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Preface

Living systems achieve each generation the truly amazing feat of reinitiating organ-
ismal development from a single cell. A first key step in this process is the establish-
ment of the embryonic body plan, with its species-specific, stereotypic arrangement
of differing cell types within layers, tissues, and organs. In this early event, the
embryo achieves multicellularity through cell division. At the same time, the result-
ing cells acquire different gene expression programs that will influence cell fate and
behavior, often influenced by biases caused by the localization of maternal factors
inherited from the egg. The processes leading to multicellularity and cell fate specifi-
cation are fully integrated. For example, achieving threshold cell numbers results in
zygotic gene activation, and patterns of cell division influence the segregation of pat-
terning determinants and the three-dimensional arrangement on which those determi-
nants act. Conversely, inheritance of maternal cell determinants can affect patterns of
cell division and the behavior of cells within the overall cellular framework.

This integrated process mediates the transition between the egg as a structure
generated by the previous generation and the embryo with an established set of gene
expression programs. Processes during this transition, which can last several cell
cycles in mammals and significantly longer in amphibians and fish, are driven
largely by products produced by the mother and inherited through the egg. The end
point of this transition involves the achievement of gene expression from the embry-
onic genes themselves and the specification of cell types. This volume addresses
this transitory yet key developmental period, involving the transfer of maternal to
zygotic control during embryonic development.

Our goal was to compile descriptions of various mechanisms involved in this
integrated process, focusing on the vertebrate embryo, from egg activation to the
initiation of zygotic gene expression and clearance of maternal factors. To achieve
this, we employed a comparative approach, based on principles established largely
in the primary vertebrate developmental model systems (fish, amphibians, chicken,
and mice) while incorporating information from other vertebrate species where
available. While the basic body plan of vertebrates is highly conserved, the strate-
gies used by embryos in various vertebrate species to reach that basic body plan can
differ. A comparative approach allows us to highlight the diversity between such
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varied strategies, which result from differences in reproductive selective pressures.
At the same time, comparisons can also identify mechanisms that are similar in
multiple lineages, perhaps even throughout all vertebrates, and which may in turn
reflect fundamental cellular and developmental mechanisms conserved through
evolutionary time. Both differences and similarities are informative and essential
for the modern developmental biologist to understand.

The chapters in this volume address the basic mechanisms as developmental
themes and are roughly arranged following the temporal order in which the related
processes are implemented during embryogenesis. Chapter One addresses changes
that occur as the egg becomes fertilized, which will prevent polyspermy and initiate
cascades of events that initiate embryonic development. Chapter Two describes
mechanisms involved in the initiation of a primary cascade of events: the regulation
of maternally inherited transcripts to produce proteins that will drive embryonic
development. Chapter Three discusses mechanisms and regulation of the early
embryonic cell cycle as a modified version of the cell cycle in adult cells, caused at
least in part to accelerate the process of achieving multicellularity. Chapter Four
describes mechanisms by which the outcome of cell division is spatially regulated,
which generates the cellular arrangement of the early embryo onto which other
developmental processes are implemented. Chapter Five focuses on the initial
transfer of patterning information from the egg to the embryo, with particular
emphasis on the Balbiani body, a cellular structure conserved throughout verte-
brates that helps determine polarity in the egg and which facilitates the transfer of
positional information from the egg to the embryo. Chapters Six, Seven, and Eight
address further processes of cell fate information transfer to specify, respectively,
embryonic axes, cellular layers, and the germ line. Chapter Nine summarizes our
knowledge on mechanisms required for the initiation of expression from the zygotic
genome at the end of the maternal control period, in the so-called midblastula
transition, as well as changes in the cell cycle associated with this transition.
Chapter Ten addresses mechanisms used by the embryo to further ensure a precise
transition from maternal to zygotic control, involving the degradation of maternal
factors. This chapter also describes epigenetic changes in the embryonic chromatin,
which both facilitate and reinforce acquired gene expression programs.
Interconnections between various developmental mechanistic themes are common
and are highlighted throughout the book.

We hope this volume will be useful for the reader to obtain a more comprehen-
sive view of early vertebrate embryogenesis, both within a single species with
regard to the integration of various developmental processes and across lineage
boundaries with regard to the conservation and divergence of mechanisms involved
in early embryonic development. While we feel that the chapters in this volume can
convey mechanistic details relevant to these processes, we also hope they can con-
vey those broader principles which stand out for their beauty and elegance and
sometimes astounding simplicity. We additionally hope that topics presented in this
compilation can not only facilitate ongoing research but also inspire and engage
new generations of scientifically educated audiences. Concepts conveyed in this
volume are key for our basic understanding of the process of embryonic pattern
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Preface vii

formation, with implications for our interpretation and possible prevention of
developmental abnormalities and the development of reproductive biology thera-
pies and technologies in animals, including humans. Processes occurring in the
fertilized egg and early embryo may also be able to help us understand the repro-
gramming of cells, harnessed to implement the regeneration of embryos, cell types,
and organs useful for applications varying from biomedical research to conserva-
tion biology.

As an integral element of the life cycle, the events occurring in the very early
embryo represent much more than a set of related mechanistic processes. In a
broader sense, these events reflect how organisms can generate pattern out of sim-
plicity; how biological processes are reused, reorganized, and innovated; and how
life continues through generations even as it adapts to new conditions. As such, the
transition from the maternal to zygotic control is a microcosm that encapsulates the
essence of life itself: self-generating, malleable, and enduring.

Madison, WI, USA Francisco Pelegri
Portland, OR, USA Michael Danilchik
Charlottesville, VA, USA Ann Sutherland
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Chapter 1
Egg Activation at Fertilization

Zoltan Machaty, Andrew R. Miller, and Lu Zhang

Abstract Fertilization is the union of gametes to initiate development of a new
individual. The female gamete is formed during oogenesis. The process begins
when, in the early embryo, primordial germ cells arise and subsequently colonize
the genital ridges. They differentiate into oogonia, start meiosis, and become pri-
mary oocytes. The cell cycle of the primary oocytes then becomes arrested in mid-
meiosis for an extended period of time. Prior to ovulation the oocytes undergo a
growth phase and their sizes increase significantly. A hormonal cue then triggers
oocyte maturation that involves the resumption of meiosis, the completion of the
first meiotic division, and, as a result, the reduction in the diploid chromosome
number. The cell cycle then stops again; in vertebrates this arrest occurs at the meta-
phase stage of the second meiotic division. Meiosis resumes at fertilization, when
the sperm activates the egg, i.e., it causes a series of changes that are required for the
initiation of embryo development. This is achieved by triggering an elevation in the
egg’s intracellular free calcium concentration. In response, the fertilized egg com-
pletes meiosis and enters the first embryonic cell cycle.

Keywords Fertilization * Oocyte ¢ Egg * Activation * Sperm ° Calcium ° Signal
transduction

1.1 Introduction

Sexual reproduction evolved 1.2 billion years ago (Butterfield 2000). Around that
time some organisms stopped simply dividing into two and started to reproduce
sexually; fossil records of red algae clearly show traces of specialized sex cells
(spores). During sexual reproduction, the genetic material from two individuals
come together through the unification of their haploid sex cells, and the arising
progeny will have genes from both parents. Sex cell production is associated with
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genetic recombination, i.e., the reshuffling of the genetic information content of the
DNA. This is believed to be the evolutionary advantage of sex: increased adaptation
to a changing environment and the possibility to reduce the effect of deleterious
mutations (Lodé 2012). In fact, among the more than 35 different forms of repro-
duction, it is the bisexual mode through fertilization that accomplishes this feat
most effectively (Tarin and Cano 2000). Initially, sex cells were of equal size; devel-
opment then led to the formation of two types of gametes that show stark dimor-
phism: a small, mobile gamete and a large, nonmoving one.

Fertilization is the union of the male and female gametes, a process that creates
a bridge between two generations (Hardy 2002). Gamete fusion leads to the forma-
tion of a single cell with remarkable developmental potential: the zygote is able to
give rise to all cell types of a new organism. The sperm delivers half of the chromo-
somes to restore the diploid configuration in the resulting embryo. In most species
it also brings the centriole necessary for the first mitotic cell division and provides
the stimulus to initiate embryo development. The stimulus arrives in the form of a
calcium (Ca?*) signal; in response the egg undergoes a series of changes that are
collectively known as activation. The events include cortical granule exocytosis to
prevent polyspermy, the completion of meiosis, and formation of the female and
male pronuclei. The pronuclei migrate toward each other, and the genetic material
they carry join to create the blueprint for the newly formed embryo.

In this chapter, we will briefly describe the formation of the primordial germ
cells and the transformations they go through until they become mature eggs. We
will touch upon the most important steps of fertilization, the chain of events that
culminate in the creation of the zygote. The major emphasis will be on egg activa-
tion, the process that guarantees that the developmental program of the egg is suc-
cessfully stimulated and embryo development is initiated. We will discuss in detail
the machinery that is responsible for the meiotic arrest of the egg prior to fertiliza-
tion and the signal transduction mechanism that stimulates this machinery to induce
the resumption of meiosis and entry into the first mitotic cell cycle.

1.2 Oogenesis

Oogenesis is the process by which an egg is created with the ability to undergo fertil-
ization. The definition of an egg requires clarification. In the strictest sense, an oocyte
becomes an egg when it completes both rounds of meiotic divisions (Bi et al. 2002).
Oocytes of a few species, such as the sea urchin, do finish meiosis by the time of
ovulation; these are truly eggs as they await fertilization. In most animals, however,
the sperm fertilizes an oocyte that has finished maturation and is arrested at a certain
stage of the meiotic cell division; meiosis is completed and the second polar body is
extruded only after gamete fusion. Nevertheless, many times these are also called
eggs. In this review we will also use the looser terminology and refer to the female
gamete as an “oocyte” when it is at a stage prior to maturation and as an “egg” once
it has gone through the process of maturation and is released from the ovary.
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1.2.1 Establishing the Germline

In multicellular organisms, the cells of the germline are specialized to pass on the
genetic information to the progeny. As opposed to somatic lineages that ultimately per-
ish, the germ cells have the potential to form a new individual and progress to the next
generation. In the process, they carry the diploid genome through embryogenesis,
divide it into two haploid sets during meiosis, and arrange it for the union with another
haploid genome at fertilization to start the process over and over again (Lesch and Page
2012). The founder cells of the germline are called primordial germ cells (PGCs).
PGC formation generally begins when the future father or mother is still an
embryo, but the mechanism by which PGCs are established is not conserved across
species (Schoenwolf 1997). In many animals specification of germ cells occurs by
preformation, i.e., through the inheritance of preformed determinants known as the
germ plasm (Weissmann 1885). Certain RNAs and proteins synthesized during
oogenesis are transported to, and stored at, a specific location of the oocyte.
Following fertilization, cells that inherit this material will become PGCs.
Experiments on anuran amphibians (frogs and toads) led to the recognition of the
role of germ plasm in vertebrate germ cell specification. During oogenesis in
Xenopus laevis, the germ plasm forms when electron-dense granules become asso-
ciated with an aggregate of mitochondria, known as the mitochondrial cloud. The
structure forms on one side of the cell nucleus and is then transported to the vegetal
cortex of the oocyte. It contains specific proteins and RNA, and, after fertilization,
it accumulates in the vegetal-most blastomeres within the presumptive endoderm.
The descendants of these blastomeres will become PGCs (Whitington and Dixon
1975). It has been demonstrated that the dazl gene, with its RNA localized to the
germ plasm, plays a critical role in PGC specification (Houston and King 2000).
Preformation seems to be the common mechanism for germ cell specification in
teleosts as well. Zebrafish germ cells arise at the periphery of the developing blasto-
derm in the animal hemisphere. The embryos contain germ plasm, and although they
express dazl, its RNA does not initially localize in the germ plasm but within the veg-
etal yolk (Maegawa et al. 1999). It accumulates in the germ plasm at a later time, after
an animally directed movement (Hashimoto et al. 2004; Theusch et al. 2006). This
indicates that the mechanisms of segregation of dazl in relation to the bulk of germ
plasm are not conserved between Xenopus and zebrafish. Instead, zebrafishes synthe-
size vasa mRNA during oogenesis (Yoon et al. 1997). It is a component of the germ
plasm, which, after fertilization, localizes to the cleavage furrows and ends up in four
cells by the 32-cell stage. These four cells will give rise to the PGCs. Preformation
might be the mechanism for avian germline segregation as well. A vasa protein has
been identified in material associated with the mitochondrial cloud in chicken eggs.
The chicken vasa protein localizes in cleavage furrows of the early embryo until it
ends up in six to eight cells in the ~300-cell embryo (Tsunekawa et al. 2000).
Alternatively, PGCs form later in development and their determination is not directly
dependent on maternal molecules. In these animals, PGCs are selected from multipo-
tent embryonic cells via signals generated by neighboring cells through
a process termed induction (Extavour and Akam 2003). In reptiles and mammals, no
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germ plasm has been identified that would determine germ cell fate. Mouse PGCs origi-
nate from the epiblast at around embryonic day 6.25 (Ohinata et al. 2005). The extraem-
bryonic ectoderm and visceral endoderm produce the signals that instruct a small
number of epiblast cells to become PGCs. Their formation in mice is induced as a result
of bone morphogenetic protein (BMP) signaling. Bmp4 expressed in the extraembry-
onic ectoderm has been shown sufficient to induce PGCs in cultured epiblast. Bmp2 can
do the same with less efficiency, while Bmp8b is also necessary, probably to restrict
inhibitory signals arising from the visceral endoderm (Ohinata et al. 2009). Inductive
germ cell specification was also described in urodele amphibians (newts and salaman-
ders). Urodele oocytes lack vegetal pole germ plasm; their PGCs arise in the lateral
plate mesoderm where they form as a result of inductive signals from the ventral endo-
derm (Ikenishi and Nieuwkoop 1978). Following induction, Bmp activates the expres-
sion of the transcription factor Blimpl (Prdm1). Blimp1 plays a critical role in PGC
specification, as it is responsible for the repression of their somatic program (Ohinata
et al. 2005). Additional proteins involved in PGC specification are Prdm14, whose role
is to suppress differentiation markers (Tsuneyoshi et al. 2008), and Tcfap2c that seems
to function downstream of Blimp1 to suppress mesodermal differentiation (Weber et al.
2010). At the same time, a network of pluripotency-associated genes including Oct4,
Sox2, Stella, and Nanog are upregulated in nascent primordial germ cells.

Germ cells rarely become gametes at the location they first emerge. PGCs form
at the perimeter of the embryo proper, and during later development they translocate
to their final residence inside the embryo. Their migration is well characterized in
mammals, where they move from the epiblast to the yolk sac/allantois and then to
the developing hindgut until they finally colonize the genital ridges (Hyldig et al.
2011). Avian PGCs use a different path. In the chicken embryo, they move from the
epiblast to the hypoblast and then reach the area known as the germinal crescent.
Subsequently, PGCs enter the blood vessels and use the embryonic circulation for
transport. They exit the circulation in the vicinity of the genital ridges and are drawn
to their final destination by chemotactic attraction (Kuwana et al. 1986). Some rep-
tiles utilize a pattern of PGC development similar to that of mice, while in others
PGC:s take a route similar to that described in the chicken, i.e., they migrate to the
anterior region equivalent to the germinal crescent and travel to the genital ridges
via the circulation (for a recent review, see Johnson and Alberio 2015).

Since the genetic information needs to be carried over to the next generation, the
genome must remain intact during its passage through the germline. Also, the genome
in germ cells must be reset to a basic, totipotent state. This is particularly important in
species that do not contain maternal germ plasm, and PGC specification takes place
later in development. In the mouse, for example, PGC specification is deferred until
after implantation. However, the epiblast adopts somatic epigenetic features rapidly
after implantation: DNA methylation levels of the epiblast in the embryonic day 6.5
embryo are more similar to somatic tissues than to the inner cell mass of the blastocyst
(Popp et al. 2010). Pluripotency genes such as Oct4 and Nanog, as well as germline-
specific genes, are repressed in the epiblast cells by DNA methylation; this prevents
their activation, which would be detrimental at this point (reviewed by Messerschmidt
et al. 2014). Due to these reasons, PGCs must undergo extensive epigenetic
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reprogramming that involves DNA demethylation and histone modifications; as a
result they are steered away from the path of differentiation and begin expressing
major pluripotency genes. (The reader is referred to Chap. 8 of this book for additional
details on germ plasm inheritance and PGC induction in the early embryo.)

1.2.2 Follicle Assembly

Once the PGCs colonize the genital ridges, they continue to proliferate. In the mouse,
they proliferate until about embryonic day 13.5 when their number reaches ~25,000
(Hilscher et al. 1974). Subsequently, they undergo differentiation either toward an
oogenic (female) or spermatogenic (male) pathway; in female embryos they become
oogonia. In many vertebrate species, including zebrafish, Xenopus, chicken, and vari-
ous mammals, oogonia divide to form clusters of cells connected by intercellular
bridges. The founder cell in a cluster is called a cytoblast, while the cluster itself is
referred to as a cyst. Oogonia in Xenopus develop synchronously in cysts (in this spe-
cies the cyst is referred to as nest) consisting of 16 pear-shaped interconnected cells
(Coggins 1973). Zebrafish oogonia also develop in nests, and although their develop-
ment is synchronous, they are not connected by intercellular bridges (Selman et al.
1993). Clusters in birds and mammals do not have a fixed number of cells (Ukeshima
and Fujimoto 1991; Pepling and Spradling 1998). Cyst formation is a conserved and
widespread event that seems to offer certain advantages to the developing germ cells.

Oogonia in a cyst enter meiosis simultaneously at which point they become pri-
mary oocytes. This occurs in the developing embryo; in humans it takes place at the
tenth week after fertilization (Gondos et al. 1986). In the pachytene stage of the first
prophase, the cysts break down, and the intercellular bridges disappear. Crossing
over takes place between non-sister chromatids of homologous chromosomes,
which results in the recombination of the genetic information. The cell cycle then
moves forward to the diplotene stage where it comes to a sudden halt (Speed 1982).
This suspended state is also referred to as the dictyate stage. The block is caused by
low activity of the M-phase-promoting factor (also known as maturation-promoting
factor or MPF), which is essential for driving the cell cycle from prophase to meta-
phase. MPF is a complex of two subunits: cyclin-dependent kinase I (CDK1, also
known as p34°?) and its regulatory partner, cyclin B1. Due to low CDK1 and cyclin
B1 levels in the oocytes and because CDK1 activity is blocked by phosphorylation
at this point, the cell cycle is arrested at prophase (Kanatsu-Shinohara et al. 2000).
This first meiotic arrest, which begins in fetal life and ends after the animal reaches
puberty, can last for days or years depending on the species.

Somatic cells in the developing gonads envelope germ cells to create an ensem-
ble called a follicle. Follicles provide an environment that facilitates oocyte growth
and the accumulation of nutrients in the ooplasm. Somatic cells (presumptive gran-
ulosa cells) in vertebrate gonads generate processes that extend toward, and adhere
to, the germ cells (Ukeshima and Fujimoto 1991). The processes invaginate from
the granulosa cells and establish gap junctional contacts with the oocyte plasma
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membrane; this tight physical contact between the oocyte and the granulosa cells is
lost just before ovulation. In Xenopus, the earliest follicles contain an oocyte sur-
rounded by a single layer of squamous follicular cells (Dumont 1972). As the oocyte
begins to grow, the follicular cells become more cuboidal. Right before ovulation
the follicular cells become flat and most cytoplasmic projections disappear. In the
zebrafish ovary, the layer of prefollicle cells initially envelopes the entire nest of
oocytes. Later, after germ cells cellularize, individual oocytes become surrounded
by the somatic cells whose shape undergoes changes similar to those seen in the
Xenopus ovary (Selman et al. 1993). Some follicular cells in the fish ovary have
specialized function: a single cell called the micropylar cell participates in the for-
mation of the micropyle that will serve as an entry point for sperm at fertilization
(Hart 1990).

Follicle assembly in mammals has multiple steps. Somatic cells first envelop
clusters of oocytes; in these polyovular follicles, oocytes are still connected by
intercellular bridges (Weakley 1967). The intercellular bridges then disappear and
the somatic cells end up encapsulating individual oocytes. The follicle at this point
is called a primordial follicle, and it consists of a small oocyte surrounded by a
single layer of flattened granulosa cells. The granulosa cells and their associated
basement membrane completely envelop the oocyte. At the same time, a heteroge-
neous layer of thecal cells is added over the basement membrane, thereby creating
the basic structure of the ovarian follicle (Tokarz 1978).

1.2.3 Oocyte Growth

Females of most vertebrate animals are born with primary oocytes in their ovaries;
the oocytes remain dormant until the animal reaches puberty. Some increase in the
size of the oocyte may occur in the prepubertal period; in fish and amphibians, the
growth at this time is due to ribosomal RNA production by the nucleoli, lipid depo-
sition, and the synthesis of a large amount of glycoproteins incorporated into the
cortical alveoli (Wallace and Selman 1990). The major size increase, however, takes
place after puberty, when gonadotropins produced in the pituitary gland induce
oocyte growth. In nonmammalian vertebrates the oocyte grows mainly due to the
accumulation of yolk (also known as vitellus). In salmonids, increased follicle-stim-
ulating hormone (FSH) levels have been shown to stimulate estrogen production in
the follicles, which in turn induce hepatic vitellogenesis (Specker and Sullivan
1994). In chickens, it is also the increased FSH level that causes vitellogenin pro-
duction in the liver (Schoenwolf 1997).

During vitellogenesis a large amount of yolk is accumulated in the oocyte. The
function of yolk is to provide nutrition for the developing embryo. Yolk is composed
mainly of lipids and proteins (mostly lipoproteins and phosphoproteins). Vitellogenin,
a glycolipophosphoprotein expressed in the females of nearly all oviparous species, is
the precursor of the yolk proteins (Robinson 2008). After being synthesized in the
liver, it is transported to the ovaries through the blood stream. At the ovaries, vitellogenin
leaves the blood vessels, crosses the follicular wall, and, after binding its receptor on
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the oolemma, is incorporated into the oocyte by endocytosis (Davail et al. 1998).
Proteolytic cleavage of vitellogenin then leads to the generation of yolk proteins that
are stored in yolk globules or platelets (depending on the species), throughout the
ooplasm. At the time of yolk protein deposition, a significant amount of lipid accumu-
lation also takes place in the growing oocyte of many species. The nucleus and the
cytoplasm move to one pole of the oocyte called the animal pole, while the yolk
becomes localized to the vegetal pole. In reptiles and birds, the sequestered cytoplasm
at the animal pole forms a disklike structure called the blastodisk (or germinal disk)
that contains a large nucleus, the germinal vesicle. The ancestral vitellogenin-encod-
ing genes were lost during mammalian evolution in all but the egg-laying monotremes
(because the development of placentation replaced yolk-dependent nourishment of
the embryo; Brawand et al. 2008). Hence, in mammals, oocyte growth is due mostly
to the accumulation of cellular organelles and lipid droplets in the ooplasm.

Concomitant with the onset of oocyte growth, the follicle also begins to develop.
In mammals, granulosa cells assume a more cuboidal shape around the oocyte, dur-
ing the transition from primordial follicle to primary follicle. Then these cells begin
to rapidly proliferate and, as a result, enclose the oocyte in several layers creating a
secondary follicle. This is followed by the formation of the antrum, a fluid-filled
cavity, as the follicle turns into a tertiary (or antral) follicle. The oocyte takes up an
acentric position because of the antral cavity, and the granulosa cells form two dis-
tinct cell populations: cumulus granulosa cells that immediately surround the oocyte
and mural granulosa cells that cover the inner surface of the follicular wall.

Toward the end of oocyte growth, an acellular investment forms around the gamete.
This structure is variously called the chorion in fish, vitelline envelope in anuran amphib-
ians, the inner perivitelline layer in birds, and zona pellucida in mammals (Bi et al.
2002). It is made primarily of glycoproteins, and, although its composition differs from
species to species, similarities in its structure across all vertebrate species examined so
far point at a common evolutionary origin (Prasad et al. 2000). This extracellular matrix
plays a vital role in sperm-egg recognition, determination of the sperm entry point (in
certain species), the permanent block to polyspermy, and protection of the developing
embryo. Fish oocytes have a special structure called the micropyle, located in the extra-
cellular matrix, which is a pore that provides easy access for the sperm during fertiliza-
tion. In most fish species, there is a single micropyle at the animal pole of the oocyte. In
rare cases (such as in sturgeon and paddlefish), there are several micropyles that are also
restricted to the animal pole region. The surface of the chorion in many fish species is
constructed to guide the sperm toward the micropyle (Iwamatsu 2000).

1.2.4 QOocyte Maturation

Fully grown oocytes in the ovarian follicles are still diploid as they are arrested at
prophase of the first meiotic division. The arrest is maintained even as the oocyte
grows and its volume increases significantly. When fully grown, it is regarded
as meiotically competent and is able to respond to a cue to resume meiosis. The cue



8 Z. Machaty et al.

arrives when a surge of luteinizing hormone (LH), produced by the pituitary gland,
binds to its receptor on the follicular cells surrounding the oocyte. In teleosts, LH
triggers the production of the maturation-inducing hormone (MIH) in the granulosa
cells (Patifio and Sullivan 2002). In amphibians, the synthesis of another steroid
hormone, progesterone, is stimulated (Elinson 1997), whereas in mammals LH
induces the removal of a follicular inhibitor (Dupré et al. 2011). Although the sig-
nals are different between animal groups, they all activate signaling pathways in the
oocyte that act on the same target: they stimulate a burst in the activity of CDK1. As
mentioned above, CDK1 gains activity when it forms a complex with cyclin B1,
thereby generating MPF. During the prophase I arrest, MPF activity is low, proba-
bly because of limited availability of CDK1 and cyclin B1. Low levels of both
subunits are the major determining factors for the maintenance of the first meiotic
arrest in large mammals where protein translation is essential for the resumption of
meiosis I (Mattioli et al. 1991; Tatemoto and Horiuchi 1995).

Once the oocyte reaches its final size, an additional mechanism helps to maintain
the meiotic arrest. Cyclic adenosine monophosphate (cAMP), whose level in the
ooplasm is tightly controlled by the granulosa cells, becomes a key regulator of
CDKI activity (Bornslaeger et al. 1986). High concentrations of cAMP are needed
for the meiotic arrest; this has been demonstrated in mice, where removing the
immature oocyte from the follicle leads to an abrupt reduction in ooplasmic cAMP
levels and also to meiotic resumption (Conti et al. 1998). The cumulus cells control
ooplasmic cAMP levels by transferring cyclic guanosine monophosphate (cGMP)
to the oocyte through cytoplasmic projections across the zona pellucida. cGMP
blocks phosphodiesterase 3A, an enzyme that can hydrolyze (and destroy) cAMP
(Masciarelli et al. 2004). By inhibiting its hydrolysis, cGMP maintains high cAMP
levels in the ooplasm. The connection between the CDK1 and cAMP pathways is
provided by a serine/threonine kinase, protein kinase A (PKA). In somatic cells,
cAMP can bind PKA, which in turn phosphorylates (and activates) WEE1B and
MYT]1 kinases. PKA can also phosphorylate the phosphatase CDC25, which as a
result becomes inhibited (Kirschner et al. 2009). WEE1B and MYT1 are known to
block CDK1, while CDC25 is responsible for CDK1 activation (Morgan 1995).
Thus, cAMP-dependent activation of PKA results in CDK1 inhibition through two
separate pathways: activation of the CDK1 inhibitors WEE1B and MYT1 and inhi-
bition of the CDKI1 activator CDC25. During the meiotic arrest, high levels of
cAMP stimulate PKA. Active PKA promotes WEE1B activity and at the same time
inhibits the action of CDC25; high WEEI1B activity combined with CDC25 inhibi-
tion leads to phosphorylated (i.e., inactive) CDK1 and the maintenance of meiotic
arrest. In response to the ovulatory LH surge, the amount of cGMP transferred from
the cumulus cells drops, partly because of reduced production and partly because of
the closure of gap junctions between the cumulus cells and the oocyte. The subse-
quent increase in phosphodiesterase activity causes a dramatic drop in cAMP levels
that results in inactive PKA. In the absence of functional PKA, WEEIB activity
drops and CDC25 activity increases. This causes the dephosphorylation and activa-
tion of CDKI1 that favors meiotic resumption.
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Proper timing of meiotic reentry is so critical that the oocyte applies yet another
mechanism to keep the cell cycle under arrest. This mechanism limits CDK1 activ-
ity by curtailing cyclin B1 levels in the cytoplasm. Protein degradation during the
metaphase-anaphase transition is controlled by the anaphase-promoting complex
(APC), a multisubunit E3 ligase. APC ubiquitinates protein substrates that marks
them for destruction by the 26S proteasome (Peters 2006). For activity, APC requires
the binding of a cofactor protein, either CDC20 or FZRI1. In GV-stage mouse
oocytes, it is FZR1 that activates APC: oocytes lacking FZR1 undergo premature
germinal vesicle breakdown (GVBD) due to the absence of APC-mediated cyclin
B1 degradation (Holt et al. 2011). FZR1 is positively regulated by the phosphatase
CDC14B and inhibited by the early mitotic inhibitor (Emi). It has been demon-
strated that overexpression of CDC14B in mouse oocytes causes a delay in meiotic
resumption (Schindler and Schultz 2009), whereas microinjection of excess Emi
accelerates the reinitiation of meiosis and arrests the oocyte at the first metaphase
(Marangos et al. 2007). Thus, oocytes achieve a delicate balance between high and
low cyclin B1 levels via APC regulation: they maintain the arrest at the first pro-
phase through APC-/FZR1-mediated cyclin B1 degradation; increasing cyclin B1
synthesis will eventually outweigh destruction by APC, and this leads to elevated
CDK1 activity and the induction of GVBD (Holt et al. 2013).

Similar to the presence of multiple control pathways in somatic cell division, yet
another mechanism is involved in the regulation of the cell cycle during oocyte
maturation. In Xenopus oocytes progesterone, the physiological inducer of meiotic
divisions, triggers the translation of mRNAs stored in the oocyte. Within 2-3 h of
progesterone stimulation, the production of the Mos protein begins and accumulates
during maturation. Mos is the product of the proto-oncogene c-mos and functions as
a Ser/Thr kinase in a meiosis-specific manner (reviewed by Dupré et al. 2011). Mos
appeared early during evolution as an oocyte-expressed kinase and functioned
ancestrally in the control of female meiosis (Amiel et al. 2009). It can stimulate
mitogen-activated protein kinase (MAPK) by directly phosphorylating and activat-
ing MEK, an immediate upstream activator of MAPK. The downstream target of
MAPK is p90®k, and together the activity of the Mos/MEK/MAPK/p90® cascade
is known as the cytostatic factor (CSF). At the onset of oocyte maturation in
Xenopus, Mos production begins before the increase in MPF activity. Based on this
observation, it has been suggested that Mos, along with its downstream effectors, is
an activator of MPF (Sagata et al. 1988). In the mouse and rat, Mos synthesis is also
stimulated in the maturing oocyte, but its accumulation takes place only after MPF
is activated (Verlhac et al. 1993; Tan et al. 2001). This implies that Mos is not
required for MPF activation. These seemingly conflicting observations can be rec-
onciled in the light of the findings that although Mos synthesis begins soon after
progesterone stimulation, the protein remains unstable and cannot stimulate MAPK
until MPF is activated. Once activated, MPF stabilizes Mos via phosphorylation at
conserved serine residues (Freeman et al. 1992), which prevents it from being rec-
ognized by its ubiquitin ligase. Thus, Mos gains activity only after MPF activation
in both cases: it needs to be stabilized by MPF despite an early appearance in
Xenopus oocytes, whereas it is produced only after MPF activation in the mouse



10 Z. Machaty et al.

(Dupré et al. 2011). It has also been reported that progesterone can induce MPF
activation by a mechanism independent of MAPK (Fisher et al. 1999), which has
eventually led to the realization that MPF activation can be mediated by two inde-
pendent mechanisms: either the Mos/MEK/MAPK/p90Rs pathway or cyclin Bl
synthesis. Therefore, it is now believed that Mos is not essential for the activation of
MPF. In both Xenopus and mouse, meiotic reentry depends on cyclin B1 synthesis-
induced MPF activation; the Mos/MEK/MAPK/p90®* cascade will contribute to
MPF activation once Mos is stabilized by MPF (Frank-Vaillant et al. 1999).

At the onset of meiotic resumption, just prior to GVBD, the CDK1-cyclin B1 com-
plex translocates to the nucleus, where CDKI1 acts primarily on nuclear lamins and
DNA histone proteins (Marangos and Carroll 2004). Nuclear lamins are building blocks
of the nuclear lamina, a fibrous meshwork underlying the inner nuclear membrane. The
dissolution of nuclear lamins by CDKI1 causes GVBD and chromatin condensation;
high CDK1 activity also drives the formation of the meiotic spindle. Homologous chro-
mosomes (bivalents) then align at the spindle’s equator during metaphase. At this point
APC activity is held in check by spindle assembly checkpoint (SAC) proteins that also
prevent premature separation of the bivalents (Lara-Gonzalez et al. 2012). Once the
chromosomes are securely attached to the spindle, APC activity is needed for the cell
cycle to move forward to anaphase. Increasing CDK1 activity stimulates the production
of CDC20, the other coactivator of APC. Activated APC induces the degradation of
cyclin B1, which reduces CDK1 activity allowing the cell cycle to move to anaphase
(Jin et al. 2010). Meiosis I is a reductional division: after chromatin segregation the exit
from meiosis is marked by half of the chromosomes being extruded in the form of the
first polar body. The polar body is a tiny cell, much smaller than the oocyte (which is
now haploid and called a secondary oocyte); the difference in size is due to the eccentric
location of the spindle apparatus formed after GVBD.

A short interkinesis follows during which the nuclear envelope does not reap-
pear, the DNA does not duplicate, and the oocyte enters directly into the second
meiotic division. Xenopus oocytes acquire the ability to replicate DNA when, soon
after the resumption of meiosis Cdc6, the last factor missing from the DNA synthe-
sis toolkit is synthesized (Lemaitre et al. 2002). Since all factors needed for DNA
synthesis are present in the maturing oocyte, DNA replication must be inhibited to
prevent S-phase entry until after fertilization. In Xenopus, this is achieved by Mos;
if Mos or MAPK is inhibited, the nuclear envelope reforms and the DNA is repli-
cated (Furuno et al. 1994). Despite these findings, the molecular mechanism through
which the Mos/MEK/MAPK/p90®* cascade inhibits DNA replication remains
unclear. Moreover, this function of Mos does not seem to be universally conserved
among vertebrates. In mouse, the ability to replicate DNA only develops after the
oocyte reaches the metaphase II stage; therefore, there is no need for Mos (or any
other factor) to suppress it (Tachibana et al. 2000).

Soon after the entry into the second round of meiosis, the cell cycle stops again.
The role of this block is to prevent parthenogenesis, the entry into the embryonic cell
cycles without sperm (Dupré et al. 2011). The cell cycle block prior to fertilization
is characteristic of the entire animal kingdom; in vertebrates it occurs at the second
metaphase stage of meiosis. It is controlled by CSF whose key component, Mos, is
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believed to be responsible for the metaphase II arrest in eggs of all animals. This
function of Mos was discovered when extracts obtained from metaphase II-arrested
oocytes were found to cause metaphase arrest when injected into blastomeres of
2-cell Xenopus embryos (Masui and Markert 1971). It was then demonstrated that
Mos-depleted mouse oocytes failed to arrest following maturation (Hashimoto et al.
1994). The metaphase II-arresting ability of Mos is mediated mostly by MAPK: the
Mos/MEK/MAPK/p90®* pathway functions to sustain MPF activity (Daar et al.
1991). In mature Xenopus oocytes, p90®* phosphorylates Emi, which promotes its
interaction with PP2A, a protein phosphatase. In turn, PP2A dephosphorylates Emi
at two clusters of residues, one responsible for stabilizing the protein and the other
promoting its binding to APC (Wu et al. 2007). This causes APC inhibition, which
saves cyclin B1 from destruction, resulting in high CDK1 activity. MPF is thus sta-
bilized and the cell cycle arrests at the metaphase II stage. In mouse oocytes the situ-
ation is slightly different. Although it is firmly established that Mos and MAPK are
essential for the maintenance of the cell cycle block prior to fertilization, activated
p90Rsk does not play a role in the arrest (Dumont et al. 2005). The exact mechanism
by which Mos and MAPK stimulate Emi, inhibit APC, and stabilize the metaphase
spindle is yet to be clarified in the mouse (Dupré et al. 2011).

Following the resumption of meiosis, during the course of nuclear maturation,
the chromatin progresses to the second metaphase as described above. Cytoplasmic
maturation also takes place following meiotic resumption; this enables the oocyte to
undergo proper fertilization, pronuclear formation, and normal embryo develop-
ment. Changes that occur during cytoplasmic maturation include migration of mito-
chondria from the perinuclear region to the entire cytoplasm, fragmentation and
dispersion of the Golgi apparatus, relocalization of the endoplasmic reticulum pri-
marily in the cortical cytoplasm, and an increase in the sensitivity of Ca®* release
channels/receptors (for a recent review, see Mao et al. 2014). LH also induces the
last step of oogenesis, ovulation, i.e., the release of gametes from the ovary. It is a
complex process that involves degradation of follicles, rupture of the follicular wall,
and expulsion of the mature egg (Goetz et al. 1991).

1.3 Fertilization

Fertilization can be external or internal. Oviparous animals (most fishes, amphibians,
reptiles, and birds) simply deposit eggs that are fertilized externally, outside of the
female’s body. In the case of internal fertilization, spermatozoa are released into the
female body where fertilization takes place. Internal fertilization began about 385
million years ago when a fish called Microbrachius dicki began to multiply via copu-
lation instead of reproducing by spawning. Ancient fossils of this primitive bony fish
revealed the existence of male genitals, suggesting that Microbrachius marks the
very point in evolution where internal fertilization in all animals began (Long et al.
2015). After sperm-egg fusion, viviparous animals brood their embryos internally,
nourish them directly through the placenta, and give birth to live offspring.
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Ovoviviparous animals also brood their embryos internally, but in this case there is
no placental connection, and the unborn embryo is nourished by yolk within the egg.
This is the situation in some fish and amphibians. Ovulation, as defined by the release
of the mature egg from the ovaries, does not follow oocyte maturation in these ani-
mals: fertilization and embryo development take place in the ovarian follicles. The
embryos then hatch internally and are born as live young (Jalabert 2005).

It is generally the case that the fertilizing sperm stimulates development of an egg
into an embryo at the time of fertilization. Interestingly, exceptions exist. Eggs of
different types of teleost fishes use different triggers for activation (Iwamatsu 2000).
In internally fertilizing fishes, the sperm enters the egg and induces activation in the
ovarian follicle. Some fishes with external fertilization conserved the ability to start
development upon sperm penetration. Eggs of medaka (Japanese killifish) and stick-
leback, for example, activate in response to sperm penetration (Oryzias-type eggs).
However, eggs of the seawater teleost fish Alcichthys can undergo sperm penetration
and activation by sperm only after exposure to seawater, following spawning
(Alcichthys type). The most extreme situation can be observed in salmon- and
Carassius-type eggs, where the function of activating the egg has completely shifted
from the sperm to the tonicity of the aqueous medium. These eggs can undergo acti-
vation in the absence of sperm, simply by being immersed in hypotonic saline. The
identity of the trigger that stimulates activation in the absence of sperm is a matter of
debate; mechanical stress, osmotic shock, and changes in the ionic environment or
pH have all been suggested as potential causes. Mechanical stress caused by egg
laying induces activation in the wasp Pimpla turionellae (Went and Krause 1974);
stretch-activated channels are expressed in Xenopus eggs (Yang and Sachs 1989);
and the presence of stretch-activated K* channels has been described in the fish
Misgurnus fossilis (Medina and Bregestovski 1988). Additionally, osmotic shock
may occur when during spawning, the eggs are released from the protein-rich ovar-
ian fluid into the freshwater environment. However, the role of these stimuli, if any,
during fish egg activation is yet to be demonstrated (Webb and Miller 2013).

Following sperm deposition, the spermatozoa first reach the outer layers of the
egg. Fish eggs have a thick and mechanically tough shell, the chorion (vitelline
envelope; Iwamatsu 1969). They possess a specialized opening, the micropyle on
the chorion above the animal pole; the fertilizing sperm must swim through this
hole to gain access to the egg surface (Hart and Donovan 1983). The micropyle also
limits the number of sperm reaching the plasma membrane. In amphibians, the gen-
eral pattern of fertilization is different between anurans and urodeles. Most anuran
eggs are inseminated externally after oviposition (Elinson 1975), whereas urodele
eggs are generally inseminated in the female’s cloaca. Such females receive a sper-
matophore, a ball of sperm deposited by the male. Females store it in the sperma-
theca near the cloaca, and the sperm released from the spermatheca fertilizes the
egg just before oviposition (Sever and Brizzi 1998). Amphibian eggs are surrounded
by a vitelline envelope and 3-6 layers of jelly coat; the sperm must penetrate these
investments in order to reach the plasma membrane. Sperm can only penetrate the
animal half of the anuran egg but enter both the animal and vegetal halves in uro-
deles. Finally, only a single sperm fertilizes the egg of most anurans, while most
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urodeles show physiological polyspermy, where several sperm enter each egg (see
below). In birds the sperm must pass through pores in the inner perivitelline layer of
the ovum to gain access to its plasma membrane or oolemma (in birds the term egg
is reserved for the calcified hard-shelled product of oogenesis, whereas at the time
of ovulation, the follicular oocyte becomes an ovum; Wishart and Horrocks 2000).
Mammalian eggs are surrounded by the zona pellucida, and the spermatozoa must
digest a penetration slit in the zona matrix in order to reach the plasma membrane.

1.3.1 Electrophysiological Changes

After getting through the egg’s extracellular matrix, the fertilizing sperm adheres to,
and then fuses with, the oolemma. In many species, the first indication that fertiliza-
tion is under way is a change in the membrane potential of the egg’s plasma mem-
brane. Membrane potential changes during fertilization are well described in
invertebrates. The resting potential of the unfertilized sea urchin egg’s plasma mem-
brane is about =70 mV. The fertilizing sperm triggers an inward current (carried
mainly by an influx of extracellular Na* and Ca** ions) that causes depolarization of
the membrane. Depolarization leads to an action potential, taking the membrane
potential to positive values (Hagiwara and Jaffe 1979). The initial depolarization
has been shown to coincide with gamete fusion, and the inward current that induces
the action potential is the consequence of ions flowing into the ooplasm through the
plasma membrane of the sperm. This was verified by measuring the electrical
capacitance of the egg’s plasma membrane (McCulloh and Chambers 1992). An
increase in membrane capacitance is due to the addition of the sperm surface area to
the oolemma (see below); the results of these experiments indicated that fusion is
indeed the first step of fertilization in these species and it takes place before any
other notable changes associated with egg activation.

Similar positive-going shift in the membrane potential was also reported in the
eggs of certain vertebrate species including medaka (Nuccitelli 1980), lamprey
(jawless fishes; Kobayashi and Yamamoto 1994), and frog (Ito 1972). The large
positive fertilization potential in lamprey eggs is mediated by the opening of Cl~
channels that reside mostly in the animal pole region. In frog eggs the Ca* wave
that induces activation also triggers a propagative opening of Cl~ channels in the
oolemma, causing a positive shift in the membrane potential (Kline and Nuccitelli
1985). In many species, the resulting fertilization potential has an important
physiological role: it serves as a fast block to polyspermy. Voltage clamping of
the membrane potential of unfertilized Xenopus eggs blocks sperm entry, whereas
maintaining it below 0 mV under voltage-clamp conditions leads to polyspermy
(Charbonneau et al. 1983). The voltage that blocks sperm entry corresponds well
to the fertilization potential, indicating that the fertilization potential acts as a
fast, electrical block to polyspermy in these species (Jaffe and Cross 1986). The
electrical block to polyspermy at the plasma membrane operates in monospermic
urodele eggs as well (Iwao 2000).
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In other animals such as mammals, there is no indication for an action potential
after sperm-egg fusion. Physiologically polyspermic eggs of urodele amphibians
lack the ability to mount a positive-going fertilization potential. Additionally, volt-
age clamping of the plasma membrane to positive levels does not affect sperm entry
into such eggs, indicative of an absence of a fast block to polyspermy (Iwao and
Jaffe 1989). Mouse and hamster eggs can generate action potentials only under
nonphysiological circumstances, after being artificially hyperpolarized to =70 mV
(Miyazaki and Igusa 1981; Peres 1986). In the eggs of these species, membrane
potential changes of another kind can be measured following gamete fusion.
Hamster oocytes show recurring hyperpolarization responses from the original
—40 mV to —70 mV. These responses are due to Ca’*-activated K* conductance, and
they reflect the underlying repetitive elevations in the cytosolic Ca* levels (Miyazaki
and Igusa 1982). In fertilized medaka eggs, the initial depolarization is followed by
a large hyperpolarization phase that is associated with increased K* permeability
(Nuccitelli 1980). Finally, similar hyperpolarizations were reported in mouse, rab-
bit, and human eggs as well, indicative of underlying Ca** oscillations in the ooplasm
(Jaffe et al. 1983; McCulloh et al. 1983; Homa and Swann 1994).

1.3.2 Increase in the Cytosolic Ca** Level

Sperm-egg fusion is followed by an interval known as the latent period. The term was
coined while studying sea urchin fertilization, and it refers to the time between the
sperm-egg membrane fusion and the next observable event of fertilization, the initia-
tion of the cortical reaction (Allen and Griffin 1958). Because the cortical reaction is
induced by an increase in cytosolic Ca** levels, the term latent period is now used to
indicate the time between the fusion and the onset of the Ca** signal that activates the
egg (Whitaker and Swann 1993). The most accurate measurements regarding the
length of the latent period were performed in sea urchin. Gamete fusion was con-
trolled by holding the eggs at membrane potentials that successively allowed first
sperm adhesion only and then gamete fusion (Shen and Steinhardt 1984). This
revealed that the time between fusion and initiation of the Ca®* wave was about 15 s.
In frog eggs the latent period, defined as the time between the action potential (which
indicates gamete fusion) and the Ca** wave, was found to be longer, at about 1 min
(Busa and Nuccitelli 1985). In the absence of an action potential in mammalian eggs,
the transfer of a fluorescent dye from the egg into the sperm was used to establish the
moment of fusion. The length of the latent period determined this way in mouse eggs
was around 1-3 min (Lawrence et al. 1997). In hamster, the cessation of sperm motil-
ity was used to characterize the latent period. Sperm tail movement stops when the
membranes of the gametes fuse; using this as an indicator, the latent period in ham-
ster eggs was found to be less than 10 s (Miyazaki and Igusa 1981).

The end of the latent period is marked by an increase in the egg’s intracellular free
Ca’* concentration. In all animals that have been examined so far, the rise in the cyto-
solic Ca?* levels is the signal the fertilizing sperm use to activate the egg and stimulate
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embryo development (Stricker 1999). The elevation of Ca** level is an evolutionarily
conserved mechanism for egg activation and is considered a hallmark of fertilization
in all species. The sperm-induced Ca?* increase was observed directly for the first time
in the eggs of the medaka fish (Ridgway et al. 1977). Two lines of evidence support
the notion that Ca*" is a key second messenger in the stimulation of embryo develop-
ment. First, artificially increasing Ca** concentration in the ooplasm triggers early
events of egg activation (Whittingham 1980). Second, treatment of eggs with chela-
tors that bind to Ca*" and prevent the rise in its concentration obliterates all changes
related to egg activation (Whitaker and Steinhardt 1982). These findings indicate that
a Ca* rise is both necessary and sufficient to induce development at fertilization.

In lower vertebrates, as in most invertebrates, the Ca** change involves a single
transient elevation in the cytosolic Ca** levels, while mammalian eggs display a
series of low-frequency Ca?* oscillations at fertilization (Fig. 1.1). The need for a
single versus multiple Ca®* transients for activation seems to depend on the cell
cycle stage at which the egg awaits fertilization (eggs of invertebrate animals may
arrest at stages other than metaphase II), the time needed for completion of meiosis
after sperm-egg fusion, and the extent of changes the intracellular Ca*" stores
undergo during oocyte maturation (Jones 1998).

Upon fertilization, eggs of teleost fishes display a transient rise in their intra-
cytoplasmic Ca** concentration. In medaka eggs the Ca?* transient originates at
the site of sperm entry, the micropyle. The elevated Ca** level then travels as a
0.05-0.1 mm wide band across the yolk-deficient peripheral ooplasm at an
average velocity of ~12.5 pm/s, reaching the vegetal pole after about 2 min
(Iwamatsu 2000; Fig. 1.2). In zebrafish eggs, the Ca* signal is made up of two
components. First, a Ca** wave is initiated at the micropyle at the animal pole
and propagates through the cortical cytoplasm to the vegetal pole at a velocity
of ~9 um/s (Lee et al. 1999). The cortical Ca?* wave is then followed by a slower
elevation of Ca** in the center of the egg (Sharma and Kinsey 2008).
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Fig. 1.1 Sperm-induced Ca*" changes at fertilization. In Xenopus (and other vertebrates except
mammals), a single Ca®* rise is generated at fertilization (a). Mammalian eggs, on the other hand,
display a series of low-frequency Ca?* oscillations. Shown here is a train of Ca’* spikes detected in
a fertilized mouse egg (b). The eggs were loaded with a Ca*" indicator dye and inseminated (From
Nuccitelli et al. 1993; Swann and Jones 2002; with permission)
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In frog eggs there is a local, slow increase in Ca** concentration at the site of
sperm entry that lasts for 20-60 s (Nuccitelli et al. 1993). It is followed by a propa-
gating Ca** wave that, as in medaka, spreads around the entire egg with a higher
wave velocity in the cortex (8.9 pm/s) than in the center (5.7 pm/s) of the egg.
During this time the resting Ca** concentration of ~300 nM rises to about 2.2 pm,
with the average peak concentration in the center being ~60 % of that in the cortex.
This elevation is maintained for 5—10 min (Fontanilla and Nuccitelli 1998). By con-
trast, in physiologically polyspermic urodele eggs, only a very small increase in the
cytosolic Ca* level is observed. A representative of this group is the newt Cynops
pyrrhogaster. Up to 20 sperm enter the newt egg at fertilization (Grandin and
Charbonneau 1992). The first sperm that binds to the egg triggers an initial Ca>*
spike (Harada et al. 2011). The spike is then followed by a Ca’* wave that starts at
the site of sperm entry but travels only partially across the animal hemisphere.
Although the exact Ca*" concentration is yet to be determined, the peak level is
much lower in Cynops than in Xenopus eggs. The additional sperm that enter the
egg also trigger partially propagating waves so that the Ca®* concentration in the
newt ooplasm remains elevated for 3040 min. The multiple Ca** waves triggered
by the numerous penetrating sperm are probably necessary for complete egg activa-
tion. Although physiological polyspermy is a feature in other animals such as carti-
laginous fishes, reptiles, and birds, the Ca** changes that follow gamete interaction
remain unknown in these species (Iwao 2012).

Mammalian eggs, on the other hand, show a series of low-frequency Ca** oscilla-
tions at the time of fertilization that persist for several hours (Stricker 1999). The pattern
of the Ca* signal varies across species; the interval between the transients is around
3 min in mice and can be as long as 50 min in cow eggs (Kashir et al. 2013). In all spe-
cies studied, the first sperm-induced Ca** transient arises near the site of sperm attach-
ment and propagates as a wave across the entire egg. In mouse and hamster, it travels
with a velocity of ~20 pm/s and crosses the ooplasm in about 5 s (Miyazaki et al. 1986;
Deguchi et al. 2000). In the mouse, the initial Ca’>* elevation lasts longer than subse-
quent ones, which probably reflects the transition of the ooplasm from a “non-excitable”
to an “excitable” state. As the oscillations continue, the initiation site of subsequent
waves changes with time; in the mouse it has been shown to translocate from the point
of sperm entry to the cortex of the vegetal hemisphere (Deguchi et al. 2000).

1.3.3 The Signaling Cascade

Early observations that the fertilizing sperm is able to generate a propagating Ca*
wave even in the absence of external Ca*" suggested that the source of Ca** is intracel-
lular (Gilkey et al. 1978). Since then it has been firmly established that Ca’* is mobi-
lized from the intracellular stores that reside in the smooth endoplasmic reticulum.
Ca?* is loaded into the store by sarcoplasmic/endoplasmic reticulum Ca?* ATPases
(SERCA pumps). Their activity results in a considerable elevation in the Ca?* concen-
tration inside the lumen of the endoplasmic reticulum that can reach approximately
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Fig. 1.2 A Ca?* wave triggered by the fertilizing sperm in a medaka egg. The wave was visualized
by measuring luminescence of aequorin that was preloaded into the egg’s cortical cytoplasm. The
photographs were taken at 10-s intervals starting 40 s after insemination. The wave started at the
animal pole (AP) and traversed the egg toward the vegetal pole (VP) (From Iwamatsu 2000, with
permission)
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1 mM. Inside the endoplasmic reticulum, Ca** is stored through attachment to Ca**-
binding proteins. Such proteins can be classified as either buffers or chaperones. Buffer
proteins simply bind Ca** and thus regulate storage capacity; chaperones are involved
in protein processing, while they are also capable of modulating Ca’* signaling
(Berridge 2002). The stored Ca** can be released into the cytoplasm via two types of
Ca** release channels. These channels are massive protein complexes that also serve as
receptors; they span the endoplasmic reticulum membrane and mediate the flow of
Ca* into the cytosol during signaling. They are known as the inositol 1,4,5-trisphos-
phate (IP;) receptor and the ryanodine receptor. The IP; receptor has four subunits and
is gated by IP; or Ca** itself (Mikoshiba 1993). The ryanodine receptor is also com-
posed of four tetramers. They open in response to cyclic adenosine diphosphate ribose
(cADPR), and their gating is also controlled by Ca** (Coronado et al. 1994).

In some species, the ryanodine receptor appears to be responsible for mediating
the sperm-induced Ca®* increase at fertilization. Microinjection of cADPR, the
endogenous activator of the ryanodine receptor into medaka eggs, induces a propa-
gating Ca** wave in the ooplasm (Fluck et al. 1999). Ryanodine, a pharmacological
modulator of the receptor, also causes activation, indicating a ryanodine receptor
and a cADPR-sensitive Ca** release mechanism in medaka eggs. An endogenous
supply of cADPR was also demonstrated in the gilt-head sea bream egg, where it
was also shown that cADPR causes Ca’* release in egg homogenates in vitro
(Polzonetti et al. 2002). More importantly, cADPR levels increased more than 200-
fold at fertilization in sea bream eggs. These data implicate the ryanodine receptor
as the mediator of the fertilization Ca** signal in these species.

In most vertebrates, however, Ca** release is driven by IP;. During signaling IP;
is produced when the phosphoinositide-specific phospholipase C (PLC), an ubiqui-
tous cytoplasmic protein, catalyzes the hydrolysis of phosphatidylinositol
4,5-bisphosphate (PIP,) into IP; and diacylglycerol (DAG). IP; then binds its recep-
tor on the endoplasmic reticulum and induces the release of stored Ca**, while DAG
stimulates protein kinase C (Miyazaki et al. 1993). In zebrafish eggs Fyn kinase, a
Src-family tyrosine kinase, is concentrated at the animal pole. Src-family tyrosine
kinases are non-receptor tyrosine kinases; the founding member of the family is Src,
a proto-oncogene encoding a tyrosine kinase. Fertilization stimulates a Fyn-
mediated rise in PLCy activity leading to increased IP; levels and the generation of
a Ca’ wave in the cortical ooplasm (Kinsey et al. 2003). Microinjection of the GST-
Fyn-SH2 fusion protein, a dominant-negative inhibitor of Fyn kinase, blocks the
Ca* wave in the cortex (interestingly, it has no effect on the Ca?* rise in the central,
yolk-rich region of the egg, which is a characteristic feature of the Ca** signal in
zebrafish). In addition hnRNPI, an RNA-binding protein of the heterogeneous
nuclear ribonucleoprotein (hnRNP) family, has been suggested to regulate IP; levels
(Mei et al. 2009). hnRNP1 is defective in the brom bones mutant of zebrafish; how-
ever, activation can be rescued by injection of Ca** or IP;. The link between hnRNP1
and IP; is yet to be determined; however, it has been suggested that hnRNP1 might
regulate the production of upstream activators of IP; such as a Src-family protein
tyrosine kinase or a member of the phospholipase C family. It has also been demon-
strated that the Ca** release in the central cytoplasm can be triggered in the absence
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of sperm: a hypotonic shock triggers a Ca?* transient in the central ooplasm (Sharma
and Kinsey 2008). This later finding is consistent with the observation that the eggs
of zebrafish (and some other teleosts) exhibit pre-fertilization oocyte activation, on
contact with water (Sakai et al. 1997).

The sperm-induced Ca®* wave in Xenopus eggs also appears to be stimulated via
IP;-dependent signaling (Nuccitelli et al. 1993). The sensitivity of the type I IP;
receptor to IP; increases during oocyte maturation as the oocytes reorganize their
endoplasmic reticulum in preparation for fertilization (Machaca 2004). The Ca*
signal is associated with waves of both IP; and PKC activation, indicating that the
IP; increase observed at fertilization is the result of PLC-mediated PIP, hydrolysis
(Larabell et al. 2004; Wagner et al. 2004). Experimental data indicate that somewhat
similar to zebrafish, the fertilizing sperm increases PLCy activity and IP; production
in the egg via the stimulation of a Src-family kinase (Sato 2008). When the Src
kinase is activated by oolemma-resident uroplakin III (which itself is activated by a
sperm protease associated with a surface glycoprotein), it stimulates PLCy. Ca?
increase at fertilization is not inhibited by the microinjection of recombinant SH2
domains of PLCy, although the expression of these domains inhibits platelet-derived
growth factor (PDGF)-stimulated Ca’* release in eggs with exogenously expressed
PDGEF receptors (that are known to recruit PLCy through the binding of its SH2
domains). Thus, the Src-family kinase seems to stimulate PLCy through a SH2
domain-independent mechanism (Runft et al. 1999). In addition, it has also been
suggested that phosphatidylinositol-3-kinase may be the upstream activator of the
Src kinase (Mammadova et al. 2009). In Cynops eggs the injection of IP; triggers a
Ca?* transient, whereas the inhibition of the IP; receptors with heparin prevents the
Ca? waves at fertilization. This indicates that in Cynops the Ca* signals induced by
the fertilizing spermatozoa are probably mediated by the IP; receptors (Harada et al.
2011). In mammals, the generation of the fertilization Ca** transients is also medi-
ated by the phosphoinositide signaling system. The involvement of IP; and its
receptor in the generation of the sperm-induced Ca®* signal is clearly demonstrated
by the fact that a monoclonal antibody raised against the IP; receptor or downregu-
lation of the receptor blocked the Ca* oscillations at fertilization (Miyazaki et al.
1992; Brind et al. 2000). In addition, sustained microinjection of IP; or the injection
of adenophostin, an IP; analog, can also induce regenerative Ca** rises in mamma-
lian eggs (Swann 1994; Jones and Nixon 2000).

1.3.4 How Does the Sperm Trigger the Ca** Signal?

Once the major components of the signaling cascade that operates at fertilization
were identified, the big unresolved question remained: how does the fertilizing sperm
trigger the rise in the cytosolic Ca’* concentration in the egg? There have been a vari-
ety of hypotheses proposed to answer this question. One model postulated that the
sperm serves as a source of Ca** entry into the egg. According to the original version,
the sperm delivers a “bomb” of Ca?* that eventually sets off a wave of Ca**-induced
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Ca* release (Jaffe 1983). Theoretically, this mechanism is conceivable in species
such as fish, frog, and hamster, where a Ca®* injection indeed triggers a wave of Ca®*
in the egg (Gilkey 1983; Busa 1990; Igusa and Miyazaki 1983). However, the sperm
volume is rather small and its limited Ca®** content is insufficient to induce Ca**
release. In addition, introducing Ca** into the ooplasm does not cause a Ca®* wave in
sea urchin or mammalian eggs (Swann and Whitaker 1986; Swann 1994), and it is
also unable to trigger repetitive elevations of the cytosolic Ca** level (Swann and Ozil
1994). The hypothesis was later modified to the “conduit” model, where the sperm
serves as a Ca®* conduit, channeling Ca?* from the extracellular medium into the egg
(Jaffe 1991). The prolonged influx of Ca* then results in the overloading of the Ca’*
stores leading to the release of luminal Ca?*. The Ca?* channel blocker, La**, inhibited
activation of sea urchin eggs after fertilization supporting the idea that in sea urchin
an influx of Ca®* is necessary for successful fertilization. In mammals, sustained
injection of Ca®* does not trigger regenerative Ca’* rises like those seen at fertilization
(Igusa and Miyazaki 1983; Swann 1994). Also, Ca*" entry occurs after, rather than
prior to, the first Ca** elevation after gamete fusion (McGuinness et al. 1996). This
implies that the sperm conduit model cannot completely account for Ca** changes
that stimulate embryo development at fertilization.

Another hypothesis proposed that the sperm induces the fertilization Ca** signal
by binding to a receptor on the oolemma. It was suggested that similar to hormone-
receptor binding, the interaction between the sperm and the receptor on the egg
surface activates PLC in the egg. PLC then generates IP;, which in turn binds its
receptor on the Ca** stores, resulting in Ca** release. Increased turnover of poly-
phosphoinositides has been reported in sea urchin and frog after fertilization (Turner
et al. 1984; Snow et al. 1996); IP; causes Ca?* release very effectively in many types
of eggs (Whitaker and Irvine 1984; Busa 1990; Swann and Whitaker 1986); and
sustained injection of IP; causes regenerative Ca* rises in mammalian eggs (Swann
et al. 1989). U73122, an inhibitor of PLC activity, blocks the sperm-induced Ca**
transients in mouse eggs (Dupont et al. 1996), while blocking the IP; receptors with
an antibody or with heparin also inhibits Ca’* oscillations in a number of species
(Miyazaki et al. 1992; Fissore and Robl 1994; Fissore et al. 1995). As in many
somatic cell types, the PLC might be a 3 isoform, in which case it would be coupled
to membrane receptors via a G protein, or a y isoform that is linked to receptor
tyrosine kinases directly. Injecting GTPyS, a nonhydrolyzable analog of GTP (that
activates G proteins), causes activation in sea urchin eggs (Turner et al. 1986) and
repetitive Ca’* oscillations in some mammalian eggs (Miyazaki 1988; Swann 1992;
Fissore et al. 1995). In addition, overexpression of the G protein-coupled musca-
rinic receptor in frog, mouse, and pig eggs (Williams et al. 1992; Kline et al. 1988;
Machaty et al. 1997) leads to activation after exposure to the receptor’s ligand. This
seems to implicate the pathway that includes a G protein-coupled receptor and a
PLC in the generation of Ca** transients. The other signaling cascade that was sug-
gested to be involved is that mediated by receptor tyrosine kinases and the associ-
ated PLCy enzyme. The finding that overexpression of such receptors in frog and
mouse eggs leads to activation after receptor stimulation (Yim et al. 1994; Mehlmann
et al. 1998) seems to support this idea. However, although recombinant SH2
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domains of PLCy inhibit PLCy activation by the receptor, they are unable to block
Ca’* release at fertilization (Mehlmann et al. 1998; Runft et al. 1999). Finally, when
the phosphatidylinositol signaling system is artificially activated in mammalian
eggs (even if using nonhydrolyzable analogs of IP; or GTPyS), the resultant Ca*
signal shows poor correlation with that found at fertilization (Miyazaki et al. 1990;
Swann and Ozil 1994; Galione et al. 1994). Altogether, these data suggest that eggs
contain the signaling machinery that is normally associated with cell surface recep-
tors, but do not necessarily mean that the fertilizing sperm actually use these signal-
ing cascades to trigger embryo development.

Xenopus eggs have been shown to activate in response to external application of
sperm components (Iwao et al. 1994), and peptides containing an RGD sequence
(an integrin-binding site found in a sperm-associated protein) cause a Ca’* increase
(Iwao and Fujimura 1996). In addition, Xenopus sperm contain a protein, XMDCI16,
that is a member of the metalloprotease-/disintegrin-/cysteine-rich protein family
(Shilling et al. 1997). Peptides containing a sequence of the disintegrin domain of
xMDCI16 trigger a Ca?* increase and activation when applied near the egg surface
(Shilling et al. 1998). Such peptides are able to bind and stimulate potential integrin-
like egg surface receptors (Foltz and Shilling 1993). These results suggest that in
Xenopus the fertilization Ca?* signal is in fact generated via surface membrane
interactions between the gametes (Iwao 2000). However, up to now no receptor has
been identified for either the RGD-containing sequence or the xMDC16. Incubation
in the presence of a soluble RGD peptide also induces Ca** increase in bovine eggs
(Campbell et al. 2000), but again, the receptors that have been identified on mam-
malian eggs so far seem to be involved in gamete binding and fusion, rather than the
stimulation of Ca?* release (Wassarman et al. 2005).

The sperm content hypothesis claims that the fertilization Ca** signal is triggered
by a substance in the sperm that diffuses into the ooplasm following sperm-egg fusion
(Fig. 1.3). In mouse eggs, gamete fusion precedes the Ca** oscillations by 1-3 min,
which is consistent with the idea that a factor diffuses into the ooplasm and induces
Ca** release (Lawrence et al. 1997). Microinjection of a crude extract from the sperm
head into mammalian eggs was found to stimulate a series of low-frequency Ca**
oscillations identical to those seen at fertilization (Swann 1990; Wu et al. 1997,
Machaty et al. 2000). Initially, it was suggested that the extract’s active factor might
be IP; (Tosti et al. 1993); later, in a number of invertebrate species, nitric oxide (NO;
Kuo et al. 2000) and nicotinic acid adenine dinucleotide phosphate (NAADP; Lim
et al. 2001) were also proposed. Heat or trypsin treatment of the mammalian sperm
extract abolished its Ca**-inducing activity suggesting that the mammalian sperm fac-
tor was a protein, and adding the extract to the eggs did not cause Ca** release either
indicating that the factor was specific to the sperm cytosol (Swann 1990). The activity
of the sperm factor is a general phenomenon in mammalian species (Swann et al.
1998), and furthermore, extracts isolated from frog or chicken sperm cause Ca** oscil-
lations in mouse eggs (Dong et al. 2000). The success of intracytoplasmic sperm
injection in mammals, where membrane interaction between the gametes is bypassed
by the direct injection of the sperm into the ooplasm, also supports the notion that it is
a factor in the sperm head that stimulates Ca?* changes at fertilization.
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Fig. 1.3 Different hypotheses describing alternative mechanisms by which the fertilizing sperm
stimulates the release of Ca** from the endoplasmic reticulum (ER endoplasmic reticulum, IP;
inositol 1,4,5-trisphosphate, PLC phospholipase C, SF sperm factor; from Nomikos et al. 2011,
with permission)

One candidate for the sperm factor was “oscillin,” a protein identified in hamster
sperm. Oscillin was isolated by serial chromatographic purification, and when injected
into mouse eggs, it was able to induce a series of Ca?* oscillations (Parrington et al.
1996). It is located in the equatorial segment region of the sperm head, which is the
expected location of a signaling molecule that is to trigger the fertilization Ca* signal
after gamete fusion. Its amino acid sequence showed 53 % identity to a bacterial glu-
cosamine-6-phosphate deaminase (Shevchenko et al. 1998). However, recombinant
oscillin, while exhibiting deaminase activity, was unable to induce Ca*" oscillations
after being injected into mammalian eggs (Wolosker et al. 1998). This indicated that
a sperm extract factor other than oscillin was the much sought-after molecule that
caused activation.

In vitro assays demonstrated that mammalian sperm extracts had high PLC
enzyme activity, even at relatively low Ca?* concentrations typical of mammalian
eggs awaiting fertilization (Rice et al. 2000). This suggested that the active factor in
sperm might be a PLC isoform. In fact, mammalian spermatozoa express several
known PLC isoforms (Fukami 2002). However, recombinant forms of these pro-
teins failed to trigger Ca’* oscillations when injected into eggs (Parrington et al.
2002) or did so only at very high, nonphysiological concentrations (Mehlmann et al.
2001). In addition, chromatographic fractionation of sperm extracts showed that
none of the known PLC isoforms were present in the fraction that possessed the
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ability to trigger regenerative Ca®* oscillations (Parrington et al. 2002). These data
suggested that the sperm factor might be a novel PLC isoform.

The quest for new PLC varieties led to the identification of a set of sequences in a
mouse expressed sequence tag (EST) database; this was followed by the amplifica-
tion of a novel PLC from a mouse spermatid cDNA library (Saunders et al. 2002).
The new isoform was named PLCC (PLCzeta). It was found to be smaller than all
other known mammalian PLC isoforms, and Northern blot analysis revealed that it
was expressed exclusively in the testis. PLCC orthologues have also been identified in
the sperm of other mammalian species such as hamster, pig, horse, monkey, and
human (reviewed by Nomikos et al. 2013). Complementary RNA (cRNA) of the
mouse, cynomolgus monkey, and human PLCC or the recombinant protein is able to
recapitulate the sperm-induced Ca** oscillations in mouse eggs (Saunders et al. 2002;
Cox et al. 2002; Kouchi et al. 2004). In human and pig eggs, the PLC{ cRNA triggers
embryo development to the blastocyst stage (Rogers et al. 2004; Yoneda et al. 2006),
and immunodepletion of sperm extracts using an anti-PLCC antibody abolishes the
extract’s ability to induce the oscillations (Saunders et al. 2002). PLCC protein in
mouse sperm resides in the postacrosomal region of the perinuclear theca, a con-
densed layer of cytosolic proteins that covers the nucleus (Young et al. 2009); in bull
sperm it localizes in the equatorial region (Yoon and Fissore 2007). This localization
is consistent with the expectation that the Ca** release-inducing factor must gain rapid
access to the egg cytoplasm after gamete fusion (Lawrence et al. 1997). Approximately
40 fg PLCC in the ooplasm is sufficient to induce Ca®* oscillations; this amount cor-
relates with the range of PLCC estimated to be present in a single mouse sperm
(Saunders et al. 2002). Finally, transgenic mice have been created that showed
reduced expression of PLC{; when spermatozoa of such animals were used for
in vitro fertilization, the induced Ca®* oscillations terminated prematurely in the eggs
(Knott et al. 2005). PLCC-deficient male mice have also been generated (Ito et al.
2010); unfortunately, such animals fail to make sperm so the ultimate experiment to
demonstrate the critical role of PLCC during fertilization is yet to be conducted.
Nevertheless, the data listed above strongly support the notion that mammalian sperm
generate the Ca’* signal that triggers embryo development by means of PLCC.

The PLCC enzymes identified in different mammals are all similar in size (Swann
et al. 2006). Interestingly, the enzyme lacks an N-terminal pleckstrin homology (PH)
domain that is present in other PLC isoforms and instead contains two pairs of EF
hand domains at the N-terminus, followed by the X-Y catalytic domain found in all
mammalian PLC enzymes and a PKC-homology type II (C2) domain at its
C-terminus. The X-Y catalytic domain is the most highly conserved region of the
molecule and is responsible for its enzymatic activity. A point mutation in this domain
leads to a complete loss of the enzyme’s ability to hydrolyze PIP, in vitro and, hence,
to induce Ca** oscillations in mouse eggs (Nomikos et al. 2011). The EF hands pos-
sess Ca?*-binding residues similar to those found in other Ca*-binding proteins
(Kouchi et al. 2005). They confer the enzyme high Ca’* sensitivity: PLCC is 100-fold
more sensitive to Ca?* than PLCS1, the isoform it shares the greatest homology with
(Nomikos et al. 2005). PH domains can bind phosphoinositides in cellular mem-
branes; most proteins with a PH domain need to associate with the membrane to
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function. The fact that PLCC lacks such a domain is consistent with the finding that
PLCC does not specifically localize in the oolemma following its release from the
sperm but allocates throughout the entire cytoplasm (Yoda et al. 2004). This implies
that the enzyme either lacks a targeting mechanism or, alternatively, is recruited to a
pool of PIP, that does not reside in the plasma membrane. In fact, PIP, in mouse eggs
seems to localize not in the plasma membrane (as it does in most other cell types) but
in vesicles in the cytoplasm. Immunocytochemical experiments have indicated that
PLCC also accumulates in such vesicles after gamete fusion (Yu et al. 2012).

The C2 domain is generally found in proteins that can bind to phospholipids
(Nalefski and Falke 1996). Most C2 domains bind to Ca?* (although there are some
that do not), and Ca*" binding to the C2 domain is generally crucial for enzyme
activity (Zheng et al. 2000). Deletion of this domain obliterated the ability of PLCC
to induce Ca** oscillations without affecting enzyme activity (Nomikos et al. 2005),
indicating that the C2 domain is essential for proper PLCC function. The X-Y
linker, the segment that joins together the X and Y sections of the catalytic domain,
may also be involved in binding PLCC to biological membranes. It was proposed
that a cluster of positively charged residues within this region might be responsible
for membrane targeting, possibly via electrostatic interactions with negatively
charged PIP, (Nomikos et al. 2007). The successive reduction of the net positive
charge within the X-Y linker (Nomikos et al. 2011a) or the deletion of the entire
X-Y linker region (Nomikos et al. 2011b) led to a significant decrease in the
enzyme’s ability to interact with PIP, under in vitro conditions and to induce Ca**
oscillations. In addition, the X-Y linker shows marked differences between spe-
cies, being the shortest in humans and longest in the cynomolgus monkey (Swann
et al. 2006). This variation might be partially responsible for the diverse potency of
PLC{ of different species to catalyze PIP, hydrolysis and generate Ca* transients
(Saunders et al. 2007).

In mice, the sperm-induced Ca** oscillations stop around the time the male and
female pronuclei are formed, possibly because the forming pronuclei sequester
PLCC that halts the signal. This idea is supported by the results of immunocyto-
chemical analyses indicating that recombinant mouse PLCC accumulates in the pro-
nuclei upon the cessation of the oscillations (Larman et al. 2004). The observation
that the basic residues in the X-Y linker region constitute a nuclear localization
sequence is consistent with this finding (Ito et al. 2008). Mutational studies have
indicated that replacing the basic residues with acidic ones in the nuclear localiza-
tion signal results in a loss of the nuclear translocation ability and the oscillations do
not terminate at the time of pronuclear formation. Although putative nuclear local-
ization sequences have been predicted in the PLCC of other species, medaka, rat,
and human PLC{ are unable to localize in mouse pronuclei (Ito et al. 2008). In
addition, rat PLCC does not accumulate in rat pronuclei although the mouse PLCC
does. This implies that unlike in mice, PLCC of other species may not be seques-
tered by the newly formed pronuclei.

Finally, clinical reports that linked deficiency in human PLCC to male infertility
provided further evidence to support the central role of PLCC in the generation of
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the Ca*" signal during mammalian fertilization. Intracytoplasmic sperm injection
(ICSI) is a powerful technique used in assisted reproduction to improve conditions
of male infertility. It has been found that sperm of a number of patients, which
repeatedly failed to stimulate embryo development after ICSI, were unable to trigger
Ca?* oscillations and showed reduced or complete absence of PLC{ expression
(Yoon et al. 2008; Heytens et al. 2009). In addition, patients with a history of failed
ICSI were shown to have a point mutation in the X or Y domain of the PLCC gene
(Kashir et al. 2012). Injection of spermatozoa from these patients or cRNA encod-
ing the mutant PLC{ was unable to induce Ca** oscillation in mouse eggs indicating
the pivotal role of PLCC in the generation of the Ca’* signal.

The situation in other vertebrate groups is far less clear. Supernatants of fish
sperm homogenates trigger activation in medaka eggs after microinjection indicat-
ing the presence of an egg-activating factor (Iwamatsu and Ota 1974). Sperm
extracts from tilapia (Coward et al. 2003) and recombinant medaka PLCC (Ito et al.
2008) induce repetitive Ca®* transients after injection into mouse eggs.
Intracytoplasmic injection of sperm into eggs leads to normal fertilization and the
formation of healthy embryos in medaka suggesting that the fertilization Ca?* signal
is triggered by a diffusible factor in the sperm rather than the stimulation of a sur-
face receptor located on the egg (Otani et al. 2009). Similarly, extracts prepared
from chicken sperm induce repetitive Ca* transients after injection into mouse eggs
(Dong et al. 2000), and recombinant chicken PLCC has the same effect (Coward
et al. 2005). Also, the developmental potential of quail embryos produced by intra-
cytoplasmic sperm injection improves when PLCC is co-injected into the eggs
(Mizushima et al. 2008), and microinjection of extracts from newt sperm causes a
wavelike Ca?* increase in newt eggs (Yamamoto et al. 2001). These findings seem
to support the sperm factor model in nonmammalian vertebrates; whether the factor
is used to stimulate egg activation under physiological conditions is a different
question. Xenopus sperm extracts cause regenerative Ca’" rises in mouse eggs
(Dong et al. 2000), but interestingly, they are unable to induce activation in Xenopus
eggs (Harada et al. 2011). In addition, Xenopus eggs are insensitive to newt sperm
extracts as well (Harada et al. 2011) indicating that these eggs do not contain the
signaling cascade required for stimulation by a diffusible sperm factor, at least those
present in Xenopus and newt spermatozoa. This finding seems to be consistent with
the observations that in Xenopus, egg activation is triggered as a result of membrane
interactions between the gametes.

A number of additional molecules have also been proposed to serve as a sperm-
resident activating factor in vertebrate species. Isoforms of PLC{ were found to be
present in pufferfish (Coward et al. 2011); unexpectedly, it is expressed in the
ovary and brain instead of the testis. Injection of its cRNA does not cause Ca**
oscillations in mouse eggs potentially indicating that pufferfish PLCC has no role
in Ca** mobilization. Alternatively, this may also suggest that in the pufferfish
PLCC is expressed in the egg rather than the sperm and it needs interaction with
other molecules localized in the male or female gamete to become capable of induc-
ing Ca’* release. In the newt, a 45-kDa protein termed citrate synthase is present in



26 Z. Machaty et al.

spermatozoa, which, after injected into eggs, is able to fully replicate the Ca’
fingerprint of the sperm. The Ca?* elevation in newt eggs is also stimulated by the
microinjection of porcine citrate synthase and by the injection of citrate synthase
mRNA as well (Harada et al. 2007). Inhibition of the enzyme’s activity prevents
egg activation triggered not only by a crude sperm extract but also by the fertilizing
sperm (Harada et al. 2011). It seems that citrate synthase elevates PLC activity in
the egg through a yet unknown mechanism. The enzyme normally produces citrate
from acetyl-CoA and oxaloacetate in the mitochondrial tricarboxylic acid (TCA)
cycle, but it can also inversely cleave citrate into acetyl-CoA and oxaloacetate,
molecules that are able to activate newt eggs. Although it is not clear how these
citrate-derived products trigger the Ca?* signal at fertilization, in other cell types,
acetyl-CoA has been shown to sensitize IP; receptors (Missiaen et al. 1997), and
oxaloacetate is able to stimulate Ca*" release from mitochondria (Leikin et al.
1993). Most citrate synthase is localized in the neck and midpiece region of the
sperm cell, outside the mitochondria. Because all sperm components, including the
tail, are incorporated into the egg at fertilization, citrate synthase is exposed to the
ooplasm soon after sperm-egg fusion (Iwao 2012).

Another proposed sperm factor has been tr-kit, a truncated form of the c-kit
receptor, which is known to play an important role in primordial germ cell migra-
tion (Sette et al. 1997). In mouse eggs, tr-kit causes activation, supposedly by
stimulating the enzyme PLCy1 through a Src-like kinase, Fyn (Sette et al. 2002).
Tr-kit-induced egg activation is blocked by a PLCy SH3 construct, but interest-
ingly, the same SH3 construct does not interfere with fertilization (Mehlmann
et al. 1998). In addition, tr-kit has never been shown to induce repetitive Ca*
transients in mammalian eggs, which is an expected characteristic of a bona fide
sperm factor. Finally, the postacrosomal sheath WW domain-binding protein
(PAWP) has also been listed as a candidate sperm factor (Wu et al. 2007). The
protein resides in the postacrosomal sheath subcompartment of the sperm perinu-
clear theca (a localization consistent with that of a potential sperm factor), and it is
released into the ooplasm at fertilization. Microinjection of recombinant PAWP
into mature frog and porcine eggs stimulates Ca** release and egg activation (Wu
et al. 2007; Aarabi et al. 2010), and the recombinant protein or its complementary
RNA (cRNA) is also able to elicit Ca?* oscillations and pronuclear formation in
human and mouse eggs (Aarabi et al. 2014). In addition, the Ca?* transients can be
blocked by co-injection of an inhibitory peptide derived from the WW domain-
binding motif of PAWP, and this same peptide is also able to inhibit sperm-induced
Ca?* oscillations suggesting that PAWP has a role in egg activation during fertiliza-
tion. However, it is unclear what pathway PAWP might use to generate the Ca**
signal, and its ability to induce Ca?* oscillations could not be confirmed by other
groups (Nomikos et al. 2014, 2015). Recently, PAWP null mice have been pro-
duced, and although the sperm of these animals lacked PAWP protein, they were
able to fertilize eggs and induce Ca?* oscillations (Satouh et al. 2015). Thus, the
recognition of PAWP as a true sperm-borne oocyte-activating factor requires fur-
ther verification.
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1.3.5 Repetitive Ca** Oscillations

It is not entirely clear what makes the Ca?* signal oscillate. Most signals that are
generated by Ca* mobilization from intracellular stores have a predisposition for
oscillation (Berridge and Galione 1988). Both IP; and ryanodine receptors show
Ca?*-induced Ca?* release that is the basis of oscillatory activity in many cell types,
and high cytosolic Ca?* inhibits further Ca** release through both receptor types.
These features are sufficient to elicit the oscillatory pattern. Nevertheless, store
depletion adds an additional negative feedback constituent, and because PLC{
shows very high sensitivity to Ca?* (Kouchi et al. 2004), the Ca**-promoted produc-
tion of IP; provides one more positive feedback for the IP; receptor.

The oscillations are probably controlled by the basic feedback properties of the
IP; receptor (Adkins and Taylor 1999). According to one popular model of Ca**
oscillations, Ca**-dependent IP; production by PLCC (i.e., the nonlinear feedback
loop of Ca?* on PLC{ activity) leads to oscillating IP; levels, which accounts for the
repetitive nature of the fertilization Ca?* signal (Dupont and Dumollard 2004).
However, injection of the mammalian sperm factor into frog eggs causes only one
Ca?* transient (Wu et al. 2001), indicating that the feedback of Ca?* on PLCC cannot
in itself explain repetitiveness. Another plausible model argues that instead of con-
trolling PLCC activity, Ca?* may act directly on the IP; receptors (De Young and
Keizer 1992). In this version, IP; concentrations do not oscillate, but instead IP; at
a constant level provides continuous stimulation to its receptor. The receptor opens
when intracellular Ca?* is low and closes when Ca?* concentration at the receptor
rises above a threshold level. Observations that IP; levels do not oscillate in HeLLa
cells during the repetitive Ca?* signal induced by metabotropic glutamate receptor
stimulation (Matsu-ura et al. 2006) and that providing a sustained IP; supply can
trigger Ca®* oscillations in mouse eggs (Jones and Nixon 2000) support this model.
Measuring IP; at fertilization could help in distinguishing between the different
models; unfortunately, due to inherent difficulties, the data available can be inter-
preted in various ways (Shirakawa et al. 2006). It has also been suggested that in
mammalian eggs the two mechanisms may coexist. In unfertilized eggs, the IP;
receptor alone is responsible for the Ca?* oscillations seen after sustained injection
of IP;. Then at gamete fusion, the sperm introduces PLCC into the ooplasm after
which a new mechanism, regenerative IP; production, regulates the oscillatory Ca?*
signal (Swann and Yu 2008).

The Ca** oscillations also seem to be dependent on a Ca?* influx across the
plasma membrane. In mouse eggs, the sperm-induced Ca*" spikes stop or slow
down significantly upon the removal of extracellular Ca** (Kline and Kline 1992;
Shiina et al. 1993). In addition, incubation in the presence of thapsigargin stimulates
Ca* entry in mouse, pig, and human eggs (Kline and Kline 1992; Machaty et al.
2002; Martin-Romero et al. 2008). Thapsigargin is an inhibitor of the SERCA
pumps. Ca?* slowly leaks out of the endoplasmic reticulum, the blocked pumps are
not able to reload Ca?*, and the stores become depleted. The fact that store depletion
triggers extracellular Ca?* influx indicates that a mechanism known as store-oper-
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ated Ca’ entry is functional in eggs and it may serve to refill the endoplasmic
reticulum. The analysis of the precise link between the Ca?* influx and the series of
Ca?* transients in fertilized mouse eggs has revealed that the rising phase of each
transient is followed by an increased influx of extracellular Ca’>* (McGuinness et al.
1996). The influx is smaller but still detectable between the transients. Another
study also found that the repetitive Ca*" oscillations in mouse eggs were associated
with a persistent Ca’* entry triggered during the initial Ca’* release (Mohri et al.
2001). The entry seemed to be store operated, and it was thought to be responsible
for refilling the stores, facilitating additional Ca** release cycles, and thus sustaining
the Ca** oscillations.

In somatic cells, store-operated Ca’* entry is mediated by the collaboration of
stromal interaction molecule (STIM) and Orai proteins. STIM1 and STIM2 are sin-
gle-pass transmembrane proteins in the membrane of the endoplasmic reticulum
(Liou et al. 2005; Roos et al. 2005). With a canonical EF hand directed toward the
lumen, they are able to sense the Ca?* content of the store. When Ca*" is released from
the stores, STIM1 moves to the plasma membrane and stimulates Ca®* entry. The
influx channels are formed by Orai proteins (Orail, Orai2, and Orai3). Of the three
isoforms, Orail seems to be the most potent; it is located in the plasma membrane,
and upon interaction with STIMI, it allows extracellular Ca* to enter the cytosol
(Feske et al. 2006; Vig et al. 2006; Zhang et al. 2006). The presence of STIM1 has
been shown in frog, mouse, and pig eggs (Koh et al. 2007; Gémez-Fernandez et al.
2009; Yu et al. 2009). Upon store depletion STIM1 proteins form small clusters
(puncta) that redistribute in regions of the endoplasmic reticulum close to the plasma
membrane. In frog eggs that display a single Ca*" transient at fertilization, store-
operated Ca’* entry is inactivated during oocyte maturation (Yu et al. 2009). In the
pig, however, it remains functional, and the downregulation of STIM1 by means of
siRNAs completely abolishes the sperm-induced Ca?* spikes (Lee et al. 2012). The
channel component Orail has also been shown to be present in eggs. Both indirect
immunocytochemistry and overexpression of fluorescently tagged Orail have
revealed that the protein is present mostly in the cell cortex consistent with plasma
membrane localization (Yu et al. 2009; Wang et al. 2012; Gémez-Ferndndez et al.
2012). In pig eggs, Orail knockdown inhibits Ca** entry following store depletion
and, more importantly, abolishes the train of Ca’* spikes following gamete fusion.
These data imply that, at least in porcine eggs, Ca?* influx during fertilization is medi-
ated by STIM1 and Orail proteins and their interaction is essential to sustain the
repetitive Ca** signal.

Surprisingly, known inhibitors of store-operated Ca®* entry, or the expression of
protein fragments that interfere with STIM1-Orail interaction, fail to prevent the
sperm-induced Ca*" oscillations in mouse eggs (Miao et al. 2012; Takahashi et al.
2013). This seems to indicate that although extracellular Ca* is essential to main-
tain the sperm-induced Ca?* spikes, the Ca’* influx during fertilization in mice is not
regulated by the store. In mice, a Ca’* influx mechanism has been described that is
under the control of protein kinase C (PKC; Colonna et al. 1989). Fluorescently
labeled PKC translocates to the plasma membrane repeatedly in fertilized mouse
eggs, and the pattern of translocation follows that of the Ca?* transients and, also,
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the periodic increases in the rate of Ca?* influx (Halet et al. 2004). PKC activation
with phorbol esters such as 12-O-tetradecanoylphorbol-13-acetate (TPA) or phor-
bol-12-myristate-13-acetate (PMA) causes Ca’* oscillations in mouse eggs
(Cuthbertson and Cobbold 1985; Ducibella et al. 1991). In addition, PMA treatment
of fertilized eggs during the ongoing Ca?* oscillations markedly increases oscilla-
tion frequency, whereas inhibition of PKC with bisindolylmaleimide I suppresses
the sperm-induced Ca*" oscillations (Halet et al. 2004). A potential candidate to
mediate the PKC-controlled Ca?* influx is the trp protein that is known to function
as a Ca’* entry channel in a number of cell types. TRP channels are present in eggs
(Petersen et al. 1995; Machaty et al. 2002), and certain TRP isoforms are modulated
by PKC (Hardie 2007), which would explain the stimulatory effect of PKC on the
sperm-induced Ca?* signal. However, the TRP channel does not seem to be essential
during fertilization. Although selective stimulation of TRPV3 channels mediates
Ca?* entry that leads to activation, eggs of transgenic mice lacking TRPV3 channels
show normal Ca?* oscillations at fertilization (Carvacho et al. 2013). This indicates
that TRPV3 is not required for the maintenance of the sperm-induced Ca?* tran-
sients. Currently, it is still unclear what type of Ca* entry operates in mouse eggs at
fertilization.

Oscillatory Ca’* signals seem to have physiological advantages over single
monotonic Ca** elevations. The repetitive behavior provides a means to deliver pro-
longed Ca** signals to targets without the deleterious effects of sustained Ca** eleva-
tions. The pattern of the sperm-induced Ca?* signal encodes crucial information and
has a profound effect not only on the immediate events of egg activation but also on
peri-implantation development (Ozil and Huneau 2001). Although a single rise in
the intracellular Ca’* concentration can promote parthenogenetic development,
freshly ovulated eggs show limited cell cycle progression following activation with
such a stimulus. Recruitment of mRNAs is also abnormal in these eggs, and only
after aging can a single Ca®* rise stimulate these critical events (Jones 1998; Ozil
et al. 2005). By manipulating the number of Ca®* transients in fertilized mouse eggs,
it has been demonstrated that the first few Ca®* rises are able to induce development
to the blastocyst stage, but the developmental competence of these blastocysts is
compromised. Microarray analysis of global gene expression patterns in these
embryos has revealed that approximately 20 % of the genes are misregulated, par-
ticularly those involved in RNA processing, polymerase II transcription, cell cycle,
and cell adhesion (Ozil et al. 2006). It is not clear how exactly the Ca>* oscillations
at fertilization have their effects on many cell divisions later. It is possible that an
inadequate Ca®* signal does not sufficiently trigger the degradation of cell cycle
regulatory proteins that maintain the metaphase II arrest and that the presence of
such proteins hampers embryonic cell divisions later during development.
Alternatively, it may be that the suboptimal signal is not able to turn on gene expres-
sion properly. These two possibilities are not mutually exclusive, however, and they
may both contribute to the reduced developmental potential of embryos whose
development was stimulated by suboptimal Ca?* signals (Jones 2007).

It is interesting to speculate why multiple Ca** oscillations became the norm for
egg activation in mammals. Physiological polyspermy might have arisen in animals
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having large eggs with external fertilization. The Japanese giant salamander,
Andrias japonicus, has eggs as large as 5-8 mm in diameter. The eggs are insemi-
nated following oviposition, after which they undergo polyspermic fertilization
(Iwao 2000). It is possible that polyspermic fertilization became necessary to ensure
fertilization of these large eggs because a single sperm did not contain sufficient
amount of sperm factor that could generate a Ca’* elevation high enough to induce
activation. Multiple sperm were needed to trigger several Ca?* transients. The large
volume of the egg came with a bonus though: the extra space in the ooplasm may
help to eliminate the accessory sperm nuclei to prevent polyploidy (Iwao 2012). The
platypus Ornithorhynchus anatinus, a primitive mammal, lays large yolky eggs of
about 4 mm in diameter (Hughes and Hall 1998). The eggs are polyspermic and
several sperm may enter the blastodisk at fertilization (Gatenby and Hill 1924).
Another primitive mammal, the marsupial Sminthopsis crassicaudata, has rela-
tively small eggs (about 120 pm in diameter) that contain a yolk mass in the center,
and at fertilization some eggs show polyspermy (Breed and Leigh 1990). It seems
that the decrease in egg size and yolk content is associated with the switch in the
mode of fertilization, from polyspermy to monospermy. The sperm-induced Ca*
changes have not been studied in these primitive mammals, but it is possible that the
ancestor of mammals exhibited polyspermic fertilization that was necessary for
multiple Ca?* transients and also, for egg activation. Higher eutherians have small
eggs without yolk in the ooplasm, but the need for the repetitive Ca>* signal remained
for proper activation. The Ca?* oscillations in the relatively small eutherian eggs
may function in place of the multiple Ca’* rises induced by more than one sperm in
the ancestral polyspermic eggs.

1.3.6 Resumption of Meiosis

The most important function of the sperm-induced Ca?* signal is the stimulation of
meiotic resumption. As mentioned above, vertebrate eggs are ovulated while
arrested at metaphase of the second meiotic division. The cell cycle arrest is main-
tained by high MPF activity that is stabilized by CSF (the Mos/MEK/MAPK/p90®s
cascade). This is achieved via the phosphorylation of Emi by p90®s*. Phosphorylated
Emi is bound by the protein phosphatase PP2A, which causes dephosphorylation of
Emi and its interaction with APC, leading to APC inhibition. Cyclin B1 is thus pro-
tected from degradation, resulting in high CDK1 (and thus MPF) activity. This
keeps the chromosomes in a condensed state and stabilizes the meiotic spindle
(Whitaker 1996). At this point the cell cycle can proceed only if CDKI activity
decreases. CSF is sensitive to Ca** (Meyerhof and Masui 1977), and it would seem
logical that the fertilizing sperm causes the resumption of meiosis by reducing Mos
activity. However, this is not the case. In both Xenopus and mouse eggs, the disap-
pearance of Mos begins 30—45 min after the initiation of the sperm-induced Ca**
signal, whereas MPF inactivation occurs about 15 min earlier (Lorca et al. 1991). It
seems that Mos degradation is not the cause but rather the consequence of the
release from the meiotic arrest. The fertilizing sperm bypasses CSF and acts instead
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on the MPF machinery. It was demonstrated that Ca** mobilized from the endoplas-
mic reticulum binds calmodulin, a Ca**-binding messenger protein located in the
cytoplasm. Ca?*-calmodulin then stimulates calmodulin-dependent protein kinase IT
(CaMKII), an important transducer of Ca®* signals (Lorca et al. 1993). In mamma-
lian oocytes, CaMKII activity increases at fertilization: the activity oscillates in
synchrony with the repetitive Ca** signal (Markoulaki et al. 2004). In turn, activated
CaMKII phosphorylates Emi. In Xenopus it was demonstrated that this creates a
docking site for polo-like kinase that further phosphorylates Emi, causing its
destruction through ubiquitination by the E3 ligase Skpl-Cullin-F-box protein (Liu
and Maller 2005). With the degradation of Emi the APC is relieved from inhibition.
Active APC stimulates the ubiquitination and destruction of cyclin B. In mouse
eggs, cyclin B1 undergoes proteolysis soon after the initiation of the sperm-induced
Ca?* signal (Nixon et al. 2002). In the absence of its regulatory subunit, MPF loses
its activity, the cell cycle is resumed, and meiosis progresses to anaphase. The
importance of this cascade has been demonstrated in mouse oocytes, where Emi
levels drop after parthenogenetic activation (Madgwick et al. 2006), and constitu-
tively active CaMKII is able to stimulate embryo development to the blastocyst
stage (Knott et al. 2006). In the metaphase II-arrested Xenopus egg, MPF ensures
Mos stability through phosphorylation on its Ser3 residues; therefore, the inactiva-
tion of MPF at this point leads to the dephosphorylation of Mos and its destruction
through a yet unidentified ubiquitin ligase (Castro et al. 2001) (Fig. 1.4).

Cdk1
Cyclin B1

Cdk1
o Cyclin B1

oo

Fig. 1.4 Schematic illustration of the signaling pathway, downstream of the sperm-induced Ca*
release, that triggers meiotic resumption and the initiation of embryo development (From Kashir
et al. 2012, with permission)
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In most vertebrates, incorporation of the sperm into the ooplasm is followed by
the disassembly of the connecting piece of the sperm tail. The sperm generally con-
tributes two centrioles: a proximal centriole located within the connecting piece and
a distal centriole that is aligned with the axoneme. Only the proximal centriole has
microtubule-organizing capabilities; the distal centriole has undergone partial
degeneration during spermiogenesis (reviewed by Schatten and Sun 2009). Eggs, on
the other hand, lack centrioles and instead possess a variety of centrosomal proteins.
As the proximal sperm centriole becomes exposed to the egg cytoplasm, maternal
centrosomal components accumulate around it, and the sperm aster is formed. In
most animals the sperm aster is responsible for the migration and eventual union of
the male and female pronuclei (Schatten 1994). The sperm nucleus remains in the
center of the aster, and as the growth of the aster pushes it radially from the surface,
it moves from the egg cortex toward the center. The egg completes meiosis and the
second polar body is extruded. The egg chromosomes then form a female pronucleus
that migrates toward the sperm nucleus, guided by the sperm aster. The sperm
nucleus transforms into a male pronucleus; this transformation is brought upon by
disintegration of the nuclear envelope, decondensation of the chromatin, and refor-
mation of a new nuclear envelope. The male and female pronuclei become closely
apposed in the center of the egg (Schatten et al. 1985). DNA is replicated; the cen-
trioles also duplicate to form centrosomes on the opposite ends of the mitotic spin-
dle by the time the zygote enters the first cleavage division.

With the appearance of the pronuclei, the Ca** oscillations stop in mouse eggs; if
exit from meiosis is blocked, the oscillation goes on indefinitely (Marangos et al.
2003). In addition, the transfer of nuclei of 1- and 2-cell fertilized mouse embryos
to unfertilized eggs triggers Ca’* oscillations that initiate at the time of nuclear
envelope breakdown (Kono et al. 1996). These findings led to the conclusion that
the train of Ca’* spikes comes to an end when PLCC, the messenger responsible for
the generation of the signal, is sequestered into the pronucleus (Larman et al. 2004).
The Ca* oscillations can be detected again during the first mitotic division of the
embryo, probably because PLC{ remains active, and after the nuclear envelopes
break down, it again generates IP; that causes Ca* release from the endoplasmic
reticulum (Kono et al. 1996). Interestingly, in nucleate and anucleate halves of
mouse zygotes obtained by bisection after fertilization, the Ca** oscillations cease at
about the same time irrespective of the presence of the pronuclei (Day et al. 2000).
In addition, fertilized bovine and rabbit eggs display oscillations that persist well
beyond pronucleus formation (Fissore et al. 1992; Fissore and Robl 1993). These
findings indicate species-specific differences and imply that additional factors may
also control the cessation of the Ca>* oscillations.

1.4 Concluding Remarks

We have gone a long way toward the understanding of how a sperm activates an
egg. A major milestone was the realization that in all animals, an increase in the
egg’s intracellular free Ca®* concentration is the stimulus that triggers embryo
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development. This was followed by the identification of the signaling toolkit that is
used in the generation of the Ca*" signal. In nonmammalian vertebrates a single
transient elevation is observed at fertilization, while in mammals the sperm induces
a series of low-frequency oscillations in the egg’s cytosolic Ca’* level. The source
of Ca?* is intracellular and it is believed to be the smooth endoplasmic reticulum.
The factor that causes activation is best characterized in mammals. It is now widely
accepted that the Ca’>*-mobilizing molecule is a sperm-specific PLCC, which, upon
sperm-egg fusion, diffuses into the ooplasm and hydrolyzes PIP,. This leads to the
generation of IP; that causes the discharge of stored Ca** from the endoplasmic
reticulum. PLCC isoforms have been identified in nonmammalian species, but the
evidence that these are used during fertilization has yet to be reported. Additional
sperm-resident proteins such as PAWP might also have a role in the fertilization
process. The Ca* elevation usually takes the form of a Ca** wave that originates at
the site of sperm entry and traverses across the entire cytoplasm. Although Ca’*
originates from the intracellular store, a Ca®* influx across the plasma membrane is
essential to sustain the train of Ca®* spikes. The Ca?* entry might be operated by the
filling status of the stores, although this needs further verifications. A better under-
standing of the mechanism that regulates egg activation is essential for the improve-
ment of the fertilization process in vivo and for enhancing the efficiency of a great
variety of assisted reproductive technologies.
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Chapter 2

Controlling the Messenger: Regulated
Translation of Maternal mRNAs in Xenopus
laevis Development

Michael D. Sheets, Catherine A. Fox, Megan E. Dowdle,
Susanne Imboden Blaser, Andy Chung, and Sookhee Park

Abstract The selective translation of maternal mRNAs encoding cell-fate
determinants drives the earliest decisions of embryogenesis that establish the verte-
brate body plan. This chapter will discuss studies in Xenopus laevis that provide
insights into mechanisms underlying this translational control. Xenopus has been a
powerful model organism for many discoveries relevant to the translational control
of maternal mRNAs because of the large size of its oocytes and eggs that allow for
microinjection of molecules and the relative ease of manipulating the oocyte to egg
transition (maturation) and fertilization in culture. Consequently, many key studies
have focused on the expression of maternal mRNAs during the oocyte to egg transi-
tion (the meiotic cell cycle) and the rapid cell divisions immediately following fer-
tilization. This research has made seminal contributions to our understanding of
translational regulatory mechanisms, but while some of the mRNAs under consid-
eration at these stages encode cell-fate determinants, many encode cell cycle regula-
tory proteins that drive these early cell cycles. In contrast, while maternal mRNAs
encoding key developmental (i.e., cell-fate) regulators that function after the first
cleavage stages may exploit aspects of these foundational mechanisms, studies
reveal that these mRNAs must also rely on distinct and, as of yet, incompletely
understood mechanisms. These findings are logical because the functions of such
developmental regulatory proteins have requirements distinct from cell cycle regu-
lators, including becoming relevant only after fertilization and then only in specific
cells of the embryo. Indeed, key maternal cell-fate determinants must be made
available in exquisitely precise amounts (usually low), only at specific times and in
specific cells during embryogenesis. To provide an appreciation for the regulation
of maternal cell-fate determinant expression, an overview of the maternal phase of
Xenopus embryogenesis will be presented. This section will be followed by a review
of translational mechanisms operating in oocytes, eggs, and early cleavage-stage
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embryos and conclude with a discussion of how the regulation of key maternal cell-
fate determinants at the level of translation functions in Xenopus embryogenesis. A
key theme is that the molecular asymmetries critical for forming the body axes are
established and further elaborated upon by the selective temporal and spatial regula-
tion of maternal mRNA translation.

Keywords Xenopus ¢ Maternal mRNA e Regulated translation ¢ Embryonic
asymmetry

2.1 Introduction

2.1.1 Oogenesis and Oocyte Maturation: Maternal mRNAs Set
the Stage

A significant amount of the early development of Xenopus is deterministic, meaning
that embryonic cells destined to specific cell fates accumulate distinct proteins
called maternal determinants (Heasman 2006a; White and Heasman 2008). Maternal
determinants, regulatory proteins that function in cell-cell signaling, translational
control, mRNA processing, chromatin remodeling, and other processes that can
alter cell fates are translated from stored maternal mRNAs that are accumulated in
eggs prior to fertilization during oogenesis (Fig. 2.1).

Oocytes form and grow over a period of months to develop into fully mature
stage 6 oocytes with a distinctive darkly pigmented animal hemisphere and a lightly
pigmented vegetal hemisphere (Fig. 2.1). These pigmentation differences mark the
animal-vegetal axis of the oocyte and are carried over into eggs during oocyte matu-
ration and then passed on to embryos after fertilization. The animal and vegetal
hemispheres are a striking visual manifestation of the elaborate molecular events
that create animal-vegetal distributions of macromolecules that function in cell-fate
decisions, particularly localized mRNAs that encode cell-fate determinants (Medioni
et al. 2012; King et al. 2005; Houston 2013) (Fig. 2.2a).

oocyte maternal
oogenesis maturation embryogenesis

+prog fertilization >

e 6 . _6 - ;

Fig. 2.1 Maternal stages of Xenopus development. Summary diagram of oogenesis, oocyte matu-
ration, fertilization, and cleavage stages of embryogenesis. The maternal period of embryonic
development begins at fertilization and continues until the maternal mRNAs and proteins are elim-
inated and replaced by zygotic products during the maternal to zygotic transition
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A Animal-vegetal polarity
oocyte/egg blastula embryo

/‘\ animal localized mRNAs Q ectoderm
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B Dorso-anterior polarity
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egyg rotation blastula gastrula

dorso/anterior  formation of
accumulation  the organizer
of beta-catenin

Fig. 2.2 Formation of asymmetries and specific cell types during Xenopus early development. (a)
Animal-vegetal polarity is established during oogenesis by the partitioning of molecules to animal
and vegetal hemispheres. These partitioned molecules are exemplified by specific mRNAs that
become localized during oogenesis to vegetal cortex and the animal hemisphere (Medioni et al.
2012; King et al. 2005; Houston 2013). After fertilization the cells of the embryo inherit these
molecular asymmetries when they contribute to the formation of the ectoderm, the mesoderm, and
the endoderm germ layers. (b) After fertilization asymmetry in the dorso/anterior to ventral/poste-
rior dimension is established as a result of cortical rotation (Gerhart et al. 1989; Houston 2012).
Whntl1 is translocated from the vegetal pole of the egg during cortical rotation to create the embry-
onic asymmetry in the dorso/anterior to ventral/posterior dimension (Schroeder et al. 1999).
Whntl1 activates Wnt signaling to direct the accumulation of beta-catenin protein. The high levels
of beta-catenin cause the dorso/anterior cells to induce and give rise to the organizer (Heasman
et al. 1994). At the gastrula stage, the organizer produces extracellular signals that influence and
pattern the adjacent cells of each germ layer (Gerhart et al. 1991; Harland and Gerhart 1997)

Growing Xenopus oocytes are transcriptionally active and accumulate mRNAs
as they develop (oogenesis stages 1-6). Oocytes are thus accumulating the maternal
mRNA population required to drive the later stages of oogenesis, the initial cell
divisions following fertilization, and the subsequent maternal stages of embryonic
development. Some maternal mRNAs translated in oocytes generate proteins used
by oocytes and eggs, while others are stored in translationally inactive states until
later in maternal embryogenesis when their encoded proteins are needed. These
stored mRNAs include a specialized cohort that are transported and anchored to the
vegetal cortex of the oocyte (Medioni et al. 2012; King et al. 2005; Houston 2013)
and another group that are transported and concentrated in the animal hemisphere
(Fig. 2.2a). These localized mRNAs encode proteins that help establish animal and
vegetal cell identity that defines the animal-vegetal axis of the oocyte. This animal-
vegetal axis is carried over into the fertilized egg and early embryo. Thus the com-
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plex control of maternal mRNA expression in both space and time that governs
embryogenesis and the formation of distinct cell types begins in the oocyte.

At the completion of oogenesis, fully grown stage 6 oocytes arrest in meiosis
(Fig. 2.1). In response to the hormone progesterone, they are released from meiotic
arrest (oocyte maturation), complete meiosis, and become fertilizable eggs released
by the mother. During oocyte maturation some localized mRNAs are released from
their storage forms and are translated into proteins (Cragle and MacNicol 2014a;
Standart and Minshall 2008). This translation contributes to the conversion of the
mRNA asymmetries formed in the oocyte to protein asymmetries present in the egg
that will be inherited by cells of the embryo. Some maternal mRNAs encode cell
cycle proteins and fundamental cell structural proteins needed to drive the first rapid
cell divisions in the fertilized embryo. Thus the regulated translation of maternal
mRNAs prepares the embryo for the rapid cell divisions that immediately follow
fertilization and generates proteins that guide formation of the vertebrate body plan
(Heasman 2006a; Cragle and MacNicol 2014a; Gray and Wickens 1998; Richter
and Lasko 2011).

2.1.2 Embryonic Development: Cortical Rotation Establishes
Embryonic Asymmetries

At fertilization, animal-vegetal asymmetries that began during oogenesis are further
elaborated and additional embryonic asymmetries are established (Fig. 2.2). In par-
ticular, the first cell division after fertilization is long (90 min) compared to the
subsequent divisions (20-30 min). During this elongated first cell cycle, the Xenopus
egg undergoes a cytoplasmic rearrangement in which the outer cortex rotates with
respect to the heavy inner yolk mass. This movement occurs directionally along a
longitudinal line centered on the sperm entry point in the animal hemisphere. The
result is that the vegetal cortex (probably associated with localized mRNAs and/or
proteins) moves upwards 30° toward the animal hemisphere. This process is referred
to as cortical rotation (Gerhart et al. 1989; Houston 2012; Vincent and Gerhart
1987) (Fig. 2.2b). Cortical rotation creates new molecular asymmetries in the
embryo in the horizontal dimension, the so-called dorsal/ventral axis of the embryo
that is perpendicular to the animal-vegetal axis. Cells that arise in the path of the
upward displacement will form the Nieuwkoop inducing center, the organizer, and
anterior structures of the embryo, while cells along the path of the downward dis-
placement will form posterior structures (Gerhart et al. 1989, 1991; Houston 2012;
Heasman 2006b). Thus additional critical decisions about the body plan have
already been made during this first cell cycle and involve the asymmetric re-
localization of cell-fate regulators.

The identities of the mRNAs and proteins directly transported and/or activated
by cortical rotation remain incompletely described (Houston 2012; Heasman
2006b). However, it is clear that the Wnt signaling pathway is activated in blastula
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cells along the pathway of cortical rotation (Heasman et al. 1994; Schohl and
Fagotto 2002). Wnt signaling stabilizes the beta-catenin protein. Beta-catenin’s
translocation to the nucleus will activate the transcription of genes that establish
the Spemann organizer, a critical-inducing center that forms and functions after
zygotic transcription begins (Hikasa and Sokol 2013) (Fig. 2.2b). The organizer in
turn emits signals to nearby tissues, driving the cell movements of gastrulation and
patterning the adjacent germ layers (Gerhart et al. 1991; De Robertis 2006; Harland
and Gerhart 1997). Thus, the organizer has its roots in the earliest events of embryo-
genesis following fertilization that include maternal mRNA localization events.

2.1.3 Later Embryonic Development: The Organizer
and Patterning of Germ Layers

During the blastula and gastrula stages, the embryo in the animal-vegetal dimension
is partitioned into groups of cells that will form the three germ layers: the ectoderm,
the mesoderm, and the endoderm (Fig. 2.2a) (Gerhart and Keller 1986). Each layer
represents a group of progenitor cells whose fate is restricted to derivatives charac-
teristic of that layer. For example, cells of the ectoderm germ layer will give rise to
ectoderm and neuroectoderm cell types. Organizer signals promote cells to differen-
tiate as anterior derivatives of each germ layer (Gerhart et al. 1991; De Robertis
2006; Harland and Gerhart 1997). The particular germ layer derivatives that form
are a function of proximity to the organizer and its signals. For example, ectodermal
cells exposed to organizer signals form anterior neural structures—the anterior parts
of the nervous system that include the brain and the anterior spinal cord. In contrast,
cells of the ectodermal germ layer that do not receive organizer signals form primi-
tive ectoderm and posterior neural derivatives such as the posterior spinal cord.

2.2 Examining the Biological Functions of Maternal mRNAs
in Xenopus Embryogenesis

The above sections make clear that the early stages of Xenopus embryogenesis rely
on the expression of maternal mRNAs. In this section a key method that has allowed
distinct functions to be assigned to many maternal mRNAs in Xenopus will be dis-
cussed. Over the last decade, this method has allowed the list of functional maternal
mRNAs in Xenopus to grow substantially to the point where knowledge about func-
tional maternal mRNAs in Xenopus is fairly equivalent to that in a powerful genetic
vertebrate model, zebrafish (Houston 2013).

The challenge of demonstrating that a particular Xenopus maternal mRNA
encodes a cell-fate regulator has been addressed with the development of methods
that eliminate specific maternal mRNAs from eggs prior to their fertilization
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(Torpey et al. 1992; Heasman et al. 1991; Olson et al. 2012; Schneider et al. 2010;
Hulstrand et al. 2010). In this method, modified antisense oligonucleotides com-
plimentary to the maternal mRNA of interest are microinjected into stage 6 oocytes
causing the degradation of the target maternal mRNA. The injected oocytes are
marked with a colored dye and then reinserted into an ovulating female frog. The
oocytes mature in the female and she then lays eggs that can be fertilized. The eggs
containing the depleted mRNA are easily identified and distinguished from the
control eggs by the marker dye. Monitoring the embryonic phenotypes of the
experimental and control embryos, by classic morphological and molecular tech-
niques, allows the biological function of the maternal mRNA to be determined. For
example, the maternal VegT mRNA encodes a T-box transcription factor. Embryos
depleted of VegT mRNA lack endoderm, indicating that the VegT functions to
regulate processes required for endoderm formation (Zhang et al. 1998). In another
example, oligonucleotide-directed depletion of the maternal mRNA encoding the
Wntl1 ligand leads to mutant embryos lacking dorso/anterior structures that also
fail to express zygotic organizer genes such as Xnr3 (Tao et al. 2005). Thus, Wntl 1
signaling is required for organizer formation and function. This depletion method,
combined with some knowledge of how the maternal Wnt11 mRNA is controlled,
connects the cellular phenomenon of cortical rotation to the molecular localization
of a specific maternal mRNA and ultimately to the function of a key regulatory
tissue, the organizer, that performs its role later in development after the onset of
zygotic transcription (Gerhart et al. 1991; Harland and Gerhart 1997).

2.3 Localized mRNAs in Formation of the Germ Layers
and Embryonic Asymmetries

Localized maternal mRNAs and the proteins they encode participate in at least three
important processes in Xenopus embryos: (1) primordial germ cell formation, (2)
germ layer formation, and (3) formation of embryonic asymmetries and polarities.
Specific vegetally localized mRNAs, such as the mRNA encoding the Nanos protein,
reside in the germplasm that ultimately gives rise to the primordial germ cells (PGCs).
The control of germ cell formation and its regulation by maternal mRNAs have been
discussed recently (see Chap. 8) (Lai et al. 2012; Lai and King 2013; King 2014).
The establishment of the primary germ layers, the ectoderm, the mesoderm, and the
endoderm, is one of the critical processes controlled by localized mRNAs (Medioni
et al. 2012; King et al. 2005; Houston 2013) (Fig. 2.2a). The partitioning of different
mRNAs to distinct regions of the oocyte and egg establishes polarities and the condi-
tions for creating cell-fate differences during embryogenesis (Heasman 2006a; White
and Heasman 2008; Houston 2012). mRNAs localized during oogenesis are released
from their cytoskeletal anchors either at later stages of oogenesis or during the completion
of meiosis (oocyte maturation to form an egg). Importantly, the released mRNAs and
proteins do not diffuse freely through the cytoplasm but instead remain concentrated
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near their original sites of localization. After fertilization the new cells that form during
the initial cell divisions in cleavage-stage embryos capture these mRNAs and their sur-
rounding cytoplasm. As a consequence, vegetally localized mRNAs become concen-
trated in vegetal cells that will give rise to endoderm, while animally localized mRNAs
become concentrated in animal cells that will give rise to ectoderm.

The importance of localized maternal mRNAs for the formation of the germ lay-
ers is supported by loss-of-function experiments that deplete specific maternal
mRNAs from developing embryos, as discussed above (see Sect. 2.2). A role for the
vegetally localized maternal VegT mRNA was discussed above. Another vegetally
localized mRNA, the maternal Vgl mRNA, encodes a secreted ligand that can acti-
vate TGFp signaling. Vgl-depleted embryos exhibit defects that indicate that Vg1
is required for endoderm and mesoderm formation and anterior cell types (Birsoy
et al. 2006). In contrast, the Foxi2 maternal mRNA encodes a transcription factor
and is localized to animal cells. Depletion of Foxi2 causes defects in ectoderm for-
mation by disrupting the normal activation of zygotic genes important for the ecto-
derm (Cha et al. 2012). Thus, specific localized mRNAs provide important links
between the asymmetries formed in the oocyte and the establishment of germ layers
during embryogenesis.

Finally, localized mRNAs provide the molecular basis for establishing the asym-
metries that form during the initial stages of embryogenesis and organize the verte-
brate body plan (Houston 2012, 2013). During the earliest steps of Xenopus
development, there are at least two types of embryonic asymmetries that must form
animal-vegetal and dorso/anterior. mRNA localization in the oocyte creates an
unequal distribution of molecules in the animal-vegetal dimension that persist after
fertilization to contribute to the animal-vegetal axis of the embryo (Fig. 2.2a). The
second asymmetries form as a result of cortical rotation and are keys for establish-
ing the early signaling centers of the embryo: the Nieuwkoop center and the
Spemann organizer that are located to one side of the embryo (Gerhart et al. 1989,
1991; Houston 2012) (Fig. 2.2b). While the importance of cortical rotation is
unequivocal, our understanding in molecular terms of exactly what it accomplishes
remains incomplete. The challenge is to explain, at the level of molecular mecha-
nism, how both type asymmetries influence development.

2.4 Signaling Pathways and Their Activation
During Maternal Xenopus Development

Multiple signal transduction pathways are present in Xenopus embryos, and their
regulated activation is necessary to guide the normal events of development. These
pathways include the fibroblast growth factor (FGF), Wnt, bone morphogenetic
protein (BMP), and Vgl/Nodal pathways. Each of these pathways functions in
different regions of the embryo to direct the formation and patterning of the
embryonic germ layers (Heasman 2006b; Schohl and Fagotto 2002; Harland and
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Gerhart 1997). Each pathway includes a similar set of components: extracellular
ligands, transmembrane receptor(s), and intracellular signaling proteins that trans-
duce the signal from the cell surface to the nucleus. Most of these components are
encoded by maternal mRNAs whose regulated translation helps control pathway
function and localization.

The FGF pathway relies upon specific cell surface tyrosine kinase receptors
(FGFRs) that are activated upon binding by an FGF ligand (Dorey and Amaya
2010; Goetz and Mohammadi 2013). The activated receptor transduces signals by
phosphorylation and activation of cytoplasmic MAPK, PI3K, and PLCy pathways.
Depleting the maternal FGFR1 RNA gives rise to embryos with defects in gastrula-
tion as well as defects in genes associated with the mesoderm (Yokota et al. 2003).

Binding of Wnt ligands to the Frizzled and LRP5/6 receptor proteins activates
the Wnt pathway (Hikasa and Sokol 2013). This triggers a series of events that cul-
minate in the stabilization of beta-catenin. Once beta-catenin accumulates, it trans-
locates to the nucleus where, in concert with Tcf transcription factors, it regulates
the expression of specific genes, most notably the genes of Spemann’s organizer.
The Wnt pathway is elaborate, consisting of both activators and inhibitors of signal-
ing to allow for the integration of molecular cues from other signaling pathways.
Loss-of-function experiments have provided conclusive evidence for the impor-
tance of maternal Wnt signaling. For example, embryos depleted of the mRNAs
encoding components needed for pathway activation, such as the Wntl1 ligand,
lack or have reduced amounts of organizer cells and exhibit defects in dorso/anterior
axis formation (Tao et al. 2005). In contrast, embryos depleted of the mRNAs for
pathway inhibitors, such as Axin, have enlarged organizers, ectopically express
organizer genes, and give rise to embryos with enlarged head and anterior structures
(Kofron et al. 2001).

BMPs and the Vg1/Nodal proteins are members of the transforming growth fac-
tor beta (TGFp) superfamily of ligands (Wu and Hill 2009; Moustakas and Heldin
2009; Ramel and Hill 2012). The different ligands activate specific versions of a
core pathway. Each group of ligands binds and activates heteromeric cell surface
receptors. The activated serine/threonine kinase of the ligand-bound receptor phos-
phorylates cytoplasmic Smad proteins, and the modified proteins translocate to the
nucleus where, in conjunction with other transcription factors, they active specific
genes. This general scheme applies to each type of TGFf ligand. Distinct signaling
outcomes result from the use of different components, usually the receptors and
Smad transcription factors used for each type of ligand (Wu and Hill 2009; Ramel
and Hill 2012). There are shared components used by multiple pathways, such as
the common Smad4 factor. In addition, some receptors may mediate signaling by
multiple ligands, and such results have led to some confusing receptor nomenclature.

BMP signaling in Xenopus embryos is first activated coincident with the onset of
zygotic transcription; however, this activation requires maternal signaling proteins
(Faure et al. 2000). Thus controlling the synthesis of maternal BMP pathway
components is necessary to create a functional pathway. The BMP pathway
functions in the posterior cells and is activated when BMP ligand binds the type 1
and type II serine/threonine kinase receptors. Activation of the kinase domains



2 Controlling the Messenger... 57

results in phosphorylation of the receptor Smads 1, 5, and/or 8. The phosphorylated
Smads function in complex with Smad4 and other transcription factors to activate
the transcription of BMP-responsive genes.

The Vgl mRNA encodes a growth factor ligand of the TGFp family and is local-
ized to the vegetal cortex of Xenopus oocytes (Weeks and Melton 1987; Melton
1987). Loss-of-function experiments demonstrate a critical role for Vg1 in formation
of the germ layers; embryos depleted of Vg1 mRNA lack endoderm and have reduced
amounts of mesoderm (Birsoy et al. 2006). The Vg1 ligand signals through the same
pathway as the Nodal TGF ligands. The receptors for these ligands are referred to as
activin receptors, and upon ligand binding they phosphorylate the Smad2 protein.
While loss-of-function analysis demonstrates a clear maternal requirement for the
Vgl ligand and hence a requirement for a pathway to transduce Vgl signals, bio-
chemical experiments monitoring the timing of signaling indicate that the active
pathway cannot be detected until the blastula stages, coincident with the activation of
zygotic transcription (Schohl and Fagotto 2002; Faure et al. 2000; Lee et al. 2001).

In summary, ligands, receptors, signaling proteins, and transcription factors of
key signaling pathways are critical for transducing signals that guide the initial
steps of development. Yet despite the importance of these proteins, we are only
beginning to understand the processes that control their synthesis. Much remains to
be learned about how regulated translation of maternal mRNAs impinges on the
assembly and function of signaling pathways that guide development.

2.5 Translational Control Mechanisms Operating
During Xenopus Oocyte Maturation and Early Cleavage
Stages of Embryogenesis

While we now know the identity of several maternal mRNAs that encode key cell-
fate determinants that drive development, we have relatively little direct knowledge
about the specific translational mechanisms that may control their translation. In
fact, most of our knowledge about molecular mechanisms that control maternal
mRNA translation comes from studies of maternal mRNAs that drive oocyte matu-
ration, the second phase of the meiotic cell cycle (Groppo and Richter 2009; Richter
2007; MacNicol and MacNicol 2010; Weill et al. 2012). While these mRNAs do not
encode cell-fate determinants, examination of their regulation has provided impor-
tant insights into mRNA regulatory mechanisms that serve as a useful foundation
for examining maternal mRNAs encoding cell-fate determinants and their possible
modes of regulation. In this section, the translational regulation of maternal mRNAs
during oocyte maturation will be discussed to serve as context for the subsequent
discussions about mRNAs encoding developmentally relevant cell-fate regulators.
The translational state of an mRNA depends upon the sequence elements it
contains and the proteins that bind these elements and influence the mRNA’s inter-
action with ribosomes. These complexes of proteins bound to an mRNA (mRNA
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ribonucleoprotein particles (mRNPs)) are the determining factors of whether an
mRNA engages ribosomes and is actively translated into protein or is stored in a
translationally repressed state. Therefore, a key to understanding the behaviors of
specific mRNAs with respect to translation is to define their mRNP composition and
its dynamics during changes in its translational status. For example, stored Xenopus
maternal mRNAs are translationally repressed due to their association with general
repressor proteins such as FRGY2, XP54 (DDX6), and RAP55 (Colegrove-Otero
et al. 2005a; Minshall et al. 2001, 2007; Tanaka et al. 2006, 2014; Tafuri and Wolffe
1993; Ranjan et al. 1993; Deschamps et al. 1992). A comprehensive discussion of
the RNA-binding proteins that mediate general translational repression in Xenopus
oocytes and embryos is beyond the scope of this review (see Cragle and MacNichols
for a thorough discussion (Cragle and MacNicol 2014a)). However, the following
section will present a brief overview of the mechanisms of translation control that
operate during Xenopus oocyte maturation and early cleavage stages with an empha-
sis on what is known about the functional sequence elements and their cognate
binding proteins.

2.5.1 Control of Translation During Xenopus Qocyte
Maturation: Regulated mRNA Polyadenylation

The regulated addition of adenylates to the 3’ end of maternal mRNAs, referred to
as poly(A) tail lengthening or polyadenylation, is a mechanism used to control the
translational activation of specific mRNAs during oocyte maturation (Cragle and
MacNicol 2014a; Standart and Minshall 2008; Richter and Lasko 2011). The major-
ity of eukaryotic mRNAs are cleaved and polyadenylated in the nucleus in two
coupled reactions that recognize the conserved 5'-AAUAAA-3’ present in their 3’
untranslated regions (UTRs). Once mRNAs enter the cytoplasm, the poly(A) tails of
many mRNAs are further subjected to both poly(A) tail lengthening and shortening
(deadenylation) (Moore 2005). Depending on cell type, these changes can affect
mRNA stability, translational activity, or both. During Xenopus oocyte maturation,
the vast majority of maternal mRNAs are stable, regardless of poly(A) tail length.
However, some mRNAs that have poly(A) tails and are translationally active in
oocytes lose these structures during maturation, in a process called deadenylation,
and become translationally inactive (Fox and Wickens 1990; Hyman and
Wormington 1988). In contrast, other mRNAs with very short poly(A) tails that are
translationally inactive in oocytes undergo poly(A) tail lengthening and transla-
tional activation during oocyte maturation (Weill et al. 2012; Sheets et al. 1994;
Ivshina et al. 2014). In the following sections, two different mechanisms of transla-
tional activation of mRNAs coupled to polyadenylation will be discussed.
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2.5.2 CPE/CPEB-Dependent Polyadenylation and Translation

Many Xenopus mRNAs that are polyadenylated during oocyte maturation contain
cytoplasmic polyadenylation elements (CPE) in their 3'UTRs that serve as binding
sites for the CPE-binding protein-1 (CPEB1) (Weill et al. 2012; Ivshina et al. 2014;
Pique et al. 2008; Fox et al. 1989; McGrew et al. 1989; Hake and Richter 1994).
These elements are distinct from the nuclear recognized AAUAAA element and
are generally comprised of U-rich elements. CPE-containing mRNAs are repressed
in stage 6 oocytes, and this repression is mediated by CPEB via CPEB-interacting
proteins, such as Maskin and 4ET (Minshall et al. 2007; Stebbins-Boaz et al. 1999).
The Maskin and 4ET repressor proteins are tethered to CPE-containing mRNAs
via their interactions with CPEB, and they block translation of their bound mRNAs
by preventing the productive assembly of a translation initiation complex on the 5
cap structure of the mRNA, a necessary step in translational activation. In response
to progesterone, the hormone that directs oocyte maturation, CPEB is phosphory-
lated (Mendez et al. 2000). Phosphorylation of CPEB triggers several important
events including the dissociation of the Maskin and 4ET repressor proteins from
the CPEB-mRNA complex. In addition, the CPEB-bound Gld2 poly(A) poly-
merase becomes activated and thus adds a poly(A) tail to CPE-containing mRNAs
(Kwak et al. 2004; Barnard et al. 2004). The elongated poly(A) tail recruits
poly(A)-binding protein (PABP), and PABP stimulates translational initiation
through mechanisms that are not fully understood but probably involve its interac-
tions with the 5’ cap structure (Gray et al. 2000). Thus, CPE-containing mRNAs
are translationally activated during maturation by a dual mechanism: the relief
from Maskin and 4ET repression combined with the stimulation provided by an
elongated poly(A) tail bound by PABP. Other studies suggest that, the mRNA
encoding another specificity factor for polyadenylation, CPEB4 is a substrate for
CPEBI1 polyadenylation (Novoa et al. 2010; Igea and Mendez 2010). Results sug-
gest that these two CPEB proteins function sequentially to mediate temporally
distinct polyadenylation events.

2.5.3 Musashi-Dependent Polyadenylation

Some Xenopus mRNAs that are polyadenylated during maturation do not contain
CPEs but instead contain binding elements for the Musashi protein, referred to as
Musashi binding elements or MBEs (Charlesworth et al. 2006; Arumugam et al.
2010). mRNAs containing MBEs are bound by the Musashi protein, contain short
poly(A) tails, and are translationally repressed in oocytes by an unknown mecha-
nism. In response to progesterone and oocyte maturation, Musashi is phosphory-
lated, and the protein directs the polyadenylation of MBE-containing mRNAs,
through the recruitment and/or activation of a poly(A) polymerase (Cragle and
MacNicol 2014b; Arumugam et al. 2012).
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2.6 Xenopus Embryo-Specific Translational Control
Mechanisms: Poly(A) Removal and Addition

While most studies of translational control in Xenopus have focused on oocyte
maturation, some have focused on translational control mechanisms in cleavage-
stage embryos. For example, the Egl, Eg2, Eg5, and c-mos mRNAs are all dead-
enylated and translationally repressed after fertilization (Sheets et al. 1994; Le
Guellec et al. 1991). These processes require specific sequence elements in the
target mRNAs that recruit the CELF1 protein (also called EDEN and CUGBP1)
(Paillard et al. 1998). Conversely, translation of the maternals CI1, CI2, and
activin receptor mRNAs in Xenopus embryos is activated following fertilization,
coincident with their polyadenylation (Paris and Philippe 1990; Paris et al. 1988;
Simon et al. 1992, 1996; Simon and Richter 1994). The embryo-specific polyad-
enylation of these mRNAs requires specific 3'UTR sequence elements, termed
embryonic CPEs (eCPEs) that are distinct from CPEs that direct mRNA polyad-
enylation during maturation (Charlesworth et al. 2013). Consistent with this dis-
tinction between stage-specific regulatory mechanisms, the Cl1, and CI2 eCPEs
are bound by EIrA RNA-binding protein (Good 1995). Embryonic specific poly-
adenylation also occurs on the maternal mRNA encoding the nuclear lamin B1
protein, coincident with its translation in embryos (Ralle et al. 1999). However,
the lamin B1 mRNA does not contain eCPE sequences with obvious similarity to
the Cl1 and CI12 mRNAs, suggesting that translational activation during Xenopus
embryogenesis may occur by multiple parallel pathways.

The poly(rC)-binding protein «CP2 can recruit cytoplasmic poly(A) polymerase
activity to mRNAs in Xenopus embryos, and this recruitment relies on C-rich
sequences recognized by aCP2 (Vishnu et al. 2011). This mechanism is specific for
embryos and is not active in oocytes. The aCP2 protein polyadenylates mRNAs
that contain C-rich CPEs in their 3"UTRs in close proximity to the conserved hexa-
nucleotide signal AAUAAA. While it is clear that xCP2 can function in embryos
as a specificity factor for a unique form of cytoplasmic polyadenylation, it is
unclear what endogenous mRNAs are normally substrates for this protein.

2.7 Translational Control of Cell-Fate Determinants
During Maternally Controlled Embryogenesis

Translational control of mRNAs encoding cell-fate determinants involves distinct
mechanisms that elaborate on the basic mechanisms discussed above and/or employ
unique mechanisms such as mRNA localization and cell-type-specific repression.
These specialized mechanisms are probably critical for the precise control required
by cell-fate regulators to work properly within the Xenopus embryo. This section
will discuss specific examples and mechanisms relevant to translational control of
mRNAs that encode critical cell-fate determinants.
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2.7.1 Translational Control Mechanisms Related to Localized
mRNAs

As discussed earlier, the localization of specific RNAs to subcellular domains of
oocytes and eggs restricts the ultimate cellular destination of these mRNAs and
their encoded proteins in the developing embryo (Medioni et al. 2012; King et al.
2005; Houston 2012). However, this mechanism only works if the localized mRNAs
are translationally inactive during transport to prevent spatially inappropriate
expression of protein. Specific examples will be discussed here.

2.7.1.1 Vgl mRNA

The Vgl mRNA encodes a growth factor ligand of the TGFf family and is local-
ized to the vegetal cortex of Xenopus oocytes (Weeks and Melton 1987; Melton
1987). Embryos depleted of Vgl mRNA lack endoderm and have reduced
amounts of mesoderm (Birsoy et al. 2006). Translation of the Vgl mRNA is
repressed until it is localized to the vegetal cortex in stage 6 oocytes. This repres-
sion in growing oocytes is mediated through a translational control element
(TCE) contained within the 3'UTR of the Vgl mRNA, located adjacent to the
sequences for localization (Otero et al. 2001; Wilhelm et al. 2000). The transla-
tional repression operates independently of polyadenylation. The ElrA RNA-
binding protein, a member of the ELAV family, has been implicated in mediating
this repression, but the precise mechanisms remain under investigation
(Colegrove-Otero et al. 2005b).

2.7.1.2 VegT mRNA

The VegT mRNA encodes a T-box transcription factor, and the mRNA is localized
to the vegetal cortex of fully grown stage 6 oocytes (Zhang and King 1996; Lustig
et al. 1996; Stennard et al. 1996). Embryos depleted of VegT maternal mRNA do
not form endoderm, and they exhibit defects in the production of signals needed
to induce mesoderm (Zhang et al. 1998). As discussed above, localized mRNAs
are subject to specific mechanisms of repression while they are transported during
oogenesis (Medioni et al. 2012; King et al. 2005). At subsequent stages of devel-
opment, the translation of localized mRNAs must be activated, but in general
these later activation steps are poorly understood. An exception is the XSeb4R
protein that acts as a positive regulator of VegT mRNA translation in embryos
(Souopgui et al. 2008). XSeb4R is an RRM-containing RNA-binding protein that
exerts its effects on the VegT mRNA by directly binding to sequences within the
3'UTR of the mRNA. The mechanism by which this binding enhances translation
or stability is unknown.
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2.7.1.3 Wntllb mRNA

Maternal mRNA depletion also reveals a role for vegetally localized Wntl1 (also
called Wntl 1b) in Xenopus axis formation (Hikasa and Sokol 2013) (see Sect. 2.4).
Wntll mRNA translation regulation is connected to cortical rotation. In oocytes
and eggs, Wntl1 mRNA is closely associated with the vegetal cortex. After fertil-
ization Wntl1l mRNA in embryos is uniformly distributed between dorsal and
ventral blastomeres of cleaving embryos, but the Wnt11 mRNA in dorsal cells is
polyadenylated more extensively than in ventral cells (Schroeder et al. 1999;
Flachsova et al. 2013). This differential polyadenylation is sensitive to treatments
that disrupt cortical rotation, such as UV light treatment. In addition, Wntl1
mRNA in dorsal cells is preferentially associated with polyribosomes compared to
the mRNA in ventral cells, indicating that it is being actively translated in dorsal
cells. These observations suggest a connection between cortical rotation, dorsal
cell polyadenylation, and translational activation of Wntl1 mRNA. However, it is
worth noting that other studies raise questions about the polyadenylation status of
Wntll mRNA (Tao et al. 2005). The results of these studies suggest that a signifi-
cant fraction of the Wntl1 mRNA itself is translocated to the dorsal cells during
cortical rotation. This movement of the Wnt11 mRNA followed by its translational
activation is sufficient to explain differences in Wntl1 protein expression.

2.7.2 Translational Regulation of the FGFR Signaling
Pathway

Xenopus embryos provide many advantages for analyzing signaling mechanisms
in a developmental context, and the fibroblast growth factor (FGF) pathway was
one of the first investigated (Amaya et al. 1991). This pathway relies upon specific
cell surface receptors (FGFRs) that possess cytoplasmic tyrosine kinase domains
(Dorey and Amaya 2010; Lea et al. 2009). These receptors are activated to initiate
signaling when an FGF ligand binds to the FGF receptor causing it to multimerize
and activate its tyrosine kinase. The activated kinase phosphorylates specific cyto-
plasmic proteins to transduce the signal (Goetz and Mohammadi 2013).

In Xenopus, mRNAs encoding FGFRs and several different FGF ligands are
present maternally (Dorey and Amaya 2010; Lea et al. 2009). Depletion of the
maternal FGFR1 mRNA or expression of a dominant negative FGFR causes spe-
cific defects in gastrulation and gene expression (Yokota et al. 2003; Amaya et al.
1991). Antibody staining experiments reveal that translation of the FGFR1 mater-
nal mRNA is highly regulated, with RNA translation repressed in oocytes and only
activated during oocyte maturation (Amaya et al. 1991; Musci et al. 1990). This
regulation relies upon a sequence element in the 3'UTR of the FGFR1 mRNA, the
translational inhibitory element (TIE) that efficiently represses translation in
oocytes (Robbie et al. 1995). The proteins that repress by binding the TIE have not
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been identified, but relief of TIE repression requires specific signaling events that
are activated during oocyte maturation, and these mechanisms function indepen-
dent of polyadenylation. In embryos the FGFR1 mRNA is also translationally acti-
vated, but only in cells of the animal hemisphere. The mechanistic basis of FGFR1
spatially restricted expression is unknown (Cornell et al. 1995).

2.7.3 Translational Regulation of the Bone Morphogenetic
Protein (BMP) Signaling Pathway

In vertebrate organisms the BMP signaling pathway is important for multiple aspects
of embryonic development and adult organ homeostasis (Moustakas and Heldin
2009; Ramel and Hill 2012; Plouhinec et al. 2011). This pathway consists of a related
family of extracellular ligands that signal through heteromeric cell surface receptors.
Signaling commences when a BMP ligand binds to the receptor complex and acti-
vates its cytoplasmic serine/threonine kinase. The activated kinase phosphorylates the
cytoplasmic Smad1/5/8 proteins, and the modified Smads translocate to the nucleus
where they guide the transcription of specific genes (Heasman 2006a; Smith 2009).

Interference with BMP signaling during maternally controlled stages of Xenopus
embryogenesis, by overexpression of wild-type or mutant BMP ligands, receptors,
or intracellular Smad effector proteins, severely disrupts the formation of meso-
derm and ectoderm/neuroectoderm derivatives and the associated patterns of gene
expression (Heasman 2006a; White and Heasman 2008; Kimelman 2006; Kimelman
and Pyati 2005). For example, BMP receptor proteins lacking their cytoplasmic
domains retain the ability to interact with BMP ligands. But these truncated recep-
tors cannot transduce signals, and they act as “ligand sinks” that reduce normal
ligand-dependent signaling. Xenopus embryos expressing BMP receptors lacking
their cytoplasmic domains develop secondary axes that contain ectopic neural and
mesodermal cell types (Graff et al. 1994; Mishina et al. 1995; Suzuki et al. 1994;
Maeno et al. 1994; New et al. 1997; Frisch and Wright 1998). These examples,
along with other functional studies, demonstrate the importance of BMP signaling
for Xenopus embryogenesis.

mRNAs encoding the proteins of the BMP pathway are present maternally, but
for many components it is not known whether or not the corresponding proteins
are expressed (Graff et al. 1994, 1996; Nishimatsu et al. 1992a, b; Hawley et al.
1995; Suzuki et al. 1997). While BMP signaling in embryos is first activated
coincident with the onset of zygotic transcription (Faure et al. 2000), this activa-
tion requires the maternal signaling proteins. Thus controlling the synthesis of
maternal BMP pathway could provide a way to regulate pathway signaling.

Polyribosome association assays reveal that the mRNAs encoding different sig-
naling proteins of the BMP pathway exhibit a diverse set of regulatory behaviors
(Fig. 2.3) (Fritz and Sheets 2001). While each of the mRNAs in the BMP pathway is
inefficiently associated with polyribosomes in immature oocytes, indicating their
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translational inactivity, each is recruited to polyribosomes at a distinct subsequent
developmental stage (Fig. 2.3). Specifically, the mRNA encoding the Smadl
transcription factor and the mRNA encoding the BMP receptor, referred to as the

A mRNA analysis:
_q CyclinB1 Actin
Oocytes mRNA  mRNA

3 /—>Unfrac1ionated 4 BN |

Eggs (" Extracts

L e
9 \_, Step Gradient <= == —» mRNAs —» -

i

Centrifugation

——

Embryos £2% Polyribosome
"o —> associated > .
’ mRNAs
B embryo
oocyte egg stage-7
Polyribosomal + = + - + =
Smad1 - - . -
BMP7 - -
mRNAs
BMPR1A — — —
Actin  — - - -

Fig. 2.3 Regulated translation of the mRNAs encoding proteins of the BMP pathway. (a) The
isolation of polyribosomes from Xenopus oocytes, eggs, and embryos (Sheets et al. 2010). At the
right, total (unfractionated) RNA from eggs, non-polyribosomal RNA from eggs, and polyribo-
somal RNA from eggs were analyzed with blot hybridization using probes to the cyclin B1 and
cytoskeletal actin mRNAs. (b) Polyribosome and non-polyribosome fractions were prepared from
Xenopus laevis oocytes, eggs, and stage 7 blastula embryos (Fritz and Sheets 2001). Total RNAs
isolated from the fractions were analyzed by blot hybridization. Filters were hybridized with
probes to detect Xenopus mRNAs encoding the Smad] transcription factor, the BMP7 ligand,
BMPRI1a receptor, and cytoskeletal actin proteins. A representative RNA blot analyzing each
mRNA is shown. Recreated from Fritz, B.R. and M.D. Sheets Developmental Biology, 2001.
236(1): p. 230-243, with permission from Elsevier
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activin A receptor, type I (ACVRIa, also called ALK2), are recruited to polyribo-
somes during oocyte maturation, whereas the mRNAs encoding the BMP7 ligand
and the BMP receptor referred to as the activin A receptor, type IIA (ACVR2a, also
called XSTK9), are recruited during the early stages of embryogenesis. The BMP
receptorla mRNA (BMPR1a, also referred to as ALK3) is not associated with poly-
ribosomes until after the onset of zygotic transcription. Thus, the translation of the
maternal mRNAs of the BMP pathway is highly regulated with different mRNAs
exhibiting a distinct pattern of temporal control (Fritz and Sheets 2001) (Fig. 2.3).
These distinctions may help coordinate the proper assembly of the entire pathway in
space and time in the embryo or may indicate that some pathway components have
independent functions.

As predicted from prior work in oocytes , fertilized eggs, and early cleavage-
stage embryos, the polyadenylation state of each mRNA coincided with their state
of polyribosome recruitment (Fritz and Sheets 2001). For example, the poly(A) tail
of Smadl mRNA is lengthened during oocyte maturation when this message
becomes efficiently recruited to polyribosomes. In contrast, the BMP7 mRNA
becomes associated with polyribosomes and polyadenylated during embryogenesis.
Thus, while the timing of polyribosome association differs for each mRNA, in each
case, polyribosome loading is coincident with poly(A) tail elongation. This suggests
that the temporal control of polyadenylation governs when and potentially how effi-
ciently each mRNA is translationally activated.

The observation that the timing of polyadenylation differs for each mRNA sug-
gests the involvement of specific regulatory mechanisms. For example, the poly(A)
tails of the Smadl and ACVRI1a mRNAs are elongated during oocyte maturation
(Fritz and Sheets 2001). This suggests that polyadenylation of these mRNAs is
controlled by the CPE/CPEB-dependent mechanism that functions on mRNAs dur-
ing maturation (Ivshina et al. 2014; Fernandez-Miranda and Mendez 2012). In sup-
port of this idea, both the Smadl and ACVRla mRNAs contain putative CPE
sequence elements for maturation-specific polyadenylation in their 3'UTRs. The
Xenopus BMPT7 mRNA is polyadenylated during the initial cleavage stages that fol-
low fertilization (Fritz and Sheets 2001). Other mRNAs polyadenylated at fertiliza-
tion contain eCPE sequence elements (see Sect. 2.6) in their 3'UTRs (Charlesworth
et al. 2013). However, BMP7 mRNA lacks obvious eCPEs, suggesting that differ-
ent RNA recognition factors or even distinct mechanisms operate during the blastula
stages of developmental.

2.7.4 Translational Control of Cripto-1 mRNA: Cell-Specific
Repression

The above examples suggest that differential timing of polyadenylation reflects and/
or causes temporal differences in translational activation during embryogenesis.
Studies of Cripto-1 mRNA translation reveal that cell-type-specific translational
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repression mechanisms can add an additional layer of spatial control on top of this
temporal control. Significantly, the capacity for this spatial control of translation
later in embryogenesis, mediated by a cell-type-specific repressor named Bicaudal-C
(Bic-C), is actually established by early mechanisms that cause the vegetal localiza-
tion of maternal Bic-C mRNA (Zhang et al. 2013). Thus, asymmetries established
early in development are used to establish more refined asymmetries at later stages,
as described further in the following sections.

Cripto proteins are secreted co-receptors of the Nodal signaling pathway, a path-
way that is critical for normal vertebrate development (Klauzinska et al. 2014).
Mutant alleles of Cripto genes cause severe embryonic defects in mouse and zebraf-
ish (Gritsman et al. 1999; Ding et al. 1998). The Xenopus Cripto-1 protein (also
called xCR1 or FRL1) was discovered as an interaction partner of the fibroblast
growth factor receptor (FGFR1) (Kinoshita et al. 1995). Subsequent experiments
indicated that Cripto-1 could also bind Wnt ligands and affect their ability to initiate
signaling (Tao et al. 2005). These data reveal that Cripto-1’s effect on signaling in
Xenopus could involve other crucial signaling pathways in addition to the Nodal
pathway. Regardless, depletion of the maternal Cripto-1 mRNA in Xenopus embryos
alters cell-fate decisions and severely disrupts axis formation (Tao et al. 2005).
These phenotypes are similar to those observed with embryos depleted of the mater-
nal Wntl1 mRNA (Tao et al. 2005), suggesting that Wnt11 and Cripto-1 impact the
same developmental events. Thus, while the precise pathways affected by Cripto-1 in
Xenopus embryos remain to be determined, it is clear that Cripto-1 and the mecha-
nisms that control its maternal expression are critical for Xenopus development.

In contrast to some of the cell-fate determinant-encoding mRNAs discussed
above, the maternal Cripto-1 mRNA is uniformly distributed throughout the Xenopus
embryo (Dorey and Hill