAG-2 promotes mitosis by interacting with one of the C. el-
egans Notch receptors, GLP-1. Null mutations of glp-I result
in worms that lack a germline entirely, underscoring the impor-
tance of Notch signaling in maintaining a mitotically dividing
pool of germ cell precursors (Austin and Kimble, 1987).

FBF and GLD-3 also participate in regulating the mitosis
to meiosis switch (reviewed by Kimble and Crittenden, 2007)
(Figure 5). Double mutants of fbf-1 and fbf-2 produce spermato-
cytes exclusively (Zhang et al., 1997), but they also prematurely
initiate meiosis in the larval germline, leading to a depletion
of mitotically dividing germ cell precursors (Crittenden et al.,
2002), and the eventual disappearance of the germline. Surpris-
ingly, FBF-1 and FBF-2 play different roles in regulating the
entry into meiosis. Single mutants of fbf-/ have fewer mitoti-
cally dividing germ cells than wild-type worms (Crittenden et
al., 2002), while mutants of fbf-2 have more mitotically divid-
ing germ cells compared to wild-type organisms (Lamont et al.,

2004). Moreover, FBF-1 and FBF-2 have remarkably different
patterns of expression; FBF-1 protein is expressed primarily in
the proximal three-fourths of the gonad, while FBF-2 is ex-
pressed only at the distal tip of gonads (Lamont et al., 2004).
This suggests that these factors, though seemingly redundant,
play different biological roles.

FBF-2 is an important post-transcriptional regulator of the
mitosis to meiosis transition. FBF-2 production requires func-
tional glp-1 signaling in the distal gonad, as FBF-2 expression
is sharply reduced at the restrictive temperature of a glp-I(ts)
strain. In addition, the fbf-2 promoter has a binding site for
LAG-1, a transcriptional effector of the glp-I signaling path-
way (Lamont et al., 2004), suggesting that LAG-2 induces fbf-2
transcription. If so, it is possible that FBF-2 mediates the glp-/
signaling response at the distal tip of the gonad.

How do FBF-1 and FBF-2 coordinate entry into meio-
sis? There is no definitive answer, but the transcripts encod-
ing two additional RNA-binding proteins required for germline
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development (gld-1 and gld-3) are regulated by FBF-2 (Critten-
den et al., 2002; Eckmann et al., 2004) (Figure 5). GLD-1 is
a STAR-domain RNA-binding protein (Lee and Schedl, 2001)
that represses translation of g/p-/ mRNA in meiotically dividing
cells (Marin and Evans, 2003) by recognizing a sequence termed
the STAR-binding element (SBE, Ryder et al., 2004). GLD-3
encodes a KH-domain RNA-binding protein that, in addition to
its role in deactivating FBF-1, is proposed to be a specificity
adapter for an atypical cytoplasmic poly(A) polymerase GLD-2
(Wang et al., 2002a). The GLD-2/GLD-3 poly(A) polymerase
complex acts directly on gld-1 mRNA, extending its poly(A) tail
and promoting its translation (Suh et al., 2006). Thus, GLD-1
represses genes that promote mitosis, while GLD-3, in concert
with GLD-2, activates genes that promote meiosis. FBF-2 re-
presses the translation from both of these mRNAs, and thus
inhibits meiosis, though little is known about the biochemical
mechanism.

FBF is a founding member of the Pumilio and FBF (PUF)
family of proteins, which function to repress mRNA transla-
tion or promote mRNA turnover in several species (Zhang et al.
1997; Curtis et al., 1997; Zamore et al., 1997; Wharton et al.,
1998; Olivas and Parker, 2000; reviewed in Wickens et al.,2002).
Drosophila Pumilio is required for the deadenylation and subse-
quent translational repression of both hunchback and bicoid mR-
NAs during early development, but the identity of the associated
deadenylase involved in regulation is currently not known (Gam-
beri et al., 2002; Wreden et al., 1997). Yeast Puf3p promotes
cytoplasmic deadenylation and subsequent turnover of specific
transcripts by recruiting the Ccrdp/Caflp exonuclease complex
(Olivas and Parker, 2000; Goldstrohm et al., 2007). It is reason-
able to assume that FBF promotes deadenylation and/or blocks
some other stage of translation, but this has not yet been explic-
itly demonstrated.

While possible regulatory targets for FBF-2 in the mitosis
to meiosis transition have been identified, the role of FBF-1 is
still unknown. As mentioned above, fbf-I mutants have fewer
mitotically proliferating cells in the distal region of the gonad,
but FBF-1 is only weakly expressed in the mitotic region of
the gonad in comparison to its stronger proximal expression.
FBF-1 may influence mitotic proliferation by repressing mitosis-
promoting transcripts in the proximal germline.

Regulation of Maternal mRNAs During Oocyte
Maturation

Oocyte maturation is marked by dramatic changes in the ge-
netic program of the egg as it prepares for the rounds of rapid di-
vision that follow fertilization. Some of the maternal transcripts
produced in the immature oocyte are translationally repressed
until maturation. These maternal mRNAs are crucial to the de-
veloping zygote; in addition to driving the cell cycle, they guide
axis patterning and cell fate specification until the onset of zy-
gotic transcription.

Immature oocytes typically arrest in pachytene phase of
meiosis prophase I. This arrest must be relieved before fer-

Sperm

Oocyte

Embryo

FIG. 6. The oocyte-to-embryo transition in C. elegans. Sym-
metrical oocytes are fertilized when they pass through the sper-
matheca. Fertilization induces rapid polarization of the embry-
onic axes, leading to posterior accumulation of the germline-
specific proteins PIE-1 and MEX-1. OMA-1 and OMA-2, re-
dundant factors present in the oocyte, are required to prevent
the premature entry into embryonic fate. Rapid degradation of
OMA-1 and OMA-2 is required for axis polarization. PIE-1,
MEX-1, OMA-1 and OMA-2 are CCCH-type tandem zinc fin-
ger proteins related to mammalian TTP, an RNA-binding protein
that regulates mRNA stability.

tilization and the first mitotic divisions can occur. In the fol-
lowing section, we present specific examples of maternal tran-
script regulation as it relates to oocyte maturation in sev-
eral organisms. Intriguingly, although the biology of oogenesis
varies dramatically from species to species, mechanistic themes
emerge from the comparison of maternal mRNA regulatory
pathways.

Oocyte Maturation in C. elegans

In worms, oocyte maturation occurs just prior to fertilization
and is triggered by major sperm protein (MSP) released by the
spermatheca (Miller ez al.,2001). Only the most proximal oocyte
undergoes maturation, which is punctuated by the breakdown of
the nuclear envelope and the completion of both meiotic divi-
sions, producing a mature oocyte ready for fertilization (Figure
2A, Figure 6).

Completion of oocyte maturation depends on OMA-1
and OMA-2, redundant CCCH-type zinc finger proteins ex-
pressed in the oocytes (Detwiler et al., 2001). Knocking
down both proteins with RNAi causes premature initiation and
subsequent failure of the oocyte maturation process. OMA-
1 and OMA-2 are related to the mammalian factor triste-
traprolin (TTP), an RNA-binding protein that is implicated
in the destabilization of tumor necrosis factor alpha mRNA
(Lai et al., 1999). By analogy, OMA-1 and OMA-2 may
promote the targeted destruction of specific maternal transcripts
at the oocyte-to-embryo transition. It is possible that these pro-
teins directly activate or indirectly regulate genes required for
completing meiosis at the RNA level. However, the ability of
OMA-1 and OMA-2 to interact with RNA has not yet been
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demonstrated, and as such the nucleotide sequence specificity
and the mRNA target specificity has not been explored.

The levels of OMA-1 and OMA-2 increase throughout ooge-
nesis, reaching a maximum just prior to fertilization, and then
their concentration rapidly decreases after fertilization through
the first mitotic division (Figure 6). The timely degradation of
OMA-1 and OMA-2 is essential, as mutations that stabilize
OMA-1 and OMA-2 in embryos cause embryonic lethality (Lin,
2003). The terminally differentiated embryos from these mutant
mothers have an excess of pharyngeal and intestinal tissue (Lin,
2003) and mislocalized P granules (Shimada ez al., 2006), RNA-
rich bodies that normally accumulate in the embryonic lineage
that specify the germline (Strome and Wood, 1982). OMA-1 and
OMA -2 degradation occurs in an asymmetric manner, showing a
slight bias for the posterior daughter of the first mitotic division.
By the four-cell stage, bulk cytoplasmic OMA-1 and OMA-2 is
degraded. Residual protein is only found in association with P
granules (Lin, 2003).

OMA-1 degradation requires well timed, sequential phospho-
rylation at two key threonine residues. It is first phosphorylated
by MBK-2 at threonine 239 immediately after fertilization, and
then by GSK-3 at threonine 339 (Nishi and Lin, 2005). Phos-
phorylation by GSK-3 both in vitro and in vivo is sensitive to
the phosphorylation state of T239, as mutations that prevent
phosphorylation at T239 also prevent phosphorylation at T339
by GSK-3 (Nishi and Lin, 2005). This supports the hypothe-
sis that phosphorylation by MBK-2 primes OMA-1 for rapid
GSK-3 dependent degradation. Phosphorylation of OMA-1 is
also indirectly dependent on the cell cycle regulating kinase
CDK-1 and its binding partner, CKS-1 (Shirayama et al., 2006).
Additionally, depleting embryos of Cyclin B3 also stabilizes
OMA-1 (Shirayama et al., 2006), suggesting that its function is
intimately tied to the progression of the first mitotic cycle. Stabi-
lization of OMA-1 inhibits proper localization of two additional
TTP-like zinc finger proteins required to pattern the early em-
bryo (MEX-1 and PIE-1, Figure 6) (Shirayama et al., 2006; Shi-
mada et al., 2006). As a result, Mello and colleagues postulated
that OMA-1 and OMA-2 act as a lynchpin that prevents pre-
mature patterning prior to fertilization (Shirayama et al., 2006).
The mechanism of this block is not known.

Progesterone Induced Oocyte Maturation in Xenopus laevis
Xenopus oocytes rapidly activate silenced mRNAs upon ex-
posure to a hormonal cue that promotes maturation. Immature
Xenopus oocytes are arrested in pachytene of meiosis prophase
I. Upon exposure to progesterone (or insulin), the nuclear en-
velope breaks down and meiosis resumes, eventually arresting
once more at metaphase of meiosis II. Exposure to progesterone
causes the cytoplasmic polyadenylation and subsequent trans-
lational activation of a number of maternal transcripts, includ-
ing the cell cycle regulators mos and cyclin B1 (Frank-Vaillant
etal., 1999, Sarkissian et al., 2004). These mRNAs are thought
to be polyadenylated by the pre-mRNA processing pathway in

the nucleus, and their poly(A) tails are shortened upon nuclear
export, thus repressing their translation. Progesterone exposure
causes the poly(A) tails of these mRNAs to be lengthened once
again, permitting their translation (reviewed in Richter, 2007). It
is not entirely clear how progesterone triggers these events, but
it is known that the atypical cyclin-dependent kinase activator
RINGO/Spy is near the beginning of the pathway (Padmanabhan
and Richter, 20006).

RINGO/Spy is necessary and sufficient for advancing ar-
rested Xenopus oocytes to metaphase Il of meiosis during oocyte
maturation. Over expression of RINGO/Spy protein or prema-
ture expression in immature oocytes causes the accumulation of
maturation promoting factor (MPF) and premature progression
through meiosis I (Ferby et al., 1999). Conversely, inhibition of
RINGO/Spy protein with morpholino oligonucleotides blocks
the accumulation of MPF and thus the maturation of oocytes
(Ferby et al., 1999). Thus, tight regulation of RINGO/Spy ex-
pression is necessary for temporal control of oocyte maturation.

RINGO/Spy mRNA is present throughout the late oocyte,
but it is translationally repressed by the Xenopus Puf family
member Pumilio-2 until progesterone stimulation (Padmanab-
han and Richter, 2006). Translational repression of RINGO/Spy
mRNA is mediated through Pumilio-2 binding sites present in
its 3’-UTR. Pumilio-2 binds to the 3’-UTR of RINGO/Spy both
in vitro and in vivo. Deletion of the Pumilio-2 binding sites ab-
rogates binding and permits the premature translation of a GFP
reporter mRNA, demonstrating that translational repression of
RINGO/Spy is mediated by the direct association of Pumilio-2.
After exposure to progesterone, Pumilio-2 can no longer asso-
ciate with the 3’-UTR of RINGO/Spy, which permits transla-
tion. It is not known how progesterone stimulation causes the
dissociation of Pumilio-2, but it may lead to a post-translational
modification of Pumilio-2 that renders it incapable of binding to
RINGO/Spy mRNA.

Cytoplasmic polyadenylation of maternal transcripts requires
RINGO/Spy protein, but how RINGO/Spy activates this path-
way is unknown. Phosphorylation of the RNA-binding protein
cytoplasmic polyadenylation element binding protein (CPEB)
by Aurora A kinase depends on the translation of RINGO/Spy
protein (Padmanabhan and Richter, 2006). Thus, RINGO/Spy
may permit the activation of Aurora A or some other factor up-
stream in the pathway.

Phosphorylation of CPEB permits the translation of a num-
ber of maternal mRNAs silenced prior to oocyte maturation,
including the mRNA encoding Cyclin B1, a component of MPF
(Gautier et al., 1990). Over expression of Cyclin B1 in immature
oocytes causes the resumption of meiosis, so the precise tempo-
ral control of its expression is crucial to developmental timing
(Hartley et al., 1996). Temporal control of Cyclin B1 expression
is mediated by its 3’-UTR, which contains multiple Uy_¢A;_,U
sequence motifs, called cytoplasmic polyadenylation elements
(CPEs). These elements are required for the polyadenylation and
subsequent translation of Cyclin B1 mRNA during oocyte mat-
uration (de Moor and Richter, 1999; Hake and Richter, 1994).
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These elements are specifically recognized in vivo by CPEB,
and this specific interaction is required for the translational dere-
pression of Cyclin Bl mRNA (Stebbins-Boaz et al., 1996). In
addition to CPEB, the RNA-binding protein Musashi plays a
role in the rapid polyadenylation of specific transcripts, though
the precise mechanism of Musashi function and its integration
with the CPEB pathway remain unclear (Charlesworth et al.,
2006).

Cyclin B1 mRNA is regulated in three separate ways during
oogenesis: (1) it is deadenylated upon nuclear export, (2) it is
translationally repressed prior to oocyte maturation, and (3) it
is readenylated during oocyte maturation. CPEB plays a critical
role in all three processes (Figure 7). CPEB recruits poly(A) ri-
bonuclease (PARN) to CPE containing transcripts in immature
oocytes (Kim and Richter, 2006). PARN catalyzes cytoplas-
mic deadenylation of Cyclin BI mRNA in immature oocytes
(Copeland and Wormington, 2001), and inactivation of PARN
by injection of an anti-PARN antibody causes premature read-
enylation (Kim and Richter, 2006), suggesting that PARN an-
tagonizes the activity of a cytoplasmic poly(A) polymerase. The
association of PARN with Cyclin Bl mRNA is stage specific,
as it co-immunoprecipitates with CPEB in immature oocyte ex-
tracts, but not in mature oocyte extracts. The dissociation of
PARN from CPEB is caused by the phosphorylation of CPEB.
During oocyte maturation, serine 174 of CPEB is phosphory-
lated by Aurora A kinase (Mendez et al., 2000a), which blocks
its interaction with PARN in vitro and in vivo (Kim and Richter,
2006), thus permitting cytoplasmic polyadenylation of Cyclin
B1 mRNA.

In addition to persistent deadenylation, premature translation
of Cyclin B1 mRNA is blocked by specific inhibition of trans-
lation initiation (Barkoff et al., 2000). CPEB directly interacts
with maskin, an eIF4E-interacting protein (Stebbins-Boaz et al.,
1999). Maskin inhibits the formation of translation initiation
complexes by competing with eIF4G for binding to eIF4E, thus
preventing formation of the loop between the poly(A) tail and
the cap complex required for efficient translation. Upon oocyte
maturation, maskin dissociates from CPEB in a cytoplasmic
polyadenylation-dependent manner (Cao and Richter, 2002), as
the injection of cordycepin, an adenosine triphosophate analog
that prevents elongation of poly(A) tails, into maturing oocytes
inhibits the dissociation of maskin from CPEB. In addition, in-
jection of poly(A) RNA, but not poly(C) RNA, prevents the dis-
sociation of maskin from Cyclin B mRNA. If poly(A) binding
protein (PABP) is co-injected with poly(A) RNA, the ability of
maskin to dissociate from CPEB at oocyte maturation is restored,
suggesting that binding of PABP to Cyclin Bl mRNA mediates
dissociation of maskin (Cao and Richter, 2002). A plausible hy-
pothesis is that a complex of PABP/eIF4G directly competes
with maskin for binding to eIF4E. Consistent with this idea, the
yeast homolog of PABP (Pap1) binds directly with eIF4G, pro-
moting the formation of a closed, circular complex of mRNA
and translation initiation factors (Wells et al., 1998). Thus, the
extension of Cyclin B1 mRNA poly(A) tails would lead to an in-

crease in local PABP concentration that is ultimately responsible
for the derepression of Cyclin B1 translation.

In early oocytes, where Maskin is not expressed, cyclin Bl
translation is repressed by an alternate mechanism. Instead,
CPEB recruits e[F4E1b to its mRNA targets. e[F4E1b has a
reduced affinity for the 5'-cap structure relative to eIF4E, and
it is also incapable of binding to eIF4G (Minshall et al., 2007).
elF4E1b binds to 4E-T, a homolog of Drosophila Cup. Inhi-
bition of eIF4E1b in early oocytes by the injection of an anti-
elF4E1b antibody causes premature maturation, demonstrating
that e[F4E1b represses translation of proteins required for mat-
uration (Minshall et al., 2007).

Cytoplasmic polyadenylation of Cyclin B1 mRNA requires a
heteromeric complex of proteins called cleavage and polyadeny-
lation specificity factor (CPSF), which is activated upon phos-
phorylation of CPEB at serine 174 by Aurora A kinase (Mendez
et al., 2000b). Active polyadenylation of Cyclin B1 mRNA be-
gins at the same time that PARN dissociates, demonstrating that
even immature oocytes have cytoplasmic polyadenylation ac-
tivity. In addition to CPSF, polyadenylation also requires the
recruitment of symplekin and an atypical cytoplasmic poly(A)
polymerase (xGLD-2) related to nematode GLD-2 (Barnard
et al.,2004). Like its worm counterpart, XxGLD-2 lacks apparent
RNA binding domains, and presumably must rely on association
with a specificity determinant such as CPEB to be recruited to
specific mRNAs.

During the maturation of mouse oocytes, cyclin Bl mRNA
is regulated by a similar process. The level of cyclin B1 protein
is initially low in immature oocytes, and gradually increases
until metaphase of meiosis I, when it is maximally expressed.
During this time, the level of cyclin Bl mRNA in the oocyte
does not significantly change. Injection of cyclin Bl mRNA
into immature mouse oocytes accelerates maturation, suggesting
that the repression machinery can be overwhelmed by a high
concentration of mRNA (Polanski ef al., 1998). During meiotic
maturation, the poly(A) tail of cyclin B1 mRNA is lengthened,
and this is required for translation (Tay et al., 2000). Contained
within the 3’UTR of cyclin Bl mRNA are three CPEs, which are
required for both translational repression in immature oocytes,
as well as translational activation in maturing oocytes (Tay et al.,
2000). Much like in Xenopus oocytes, these elements are bound
by CPEB, and the phosphorylation of CPEB by an Aurora A
kinase (IAK1/Eg2 in mice) is required to relieve translational
repression during oocyte maturation (Tay et al., 2000; Hodgman
etal.,2001). The conservation of this pathway across vertebrate
species suggests that it plays a central role in oocyte maturation.

These mechanistic studies of oocyte maturation highlight sev-
eral key themes in the regulation of maternal mRNAs during
early development. Oocyte maturation is a rapid process, pre-
sumably because many of the mRNAs encoding regulatory ma-
chinery have already been transcribed and processed into mature
mRNAs. This is exemplified by the translation of RINGO/Spy,
which can be activated by the dissociation of a regulatory fac-
tor from its 3’-UTR. Thus, activation of reversibly repressed

RIGHTS

ir



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/05/12
For personal use only.

146 B. M. FARLEY AND S. P. RYDER

Progesterone

RO

|

Ringo/Spy Ringo/Spy

n

Aurora A
Kinase

o-©

REPRESSED ACTIVATED

CPE: UUUUU(U/A)AU CPE: UUUUU(U/A)AU

FIG. 7. Schematic representation of progesterone-mediated activation of Cyclin B1 translation in maturing Xenopus oocytes.
Before exposure to progesterone, translation of Cyclin B1 mRNA is repressed by Maskin and PARN. Maskin competes with eI[F4G
for binding to elF4E, preventing translation initiation, while PARN is a ribonuclease that prevents the extension of the poly(A)
tail. Exposure to progesterone indirectly relieves Puf2-mediated repression of Ringo/Spy, which in turn indirectly activates Aurora
A kinase which drives phosphorylation of CPEB. As a result, PARN no longer binds to the 3’-UTR and CPSF is activated. The
dashed line around CPSF indicates that its presence in repressed complexes is controversial. xGLD-2 extends the poly(A) tail,
producing binding sites for Pabp. Pabp binds to both e[F4G and eIF4E, allowing it to compete with Maskin and thus drive initiate
of translation.
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mRNAs prepares the oocyte to quickly react to an environmen-
tal stimulus. The regulation of cytoplasmic polyadenylation also
highlights that post-transcriptional regulation in oocyte matura-
tion occurs in cascades, where the regulation of one mRNA
eventually leads to the downstream regulation of more mRNAs.
This may afford the opportunity for regulation at multiple points
in a pathway by competing stimuli, and amplification of regu-
latory signals. Another concept demonstrated by the regulation
of Cyclin B1 mRNA is that critical targets are regulated via
mutliple mechanisms. The translation of Cyclin Bl mRNA is
regulated by at least three processes, which may act to ensure
Cyclin B1 repression if a random mutation weakens the activity
of any one regulatory pathway.

4. CONTRIBUTION OF MATERNAL mRNA TO
EMBRYONIC PATTERNING

RNA Localization in Early Development

A common regulatory theme in the early development of
both invertebrates and vertebrates is the specific localization of
maternal mRNAs. Beginning in oogenesis, mRNAs encoding
genes required for the specification of fundamental body axes
as well as cell fates become enriched in specific regions of the
oocyte. The resulting gradients of maternal mRNAs as well as the
proteins they encode is crucial to patterning of the developing
organism during embryogenesis. Here, we discuss how RNA
localization in early development influences the specification of
primordial germ cells, as well as somatic tissue lineages.

Specification of Primordial Germ Cells by Germ Plasm

The specification of cells destined to produce the entire germ
line, called primordial germ cells (PGCs), is one of the first de-
cisions made in the early embryos of many species. In all com-
monly studied model organsisms, with the exception of mice,
PGC:s are specified by a dense collection of cytoplasmic gran-
ules called germ plasm. These granules are rich in both maternal
mRNAs as well as RNA-binding proteins, though the complete
composition for any species has yet to be determined. In most
species, germ plasm is asymmetrically localized during oogen-
esis, and continues to be asymmetrically distributed to specific
cells during embryogenesis. Eventually, the cells that contain
germ plasm stop dividing, and remain both transcriptionally si-
lenced and quiescent until development of the germline occurs
in juveniles. These cells are the primordial germ cells; below we
present how germ plasm contributes to their specification.

In both D. rerio and X. laevis, germ plasm is a region rich in
mitochondria and electron dense germinal granules that begin
to accumulate near the nucleus during the early stages of ooge-
nesis. As oogenesis proceeds, the germ plasm migrates to the
vegetal cortex of oocytes, where it remains until fertilization.
Upon fertilization of X. laevis oocytes, the germ plasm initially
rotates with the cortex, but then detaches and concentrates once
more in the vegetal pole of the embryo. In contrast, zebrafish

germ plasm migrates to the base of the blastodisc, and accumu-
lates at the distal ends of the first two cleavage furrows. In both
species, the germ plasm is partitioned to only one daughter of
each cell division, which ensures that only a small number of
cells (approximately 5 to 10) in the blastula will become PGCs.
Upon gastrulation, these cells migrate to the future site of the
gonad.

Drosophila germ plasm (called pole plasm) also forms during
oogenesis. The ovarian nurse cells first begin secreting proteins
required to tether pole plasm components to the posterior pole
of the developing oocytes, followed by the maternal mRNAs
required for PGC fate specification (reviewed in Williamson and
Lehmann, 1996; Ephrussi and Lehmann, 1992). The pole plasm
remains at the posterior pole of the oocyte during fertilization,
and is incorporated into a small number of cells at the posterior
pole of the embryo during blastomere recellularization. The cells
that inherit the pole plasm become the PGCs, and similar to their
counterparts in Xenopus and zebrafish, migrate to the future site
of the gonad during gastrulation.

In contrast, germ granules in C. elegans (called P granules)
persist in the germline throughout the entire life cycle (Strome
and Wood, 1982). P granules are distributed homogenously
throughout the syncytial gonad as well as in developing oocytes.
Upon fertilization, P granules rapidly segregate to the posterior
half of the embryo, and are only distributed to the posterior
daughter of the first cell division (Strome and Wood, 1982).
This pattern of asymmetric P granule distribution is repeated
three more times to produce a single cell containing P gran-
ules, called P4. Prior to gastrulation, this cell undergoes one
final symmetric division, giving birth to two P granule contain-
ing primordial germ cells. Similar to X. laevis, D. rerio, and D.
melanogaster, these cells migrate to the future location of the
gonad during gastrulation.

In contrast to the species described above, mice lack germ
plasm in both oocytes and embryos, and instead rely on an in-
ductive mechanism to specify germ cells (reviewed in Hayashi
et al., 2007). Specification begins approximately 6 days after
fertilization, after the embryo is implanted in the uterine wall.
A small cluster of cells in the proximal epiblast is induced
by the immediately adjacent extraembryonic tissue to express
fragilis, an interferon-inducible transmembrane protein (Saitou
et al., 2002). Of the cells expressing fragilis, only a fraction be-
gin expressing stella, the first marker of germ cell fate (Saitou
et al., 2002). By an unknown mechanism, these cells begin ex-
pressing the transcriptional repressor Blimpl at 7.5 days post-
fertilization. Blimpl serves to restrict the fate of germ cells by
repressing key elements of the somatic transcription program,
such as the homeobox genes (Ohinata et al., 2005; Saitou et al.,
2005). Inductive specification of germ cell fate is not unique to
mice, as a number of urodele amphibian species, such as the ax-
olotl, specify their germ cells in a conceptually similar manner
(Johnson et al., 2003).

The specification of primordial germ cells by germ plasm is
a common feature of both the invertebrate and vertebrate model
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organisms described here, excluding mice, but a number of ques-
tions still remain about the process. The mechanism by which
germ cell fate is specified by components of the germ plasm is
not understood, and the molecular mechanisms that guide germ
plasm localization in oocytes and embryos remain an area of ac-
tive investigation. In contrast, it is well known that localization
of several conserved maternal mRNAs to the germ plasm during
oogenesis is crucial to germline specification.

Nanos Contributes to Germ Cell Specification in Many Species

One maternal transcript found in the germ plasm of mul-
tiple species encodes Nanos, a CCHC zinc finger RNA bind-
ing protein (Curtis et al., 1997). Nanos was first discovered in
Drosophila, where it was shown to play a role in the specifi-
cation of abdomen in developing embryos. (Nusslein-Volhard
et al., 1987; Wang and Lehmann, 1991; Gavis and Lehmann
1992). Nanos mRNA localizes to the pole plasm in the posterior
of developing oocytes. This localization depends on sequence
elements present in its 3’-UTR (Gavis et al., 1996a), and on com-
ponents of pole plasm including oskar, tudor, and vasa (Wang
et al., 1994). Over-expression of Oskar expands the zone of
nanos transcript accumulation in the developing oocyte and in-
creases the relative concentration of nanos mRNA localized to
the posterior pole (Smith et al., 1992). These results suggest
that nanos mRNA interacts with structural components of pole
plasm.

Work by the Gavis lab identified a 41-nucleotide fragment of
the nanos 3'-UTR that confers weak posterior localization to an
mRNA reporter in oocytes. Three copies of this element are suf-
ficient to confer nanos-like localization to the reporter (Bergsten
and Gavis, 1999; Bergsten et al., 2001). p75, a cytoplasmic pro-
tein expressed during early embryogenesis, specifically inter-
acts with this element as determined by UV crosslinking and
competition assays (Bergsten et al., 2001). Mutations within
the minimized localization element disrupt in vitro binding of
p75 and also disrupt in vivo localization of the reporter mRNA
construct, suggesting that nanos localization is dependent on a
specific interaction with p75. However, the gene encoding p75
has not been determined, nor is it known how or if p75 inter-
acts with pole plasm components to tether nanos mRNA to the
posterior pole of oocytes.

Unlike most transcripts localized during Drosophila ooge-
nesis, nanos mRNA is not actively localized by microtubule-
associated motor proteins (Forrest and Gavis, 2003). Instead,
its localization appears to involve a random diffusion and en-
trapment mechanism. Real-time confocal imaging of live egg
chambers with GFP tagged nanos mRNA demonstrates that this
transcript localizes to puncta at the posterior of the oocyte. Sur-
prisingly, treatment of live egg chambers with microtubule desta-
bilizing drugs does not disrupt localization of the labeled nanos
mRNA, suggesting that neither microtubule directed transport
nor ooplasmic streaming is required for successful localization.
In contrast, an intact actin cytoskeleton is required to anchor

transported nanos mRNA to the posterior pole of the oocyte.
Treatment of egg chambers with Latrunculin A or Cytochalasin
D, pharmacological inhibitors of actin polymerization, perturbs
the accumulation of nanos transcripts at the posterior pole.

The localization of nanos mRNA in Drosophila oocytes is
inefficient. Only 4% of nanos mRNA is localized to the pole
plasm (Bergsten and Gavis, 1999). However, nanos protein is
translated only in the posterior of the oocyte. As a result, nanos
mRNA must also be translationally repressed outside of the pos-
terior pole. The mechanism of nanos translational regulation has
been studied extensively, and will be discussed later in this re-
view.

The mechanism of nanos transcript localization appears to
be well conserved from invertebrates to vertebrates. Xcat2, a
Xenopus gene with a region of homology to nanos, localizes to
the germ plasm in a similar manner (Mosquera et al., 1993).
During early oogenesis, Xcat2 mRNA is detected in the mito-
chondrial cloud adjacent to the nucleus (Kloc and Etkin, 1995).
As oogenesis proceeds, Xcat2 mRNA condenses into the germi-
nal granules, and then migrates with the mitochondrial cloud to
the vegetal cortex of the oocyte. Unlike other mRNAs present
in the mitochondrial cloud, such as Xwntl1 and Xlsirts, Xcat2
localization is highly specific to germinal granules (Kloc et al.
1998).

Each distinct step in the localization of Xcat2 mRNA requires
a specific cis-acting element in the 3’-UTR. Initial localization
to the mitochondrial cloud requires a 250-nucleotide region that
is both necessary and sufficient to localize Xcat2 mRNA to the
mitochondrial cloud (Zhou and King, 1996). The subsequent
localization of Xcat2 mRNA to the germinal granules requires
a second cis-acting element in the 3’-UTR called the germinal
granule localization element (Kloc et al., 2000). Disruption of
this element prevents the localization of mitochondrial cloud
mRNA to the germinal granules. Moreover, insertion of the ele-
ment into the 3’-UTR of Xlsirt drives aberrant accumulation of
this transcript into germinal granules. However, the trans-acting
factors required for germinal granule localization have not been
identified.

Within the Xcat2 mitochondrial cloud localization element
(MCLE) are six UGCAC repeats. A reporter mRNA carrying the
Xcat2 MCLE with mutations in all six repeats fails to localize
to the mitochondrial cloud during oogenesis. Thus, UGCAC
motifs are required for Xcat2 localization during oogenesis.
Surprisingly, other maternal mRNAs localized to both the mito-
chondrial cloud and the vegetal cortex during oogenesis have a
statistically significant increase of CAC repeats in their 3’-UTRs,
suggesting that the CAC motifs are a cis-acting element required
for localization in oocytes (Betley et al., 2002). The 75-kD KH
domain RNA binding protein Vg1RBP/Vera recognizes the se-
quence UUCAC (Deshler et al., 1998), and has been implicated
in the localization of mRNAs to both the mitochondrial cloud
as well as the vegetal cortex (Deshler et al., 1997; Kwon et al.,
2002; Choo et al 2005). Deletions of the UGCAC motifs in the
Xcat2 MCLE disrupt Vg1RBP/Vera binding in vitro, suggesting
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that the interaction of VglRBP/Vera with CAC motifs is re-
quired for localization in vivo (Choo et al., 2005). This suggests
that localization of Xcat2 mRNA requires the association of a
specific RNA binding protein with a region of its 3’-UTR.

Similar to Drosophila nanos transcripts, Xcat2 mRNA local-
izes to the mitochondrial cloud by a microtubule-independent
diffusion and entrapment mechanism (Chang et al., 2004). Flu-
orescently labeled Xcat2 mRNAs introduced into early oocytes
initially diffuse throughout the entire cytoplasm and subse-
quently accumulate into the mitochondrial cloud (Chang et al.,
2004). After photobleaching of a region of the cytoplasm, flu-
orescence intensity returns at a rate similar to that of diffusion
of large biomolecules in the cytoplasm of cultured mammalian
cells, suggesting that Xcat2 mRNA transport is largely due to
diffusion (Chang et al., 2004). After cold treatment to depoly-
merize microtubules and drug treatment to prevent their repoly-
merization, Xcat2 mRNA is still capable of localizing to the
mitochondrial cloud. The similarities between the localization
of Drosophila nanos and Xenopus Xcat2 suggest that the two
mechanisms derive from a common ancestor, and that the lo-
calization of nanos-like transcripts is a well conserved process
across multiple species.

Consistent with this hypothesis, nanos! is an essential com-
ponent of germ plasm necessary for specifying primordial
germ cell fate in zebrafish (Koprunner et al., 2001). As with
Drosophila, active localization of nanosl mRNA is inefficient
(Koprunner et al., 2001). Unlike in flies, delocalized zebrafish
nanosl mRNA is rapidly degraded in the cytoplasm, and its
3’-UTR is necessary and sufficient to guide both localization
and turnover activities (Koprunner et al., 2001). Surprisingly,
GFP reporter mRNA with the Xenopus MCLE inserted into its
3’-UTR is capable of localizing to the mitochondrial cloud in ze-
brafish oocytes. Further, deletion of the UGCAC elements in the
MCLE abolishes this localization, implying that at least a portion
of the nanos mRNA localization pathway is conserved between
zebrafish and Xenopus (Kosaka et al.,2007). Intriguingly, the ze-
brafish nanosl 3'-UTR is capable of directing the localization of
an injected GFP reporter mRNA in a wide range of fish species
(Saito et al., 2006), further suggesting that the localization of
nanos mRNA is an evolutionarily conserved process.

The functional similarity of nanos proteins between
Drosophila and zebrafish in specifying primordial germ cell fate
suggests that nanos activity first arose in a distant metazoan an-
cestor. In addition, the similarity of the mechanism of nanos
mRNA localization between Xenopus and Drosophila, as well
as the ability of Xenopus localization elements to direct local-
ization in zebrafish, argues that localization of this transcript to
germ plasm is a well conserved process. However, the trans-
acting factors required to localize nanos mRNA to germ plasm
have not been defined in any species, nor is it known how nanos
mRNA remains anchored to specific regions of the oocyte or
embryo after it has been localized.

Localization of maternal mRNAs to germ plasm demon-
strates a passive mechanism of localization. Presumably, each

mRNA contains cis-localization elements that are specifically
recognized by RNA-binding proteins throughout the cytoplasm.
These proteins may directly interact with structural components
of germ plasm, or they may recruit other factors for this interac-
tion. As the protein-mRNA complexes diffuse throughout the cy-
tosol, those that come in contact with germ plasm remain bound,
causing the enrichment of specific mRNAs in germ plasm. This
enrichment may also require specific proteins already present in
germ plasm.

RNA Localization Plays a Role in Patterning Somatic Lineages

In addition to the specification of primordial germ cells, RNA
localization is also crucial for the specification of somatic lin-
eages in many species. In Drosophila oocytes, localization of
bicoid and nanos mRNAs to opposite poles is crucial for estab-
lishing the anterior-posterior axis, which in turn is required for
the determination of the overall body plan (Gavis and Lehmann,
1992; Irion et al., 2006; Irion and St. Johnson, 2007). Because
this has been reviewed extensively elsewhere, we will not discuss
it here (Johnstone and Lasko, 2001). Instead, we will focus on
the role of mRNA localization in establishing the animal-vegetal
axis in Xenopus oocytes.

In frogs, maternal mRNAs begin to localize to both the animal
and vegetal poles in late oogenesis. These mRNAs encode fac-
tors required for the specification of tissue types, and upon fer-
tilization, they contribute to the determination the dorsal-ventral
axis of the embryo. Very little is known about the mechanism of
mRNA localization to the animal pole, but vegetal pole local-
ization is a well studied phenomenon.

Vegetal localization of maternal mRNAs occurs after the
germ plasm accumulates in the vegetal cortex of the oocyte, and
proceeds in two distinct phases (Figure 8). First, nRNAs local-
ize to a wedge-shaped network of microtubules and endoplasmic
reticulum located between the nucleus and the vegetal cortex.
From here, they are transported along the microtubules to the
vegetal cortex, where they associate with the actin cytoskeleton
(Yisraeli et al., 1990). One of the best-studied vegetally localiz-
ing mRNAs is Vg1, which encodes a transforming growth factor
beta (TGF-8) protein (Weeks and Melton, 1987). Vgl induces
the specification of both endoderm and mesoderm in Xenopus
embryos, and ectopic expression of recombinant Vgl causes
the formation of extra mesoderm (Thomsen and Melton, 1993).
Thus, restriction of Vgl expression to the vegetal hemisphere
of the embryo is crucial for Xenopus development.

Localization of Vg1 mRNA is mediated by a 340-nucleotide
element in its 3’-UTR, called the Vgl localization element
(VgLE) (Mowry and Melton, 1992). This element is both nec-
essary and sufficient to localize mRNAs to the vegetal cortex.
Contained within the VgLE are multiple copies of two short
sequence motifs: the VM1 (UUUCUA) motif, and the E2 (UU-
CAC) motif, both of which are necessary, but not sufficient, for
localization (Lewis et al., 2004).

A different RNA binding protein binds specifically to the
VM1 and E2 motifs, and this specific recognition is required for
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FIG. 8. Localization of Vgl mRNA in Xenopus oocytes. VgRBP1/Vera, VgRBP60/hnRNP I, and 40LoVe associate with the 3’-
UTR of Vg1 mRNA in the nucleus (/) forming a core RNP. Upon nuclear export (I]), the RNA binding proteins Prrp and VgRBP71
bind to a distinct region of the Vg1 3’-UTR. Concurrently, a complex of xStau and kinesin bind to the core RNP (II]), localizing
Vg1 mRNA to a wedge of microtubules in the vegetal half of the oocyte. The Vg1 RNP is then transported from the nucleus by

kinesin, and is anchored to the vegetal cortex by Prrp (IV).

localization. The VM1 motifis recognized by VgRBP60/hnRNP
I, a member of the hnRNP family of nuclear RNA-binding pro-
teins (Cote et al. 1999), while the E2 motif is recognized by a ho-
molog of the yeast zipcode binding protein (ZBP) Vg1RBP/Vera
(Deshler et al., 1997; Deshler et al., 1998). Point mutations that
disrupt either of the motifs abolish specific binding in vitro and
perturb localization of reporter mRNAs in vivo (Cote et al.,
1999; Deshler et al., 1998). Together, the data strongly suggest
that each protein has a function that is both unique and necessary.

Another protein required for localization is termed 40 kDa
localization vegetal (40LoVe). This protein requires both VM1
and E2 motifs in order to bind to the VgLE. 40LoVe is an hn-
RNP D family RNA binding protein, and it has been shown to
directly interact with the VgLE by UV crosslinking in oocyte
extracts. However, it is not known if this interaction is inde-
pendent or if it requires prior association of VgRBP60/hnRNP
I or VgRBP1/Vera. Mutation of either the VM1 or E2 motifs
in the VgLE disrupts 40LoVe binding as well as localization of

a reporter mRNA, and depletion of 40LoVe in oocytes by the
addition of a 40LoVe-specific antibody also inhibits the local-
ization of a fluorescently labeled reporter mRNA containing a
wild-type VgLE. (Czaplinski et al., 2005). Both VgRBP1/Vera
and VgRBP60/hnRNP I can be co-immunoprecipitated with
40LoVe, further supporting the idea that the three proteins are
all components of a vegetally localizing ribonucleoprotein com-
plex (RNP) (Czaplinksi et al., 2006). It is not known if 40LoVe
association depends on the association of VgRBP60/hnRNP I
or VgRBP1/Vera, nor is the function of this RNP complex well
understood.

An adapter protein is required to tether Vg1 mRNA to these
structures. In Xenopus, a homolog of the Drosophila Staufen
protein (XStau) is responsible for this activity (Yoon and Mowry,
2004). Like Staufen, XStau contains multiple double-stranded
RNA binding domains. Unlike Staufen, it also contains a tubulin-
binding domain. XStau associates with the microtubule trans-
port protein kinesin and with Vgl mRNA, and both functions

RIGHTS

ir



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/05/12
For personal use only.

REGULATION OF MATERNAL mRNAs 151

are required simultaneously. Injection of a truncated XStau that
contains only the dsRNA binding domains inhibits localization
of VgLE containing reporter mRNAs. Thus, XStau serves as
a bridge between the Vg1 3'-UTR and the microtubule trans-
port machinery. However, it is not known if XStau interacts
directly with Vg1 mRNA, or if it requires other proteins such as
VgRBP1/Vera.

The assembly of the Vgl microtubule-transport RNP oc-
curs in a sequential manner, where VgRBP60/hnRNP I,
VgRBP1/Vera, and 40LoVe first associate with Vg1 mRNA in
the nucleus and XStau joins the RNP in the cytoplasm (Kress
et al., 2004). This may be entirely accounted for by the fact
that VgRBP60/hnRNP I, VgRBP1/Vera, and 40LoVe are all ex-
pressed in both the nucleus and the cytoplasm, while XStau is
expressed only in the cytoplasm (Kress et al., 2004; Yoon and
Mowry, 2004; Czaplinski et al., 2005), or it may be possible
that XStau association requires the prior association of the other
three proteins. The biological significance of this stepwise RNP
assembly pathway is not clear, but it may exist to ensure that
XStau binds only to mRNAs destined to be localized to the
vegetal pole. It has yet to be demonstrated that XStau has the
ability to bind to RNA in a specific, high-affinity manner, and it
may depend on cooperative interactions with other RNA binding
proteins to be targeted to specific mRNAs.

In addition to a microtubule-dependent transport RNP, a sep-
arate RNP required for tethering to the actin cytoskeleton may
form on Vg1 mRNA. Two more RNA binding proteins, proline
rich RNA binding protein (Prrp) and VgRBP71 also bind specif-
ically and directly to the VELE (Zhao et al., 2001; Kroll et al.,
2002), as well as directly to one another (Kroll er al., 2002).
Prrp also interacts with profilin, a protein that is thought to be
involved in the polymerization of actin microfilaments (Zhao
et al.,2001). Thus, Prrp and VgRBP71 may form a complex on
Vgl mRNA that tethers it to the vegetal cortex. Interestingly,
Prrp and VgRBP71 also interact with a number of mRNAs that
localize to the animal pole of the oocyte, and may serve as a
general method of tethering mRNAs to the oocyte cortex (Kroll
et al.,2002). Thus, there may be substantial overlap between the
vegetal and animal mRNA localization pathways.

Vegetal localization of maternal mRNAs in Xenopus oocytes
highlights a number of key features in the regulation of maternal
mRNAs during early development. First, the sequential assem-
bly of proteins on the 3’-UTR of Vg1 demonstrates that a com-
plex composed of multiple specific RNA binding proteins is ca-
pable of recruiting regulatory factors to an mRNA. This ensures
that regulatory complexes are only recruited to specific mRNAs,
and suggests that recognition of maternal transcripts is a combi-
natorial process. Localization of Vg1 mRNA also demonstrates
the complex nature of cis-acting regulatory elements in the 3’-
UTRs of mRNAs. Although the precise sequences have not yet
been identified, the VgLE contains elements required for target-
ing the mRNA to microtubules as well as tethering it to the actin
cytoskeleton. This suggests that there are at least two discrete
elements in the 3'-UTR, and both are required for proper regu-

lation of Vgl mRNA. Also, Vg1 localization demonstrates the
critical role of higher order RNP complex formation in maternal
mRNA regulation. Instead of a single, multi-functional RNA-
binding protein, appropriate localization of Vg1 mRNA requires
no less than six proteins arranged into two distinct complexes.

The mechanism of vegetal localization of Vg1 mRNA also
contrasts with the mechanism of Xcat-2 mRNA localization to
germ plasm. Vg1 localization relies on directed transport, while
Xcat-2 mRNA is localized by a passive diffusion/entrapment
mechanism. Despite these differences, the end result is the same:
RNA is enriched in a specific region of the oocyte.

Regulation of Maternal mRNAs by Localized Proteins

During early embryogenesis, a series of decisions are made
that ultimately determine the morphology and body plan of a
developing embryo. One of the earliest decisions is the estab-
lishment of a body axis along which the embryo is polarized. In
model invertebrates, this axis is usually the anterior-posterior
axis, which is already present in Drosophila oocytes and is
rapidly determined after fertilization in C. elegans. In model
vertebrates, the axis is the animal-vegetal axis. In both Xenopus
and zebrafish, this axis is determined during oogenesis and is
carried over into the embryo. In all four organisms, the primary
body axis is specified by the asymmetric distribution of mater-
nal proteins and mRNAs. In addition to the RNA localization
mechanisms described above, this asymmetric distribution can
also arise from differential translation or stability of maternal
transcripts in different regions of the embryo. Here, we discuss
two examples: regiospecific translational repression of nanos
mRNA in Drosophila, and the establishment of opposing gra-
dients of tandem CCCH-type zinc finger RNA binding proteins
during early C. elegans embryogenesis.

Translational Control of Nanos

As described earlier, the accumulation of nanos protein at the
posterior pole of Drosophila oocytes is required for the proper
expression of abdominal segments, as well as posterior struc-
tures in the embryo. Localization of nanos transcripts to the
posterior pole in part drives this accumulation, but because lo-
calization of nanos transcripts is inefficient, proper spatial ex-
pression requires an additional translational silencing mecha-
nism (Figure 9). Like localization, translational control of nanos
depends upon its 3'-UTR (Dahanukar and Wharton, 1996). A
distinct 90-nucleotide translation control element (TCE) is re-
quired for translational repression of unlocalized nanos mRNA
in oocytes (Dahanukar and Wharton, 1996). Translationally re-
pressed nanos mRNA is eventually degraded in oocytes, and
this activity also depends on the TCE (Dahanukar and Wharton,
1996).

Multiple, redundant stem loop structures present in the TCE
are required for the appropriate expression of nanos protein
(Smibert et al., 1996). They are recognized by the sterile al-
pha motif (SAM) RNA binding protein Smaug (Smibert et al.,
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FIG. 9. Translational regulation of nanos in early Drosophila embryos. The translation of Nanos protein (green) is restricted to the
posterior pole of the early embryo (inset) by Smaug, which recruits Cup and CCR4 to the 3’ UTR of nanos mRNA. Cup competes
with eIF4E for binding to eIF4G, preventing translation initiation. CCR4 is the deadenylase that removes the poly(A) tail from
nanos transcripts. Smaug is prevented from associating with nanos mRNA in the pole plasm by Oskar, which permits translation

of Nanos.

1999). Mutations in the TCE that disrupt Smaug binding also
cause the ectopic expression of nanos protein in the anterior of
embryos, suggesting that direct association of Smaug with nanos
mRNA mediates translational regulation of Nanos (Dahanukar
and Wharton, 1996; Gavis et al., 1996b; Smibert et al., 1996;
Smibert et al., 1999).

Smaug regulates Nanos expression both by inhibiting trans-
lation of nanos mRINA, as well as recruiting deadenylating fac-
tors to nanos mRNA. Smaug interacts directly with the eIF4E-
binding protein Cup (Nelson et al., 2004). Like Maskin in Xeno-
pus, Cup competes with eIF4G for binding to eIF4E, inhibiting
the formation of translation initiation complexes. Translational
repression of nanos mRNA is dependent on Cup, as mothers
heterozygous for both Cup and Smaug only weakly repress the
translation of a luciferase reporter mRNA carrying Smaug bind-
ing sites (Nelson et al., 2004).

In addition to translational repression, Smaug also causes
the deadenylation of nanos mRNA by the recruitment of the
CCR4 deadenylase complex (Semotok et al., 2005). Smaug’s
role in deadenylation was first discovered in the regula-
tion of Hsp83 mRNA, another maternal transcript crucial
for early development in flies. The expression pattern of
Hsp83 mRNA is similar to that of nanos mRNA; it is en-
riched in the pole plasm of late stage oocytes but a sub-
stantial portion of the mRNA remains delocalized in the
bulk cytoplasm (Semotok et al., 2005). Enrichment depends
on Smaug, as embryos lacking Smaug do not accumulate
Hsp83 mRNA at the posterior pole. Hsp83 transcripts are
deadenylated after fertilization in a Smaug- and CCR4 de-
pendent fashion, as Hsp83 poly(A) tails are not shortened
in Smaug or CCR4 mutants. Moreover, CCR4 complexes
co-immunoprecipitate with Smaug in the absence of RNA,
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indicating that CCR4-Smaug interaction is not mediated by
RNA (Semotok et al., 2005).

Smaug protein is present throughout early embryos, yet nanos
mRNA that localizes to the pole plasm is translationally ac-
tive. Thus, this pool of nanos mRNA must somehow escape
Smaug-mediated translational silencing. As with Hsp83, nanos
mRNA is deadenylated after fertilization in a Smaug- and CCR4-
dependent manner. When the pole plasm component Oskar is
over expressed, nanos mRNA is not deadenylated and persists
throughout the entire embryo (Zaessinger et al., 2006). Oskar is
aprotein of unknown molecular structure that accumulates in the
pole plasm prior to nanos mRNA localization. Oskar has been
shown to associate with the RNA-binding domain of Smaug in
vitro, (Dahanukar et al., 1999) suggesting that Oskar relieves
Smaug-mediated translational repression of nanos mRNA by
preventing its association with nanos mRNA. This permits nanos
mRNA to be specifically translated at the posterior pole of the
embryo.

Nanos mRNA may also be regulated by a Smaug-independent
pathway, as approximately half of the mRNA co-sediments with
polysomes in sucrose gradient centrifugation of embryo lysates
(Clark et al., 2000). This suggests that multiple ribosomes are
present on these transcripts, consistent with successful transla-
tion initiation. Thus, failure to accumulate translated Nanos must
be due to a block in translation elongation or to co-translational
degradation. This interpretation is bolstered because treatment
with puromycin, a chain-terminating ribosome inhibitor, causes
nanos mRNA to shift out of the polysomal fractions (Clark ez al.,
2000). This experiment is crucial, because it has recently been
shown that translational silencing by Drosophila Bruno, which
also requires Cup, causes silenced transcripts to condense into
large ribonucleoprotein complexes that lack ribosomes but co-
sediment with polysomes in a sucrose gradient (Chekulaeva
et al., 2006). Thus, the co-sedimentation of a transcript with
the polysome fraction does not necessarily indicate that it is
associated with translating ribosomes.

Nanos mRNA is initially transcribed during oogenesis, but
Smaug is not expressed until early embryogenesis (Dahanukar
et al., 1999). Thus, another repressor of nanos translation must
function during oogenesis. Glorund, a homolog of hnRNP F/H,
binds directly to the TCE of nanos mRNA and is expressed
throughout oocytes and early embryos. Mutants of glorund ec-
topically express nanos in both oocytes and early embryos,
demonstrating that Glorund represses nanos translation prior
to the expression of Smaug (Kalifa ef al., 2006). The mecha-
nism of Glorund-mediated repression is unknown, and it may
differ substantially from the mechanism of Smaug-mediated re-
pression. While it is intriguing to speculate that Glorund may be
involved in post-initiation repression of nanos translation, there
is no evidence as of yet to support this hypothesis. The coordi-
nated temporal repression of nanos translation throughout early
Drosophila development underscores the concept of multiple
pathways regulating the same critical target.

RNA-Binding Protein Gradients in C. elegans Early Embryos

In contrast to flies, fish, and frogs, C. elegans oocytes re-
main symmetrical until fertilization. However, C. elegans em-
bryos rapidly polarize prior to the first cell division. The point
of sperm entry breaks the symmetry and eventually determines
the posterior pole. The cortex of the oocyte contains a dynamic
actinomyosin network that continuously contracts and expands.
Prior to fertilization, these contraction and expansion events are
balanced throughout the oocyte so that no net movement of the
cortex occurs (Munro et al. 2004). Upon fertilization, the acti-
nomyosin network is destabilized in the vicinity of the sperm
entry point, which causes a dramatic rearrangement of the cortex
(Figure 10). The network contracts towards the anterior pole of
the embryo, producing two distinct regions of the cortex that are
nearly equal in size (Munro et al., 2004). This cortical rearrange-
ment causes the asymmetric distribution of several par proteins
(par stands for cytoplasmic partitioning defective), which are an
ensemble of cortically associated kinases and regulatory proteins
crucial for early development. PAR-3 and PAR-6, novel PDZ-
domain containing proteins (Etemad-Moghadam et al., 1995;
Hung and Kemphues 1999), and the atypical protein kinase C
(PKC-2) (Tabuse et al., 1998) are delocalized throughout the
cortex prior to fertilization. Together, they prevent PAR-1, a
predicted Ser/Thr kinase (Guo and Kemphues 1995), and PAR-
2, a RING-finger protein (Levitan et al., 1994), from associat-
ing with the cortex. During fertilization, cortical rearrangement
causes the rapid localization of PAR-3/PAR-6/PKC-2 to the an-
terior cortex, which permits PAR-1 and PAR-2 to associate with
the posterior cortex (Munro et al., 2004) (Figure 10A). Thus,
shortly after fertilization, the anterior-posterior axis is formed
by rapid cortical rearrangements of several crucial maternal
proteins.

The localized PAR proteins ultimately cause the asymmetric
localization of at least five different CCCH-type tandem zinc
finger proteins (MEX-1, MEX-5, MEX-6, PIE-1, and POS-1,
Figure 10B). Tristetraprolin (TTP), the first identified member
of this family, mediates the destabilization of tumor necrosis
factor alpha (TNF-«) transcripts in mice (Lai et al., 1999). TTP
is a sequence specific RNA-binding protein; it binds with high
affinity to the sequence UAUUUAUU (Brewer et al., 2004).
If the C. elegans CCCH-type tandem zinc finger proteins also
regulate mRNA stability or translation, then redistribution of
these proteins could provide the first direct step in patterning the
expression of maternal transcripts, thus establishing the fates of
early blastomeres.

PAR-1 and PAR-2 restrict the expression of the partially re-
dundant MEX-5 and MEX-6 proteins to the anterior of the em-
bryo by an unknown mechanism (Schubert et al., 2000). MEX-
5 and MEX-6 then promote the restriction of PIE-1, MEX-1,
and POS-1 to the posterior of the embryo. In mex-5;mex-6 dou-
ble mutants, PIE-1, MEX-1, and POS-1 expression is delocal-
ized throughout the embryo. This causes the mis-specification of
most cell types in the early embryo and consequently, embryonic
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FIG. 10. (A) Axis polarization in C. elegans. The entry point of the sperm provides the first polarization cue. Microtubules
polymerize from the sperm pronucleus asters, driving asymmetric accumulation of several PAR proteins within the cortical
cytoplasm. (B) This in turn establishes opposing gradients of several CCCH-type tandem zinc finger proteins (MEX-5 and MEX-6,
represented in dark purple, and MEX-1, PIE-1, and POS-1 (pink). These proteins are critical for early development, mutation of
all but MEX-6 leads to embryonic lethality including misspecification of embryonic cell fates.

lethality (Schubert ez al., 2000). PIE-1, MEX-1, and POS-1 each
play a different but crucial role in C. elegans development. PIE-
1 is required to maintain the transcriptional quiescence of the
germline lineage (Mello et al., 1996), MEX-1 is required to re-
strict muscle fate to one blastomere at the eight-cell stage (Schn-
abel et al., 1996), and POS-1 is required to specify pharyngeal,
intestinal, and germline fates (Tabara et al., 1999). Thus, tandem
zinc finger proteins play a number of essential yet diverse roles
in the development of the early embryo.

Despite the central roles that tandem zinc finger proteins play
in C. elegans development, very little is known about their bind-
ing specificities or regulatory targets. Of the five tandem zinc
finger proteins mentioned above, only the RNA-binding activi-
ties of MEX-5 and MEX-6 have been studied in detail (Pagano
et al., 2007). MEX-5 and MEX-6 bind to a specificity deter-
minant that is significantly more degenerate than the sequence
recognized by TTP. Each recognizes six to eight uridines within
an eight 8-nucleotide window. Because the 3'-UTRs of annotated
C. elegans transcripts are remarkably rich in uridines, nearly all
maternal transcripts are candidate binding partners for these pro-
teins. Strikingly, the differences in binding specificity between
MEX-5, MEX-6, and TTP can be almost entirely accounted for
by a difference in one amino acid present in each zinc finger.
Changing these residues in MEX-5 to its equivalent in TTP con-
fers TTP-like specificity to MEX-5 (Pagano et al., 2007). Thus,
the identities of these two residues are believed to play a sub-
stantial role in determining the RNA binding specificity of other
tandem zinc finger proteins. MEX-1, PIE-1 and POS-1 harbor a

unique pair of residues at these positions, so it is predicted that
they will each bind to RNA with different specificity.

POS-1 interacts with and represses translation from glp-/
mRNA in early embryogenesis (Ogura et al., 2003). As de-
scribed above, glp-1 is required for maintaining the population
of germ cell precursors in the gonad. In addition, it is also re-
quired for establishing the fates of anterior blastomeres in the
early embryo. At the two-cell stage, glp-1 mRNA is expressed
ubiquitously throughout the embryo, while GLP-1 protein is ex-
pressed only on the surface of the anterior blastomere (Evans
et al., 1994). The translational repression of glp-/ in early em-
bryos is mediated by two elements in its 3’-UTR: the temporal
control region (TCR) and the spatial control region (SCR), both
of which are required for proper regulation of GLP-1 expression
in the early embryo (Evans et al., 1994) (Figure 11). Deletion of
either the SCR or TCR results in ectopic expression of GLP-1
throughout the early embryo. POS-1 has been shown to bind
to both the TCR and SCR by yeast three hybrid (Ogura et al.,
2003), and GLP-1 is also expressed ectopically throughout the
early embryo in pos-1 mutants (Ogura et al., 2003), demonstrat-
ing that POS-1 is a translational repressor of glp-/. However,
it is unlikely that the pos-/ mutant phenotype is solely the re-
sult of the misregulation of glp-/, as the fates of cells that do
not depend on glp-1 for their specification are also perturbed in
a pos-1 mutant. Thus, POS-1 probably regulates several other
maternal mRNAs, as well.

POS-1 is just one of many RNA binding proteins that regulate
glp-1 during early embryogenesis. SPN-4, an RNA recognition
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FIG. 11. Regulation of gip-I translation in C. elegans. Two elements present in the 3’-untranslated region of glp-I mRNA are
required for appropriate spatial (SCR) and temporal (TCR) translation of GLP-1 protein in the distal germline and in the early
embryo. No less than eight proteins mediate regulation through these elements (GLD-1, POS-1, MEX-5, MEX-6, SPN-4, PUF-5,
PUF-6, and PUF-7). GLD-1 and POS-1 interact with the SCR, while POS-1 and SPN-4 interact with the TCR. MEX-5 and MEX-6
bind with relaxed specificity to both elements. The binding sites of PUF-5, PUF-6, and PUF-7 have not yet been mapped. The
structure of GLD-1 is modeled on the NMR structure of SF-1 bound to RNA (Liu et al., 2001), the structures of MEX-5 and POS-1
are modeled on the NMR structure of Tis11d bound to RNA (Hudson et al., 2004), the structure of SPN-4 is modeled on the NMR

structure of FOX-1 bound to RNA (Auweter et al., 2006).

motif (RRM) protein, interacts with both the TCR of glp-/
mRNA as well as POS-1 protein, but opposite to pos-I mu-
tants, spn-4 mutants do not express GLP-1 at all in the early
embryo. This suggests that POS-1 and SPN-4 may antagonize
each other in regulating glp-1 (Ogura et al., 2003). The STAR-
domain RNA-binding protein GLD-1 also binds to the SCR of
glp-1, which contains a consensus GLD-1 binding site (Marin
and Evans, 2003; Ryder et al., 2004). Embryos depleted for
GLD-1 ectopically express GLP-1 throughout the early embryo,
similar to pos-1 mutants. Thus, POS-1 and GLD-1 may coordi-
nately regulate the translation of g/p-/ mRNA in early embryo-
genesis.

MEX-5 and MEX-6 also regulate glp-/ expression during
early embryogenesis. As mentioned earlier, MEX-5 and MEX-
6 are weakly specific RNA binding proteins that recognize
a highly degenerate uridine-rich consensus sequence (Pagano
et al., 2007). Both the SCR and TCR of glp-I contain can-
didate MEX-5/6 binding sites, and GLP-1 is ectopically ex-
pressed throughout the embryo in mex-5,;mex-6 double knock-
downs (Schubert et al., 2000). It is not clear if glp-1 is directly
controlled by MEX-5/6, or if deregulation is mediated by the
ectopic expression of other RNA binding proteins that regulate
glp-1 directly.

GLP-1 protein is only expressed at the distal tip of the gonad
and in the anterior of early embryos, even though its mRNA is
present from throughout the gonad and in early embryos until
the four-cell stage (Evans et al., 1994). Thus, glp-I mRNA must
be translationally repressed throughout the meiotic germline.
Recent evidence indicates that silencing is in part mediated by
PUF-5 and PUF-6/7, members of the Puf family that includes
FBF in C. elegans and Pumilio in flies. Triple knockdown of
these factors leads to ectopic expression of GLP-1 in the proxi-
mal gonad and numerous oogenesis defects. These proteins are
thought to bind directly to the TCR of glp-1 transcripts, though

their binding affinity and specificity are not known (Lublin and
Evans, 2007).

glp-1 mRNA is both spatially and temporally regulated dur-
ing early C. elegans development a complex process that pro-
ceeds through three separate developmental periods and requires
the direct interaction of at least eight different RNA binding
proteins. Although it has not yet been demonstrated, it is likely
that glp-1 is regulated both cooperatively and antagonistically
at different times throughout development. Thus, the regula-
tion of glp-1 serves as an example of the potential for com-
plex mechanisms of regulation of maternal mRNAs during early
development.

5. THE MATERNAL TO ZYGOTIC TRANSITION

The final regulatory event in the life of maternal mRNAs is
their degradation. Prior to the activation of zygotic transcrip-
tion, maternally supplied mRNAs are degraded so that control
over development is transferred to the zygotic genome. The
timing and mechanism of this transition vary between model
organisms. In Drosophila, Xenopus, and zebrafish, the transi-
tion from maternal to zygotic control occurs concurrently with
the MBT, where synchronous cell cycles end and the individ-
ual blastomeres begin to grow. In contrast, the murine transition
from maternal to zygotic control begins at fertilization with the
clearance of most maternally supplied transcripts, and ends at
the two-cell stage with the onset of zygotic transcription. Still
different is the transition from maternal to zygotic control in
C. elegans. Zygotic transcription is spatially as well as tem-
porally regulated, as transcription is reinitiated in the somatic
blastomeres from the four-cell stage, but remains repressed in
the germline blastomere until gametogenesis begins in larval
stages. Despite the early activation of somatic transcription in
C. elegans, zygotic control of development does not dominate
until the onset of gastrulation (Baugh et al., 2003).
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Correctly timed clearance of maternal transcripts is critical
for embryogenesis, as many maternal mRNAs encode proteins
required for the establishment of early embryonic polarity, and
their ectopic expression can interfere with later events in em-
bryogenesis. One strategy employed to selectively degrade ma-
ternal mRNAs is the use of a zygotically transcribed selectivity
factor that recognizes specific maternal mRNAs and recruits
degradation machinery to them. This way, the degradation of
maternal mRNAs begins as soon as zygotic transcription initi-
ates.

MicroRNA-Mediated Clearance of Maternal Transcripts in
D. rerio

In zebrafish, the key selectivity factor is the micro-RNA
miR-430 (Giraldez et al., 2006). Expression of miR-430 begins
shortly after the MBT, and remains high through gastrulation
(Giraldez et al., 2005). A miR-430 binding site is sufficient to
promote the decay of a reporter mRNA, and this decay is de-
pendent on Dicer activity or co-injection of mature miR-430
(Giraldez et al., 2006). The ability to process miRNAs is neces-
sary for the degradation of at least 750 transcripts at the MBT as
determined by microarray analysis of wild-type fish compared
to fish that lack both maternal and zygotic Dicer activity (Gi-
raldez et al., 2006). Among these, 328 had annotated 3’-UTRs,
all of which are enriched in miR-430 binding sites but not in
binding sites for other miRNAs. Of the 3’-UTRs tested, four out
of five confer miR-430-dependent degradation to a GFP reporter
mRNA chimera. Maternal mRNAs in particular are enriched for
miR-430 binding sites, implicating miR-430 as a major factor in
maternal mRNA turnover (Giraldez et al., 2006). Surprisingly,
miR-430 is only capable of degrading mRNAs in the somatic
cells, as a GFP reporter containing the nanos! germ plasm lo-
calization element and multiple miR-430 binding sites is pro-
tected from degradation (Mishima et al., 2006). Thus, miR-430
appears to act specifically on maternal mRNAs outside of the
germ plasm.

It is not known exactly how zygotic transcription is initiated
in zebrafish, but the zebrafish TATA-binding protein (TBP), a
core transcription factor required for Pol II transcription, has
been implicated in the process. Embryos depleted for TBP fail
to transcribe miR-430 and therefore fail to degrade most mater-
nal transcripts at the MBT (Ferg et al., 2007). Thus, the initi-
ation of zygotic transcription may be mediated by changes in
the expression pattern of core transcriptional machinery. How
the expression of transcriptional machinery is modulated in the
embryo is not yet clear.

Maternal mRNA Clearance in Other Species

In addition to zygotic pathways of maternal mRNA degrada-
tion, pathways that use maternally supplied machinery are also
known. In Drosophila, oocyte maturation triggers the degrada-

tion of at least 1069 maternal transcripts, representing 21% of all
transcripts detectable in oocytes (Tadros ez al., 2007). Of these,
the degradation of 712 depends on the RNA binding protein
Smaug, which is translated at oocyte maturation and requires
the activity of PAN GU kinase (Tadros et al., 2007). However, it
is not known if Smaug interacts directly with destabilized tran-
scripts, or if it indirectly upregulates a more general destabilizing
factor.

In Xenopus, approximately two thousand mRNAs are ex-
pressed in oocytes and early embryos. Of these transcripts, 24%
have their polyadenylation state changed during oocyte matu-
ration, fertilization, or both (Graindorge et al., 2006). Among
these transcripts are a number of mRNAs encoding proteins
involved in oocyte maturation, which are specifically deadeny-
lated (and thus, translationally repressed) soon after fertilization
(reviewed in Paillard and Osborne, 2003). This deadenylation is
dependent on an approximately thirty five nucleotide sequence
called the embryonic deadenylation (EDEN) sequence (Paillard
et al., 1998), which is specifically recognized by the elav-like
RNA-binding protein EDEN-BP (Paillard ez al., 1998). The pre-
cise nucleotide specificity, and thus, target specificity of EDEN-
BP is not clear. It is possible that EDEN-BP regulates the bulk
deadenylation of many oocyte-specific maternal transcripts.

Zygotic transcription in mouse embryos begins at the mid-
one-cell stage, and destabilization of maternal transcripts begins
during oocyte maturation. By the middle of the two-cell stage,
90% of most maternal mRNA species have been degraded (Al-
izadeh et al., 2005). However, it is not known what machin-
ery is responsible for the degradation of maternal mRNAs, nor
is it known how the degradation of most maternal mRNAs is
coordinated.

Given the large proportion of maternal mRNAs that are dead-
enylated or degraded over the course of development in C. ele-
gans (Baugh et al., 2003), Drosophila (Tadros et al., 2007) and
Xenopus (Graindorge et al., 2000), it is likely that a destabiliza-
tion factor similar to zebrafish miR-430 exists in these species
as well. The factor could plausibly be either an RNA-binding
protein or a zygotically transcribed microRNA, though it is un-
likely that a microRNA serves this function in C. elegans, as the
first regulatory microRNAs do not become expressed until the
larval stages (Abbot et al., 2005).

Bulk maternal mRNA clearance plays an important role in
the regulation of early development, as it permits a rapid modifi-
cation of the genetic program of an oocyte or embryo in response
to an environmental cue. There are three points in the develop-
ment of an organism where a drastic change in genetic program is
necessary: at oocyte activation, when the oocyte prepares for the
rapid cell divisions that occur after fertilization, at fertilization,
and at the mid-blastula transition, when cell divisions begin to
slow down and desynchronize. At each of these transitions, the
oocyte or embryo is entering into a dramatically different period
than the one it is currently in, and a substantial reprogramming
of the oocyte or embryo is necessary.

RIGHTS

ir



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/05/12
For personal use only.

REGULATION OF MATERNAL mRNAs 157

CONCLUDING REMARKS

The field of comparative embryogenesis has progressed sub-
stantially since the observations made at the turn of the nine-
teenth century. The sophistication of modern experimental tech-
niques has increased to the point where the mechanism of early
development can be studied in great detail. It is now clear that
post-transcriptional regulation of maternal mRNAs is responsi-
ble for many of the events that occur during the process of early
development, ranging from control over the meiotic cell cycle
in gametogenesis to the specification of totipotent germ cell
precursors in early embryogenesis. Such post-transcriptional
regulation reflects several basic biological pathways, including
regulation of mRNA maturation and nuclear export, alternative
sub-cellular localization, regulation of the rate of translation,
and control of the rate of mRNA decay.

As with transcription, specific factors modulate expression
through cis-acting signals found within the noncoding regions
of the mRNA. However, it remains difficult to ab initio locate cis-
acting regulatory elements within RNA sequences. This is due
to the complexity of RNA signals, which can contain elements
of secondary and tertiary structure and can be located within
distant regions of a sequence. Mechanistic characterization of
post-transcriptional regulation is further complicated in that few
RNA-binding proteins recognize their cognate RNA targets with
high affinity or exquisite sequence specificity. Most recognize
multiple RNA targets, often as components of multi-factor com-
plexes (Tenenbaum et al., 2000). In this case, sequence speci-
ficity and high affinity are thought to derive from the sum of
relatively weak contributions made by each protein of the com-
plex (Keene and Tenenbaum, 2002). Because multi-component
systems can display combinatorial behavior, it is also difficult to
map the network of RNA targets recognized by a single protein.
Yet, without knowing the rules for RNA recognition by specific
proteins, we cannot understand the molecular basis for mRNA
discrimination by these regulatory factors. Rigorous determi-
nation of the nucleotide sequence specificity and mRNA target
specificity of the crucial RNA-binding proteins involved in early
development will enable the a priori identification of new reg-
ulatory targets and provide some insight on the mechanism of
their regulation.

The examples presented here focus on a few critical maternal
mRNAs, but recent genome-wide studies in Drosophila, C. ele-
gans, and zebrafish demonstrate that approximately half of the
genome is expressed in oocytes and early embryos (Tadros et al.,
2007; Baugh et al., 2003; Giraldez et al., 2006). Moreover, the
expression levels of nearly half of these mRNAs change indepen-
dently of zygotic transcription. Thus, our current understanding
represents a tiny fraction of all post-transcriptionally regulated
maternal mRNAs. The application of genome-wide approaches
will enable the extensive comparison of post-transcriptional reg-
ulatory networks between species.

As quantitative and genome-wide analyses are applied to the
field of comparative embryology, it will be intriguing to learn

if the regulatory pathways that guide early development dis-
play a greater degree of conservation than the highly divergent
morphology suggests. Because post-transcriptional regulation
is crucial to early patterning, one can imagine that small differ-
ences in these pathways could lead to extensive and profound
differences in body plan. If so, over an evolutionary time scale, it
is possible that the diversity of metazoan morphology reflects an
accumulation of discrete changes in these conserved pathways,
rather than wholesale evolution of novel pathways.
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