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ABSTRACT
In zebrafish, the sequential processes of oocyte maturation, egg fertilization, and
early embryonic development take place while the genome is transcriptionally silent.
Proper development and patterning of the oocyte and embryo requires that the numerous
gene products (RNAs and proteins) that regulate oocyte and early embryonic
development are produced prior to genome inactivation and are preserved and utilized in
the time and place where they are needed. During this period the oocyte and eventual
embryo relies on posttranscriptional and posttranslational mechanisms. Prominent
regulators are the various RNA-binding proteins (RNAbps) that assemble their RNA
targets into ribonucleoprotein (RNP) granules where they are localized, protected,
translated or degraded. In oocytes and embryos, these RNP granules are enriched in an
electron-dense portion of cytoplasm termed germ plasm, so-called because its contents
include the molecules that induce formation of future germ cells. In this chapter, we will
review the roles of RNAbps and posttranscriptional regulation in the germ plasm of
developing zebrafish oocytes and embryonic primordial germ cells.
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INTRODUCTION
Germ cells are specialized stem cells that must simultaneously propagate and protect the
genetic material of the organism. In order to accomplish this through successive generations,
germ cells have acquired several specialized properties to insulate their nuclear contents.
These properties include protection from transposable elements, silencing of gene
transcription (during maturation), and post-transcriptional gene regulation by cytosolic RNAbinding proteins (RNAbps). Intrinsic to these specialized germ cell features is a unique
substance first described more than 150 years ago: electron-dense granular cytoplasm that is
passed from egg to embryo in a cyclical and immortal fashion (reviewed in (Eddy, 1975)).
This specialized cytoplasm, later identified as germ plasm or nuage, contains the molecules
that function in the above-mentioned protective capacities, and guide germ cell development.
The presence of germ plasm has been observed in dozens of organisms ranging from rotifers
and insects to fish and amphibians (reviewed in (Eddy, 1975)). In these animals, germ plasm
is necessary for formation of the germ line, as seen in the subfertile and sterile phenotypes of
animals in which germ plasm has been ablated or disturbed (reviewed in (Eddy, 1975)).
Conversely, transplantation of germ plasm from one embryo to another, or to ectopic
embryonic sites, is sufficient to induce chimeric and ectopic germ cells, respectively
(Ikenishi, 1987; Illmensee and Mahowald, 1974; Illmensee and Mahowald, 1976) and
reviewed in (Eddy, 1975; Saffman and Lasko, 1999). Thus, the contents of the germ plasm
include the determinants of future germ cells.
Some of the first hints toward understanding the contents of germ plasm resulted from
ultrastructural examinations of Drosophila oocytes and embryos more than fifty years ago.
These studies determined that the electron-dense quality of germ plasm could be attributed to
small spherical organelles called ―germ granules‖ within it (Eddy, 1975; Mahowald, 1962).
More recent ultrastructural studies have demonstrated that inside and surrounding the germ
granules (also called P granules in C. elegans and polar granules in Drosophila) are
distinctive proteins and RNAs, many of which encode for RNA-binding proteins that are
necessary for embryonic patterning and germ cell development (Schisa et al., 2001;
Kobayashi and Okada, 1989; Kloc et al., 2002; Jongens et al., 1992). This chapter will focus
on the recent advances in the identification of specific RNAs and RNAbps present in the
germ plasm of zebrafish (and other animals where noted) and their roles in maintaining and
propagating germ cell identity.

Lifecycle of the Zebrafish Germ Plasm
Zebrafish germ plasm exists continuously throughout embryogenesis and oogenesis.
Nonetheless, fertilization seems an appropriate starting point to begin a description of its
lifecycle, since it is commonly perceived as the beginning of the life of the organism. When
the egg is fertilized (or activated), the germ plasm RNAs and proteins that have been stored in
the egg are brought to the animal pole of the embryo by mechanisms that involve nonspecific
movement of cytoplasm and microtubule-dependent translocation (Figure 1; (Fuentes and
Fernandez, 2010; Leung et al., 2000; Solnica-Krezel and Driever, 1994) and reviewed in
(Abrams and Mullins, 2009; Marlow, 2010)). Once at the animal pole, the germ plasm
becomes further restricted by tightly associating with the cleavage furrows of the dividing
blastomeres (Theusch et al., 2006; Yoon et al., 1997; Knaut et al., 2000). Association with the
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furrows is maintained for the first two cell divisions, however at the eight-cell stage, only four
cleavage furrows maintain germ plasm (Yoon et al., 1997). As in other animals, removal of
the cytoplasm from the cleavage furrows results in severely reduced primordial germ cell
numbers in zebrafish embryos (Hashimoto et al., 2004; Eddy, 1975). In addition to
transporting cargo to the animal pole during egg activation, microtubules are also important in
germ plasm recruitment to the furrow. This has been demonstrated by studies of a maternal
effect mutant in the zebrafish gene nebel. Embryos of nebel mutant mothers have a reduced
furrow microtubule array (FMA), and therefore cannot maintain the germ plasm RNA vasa
within their cleavage furrow (Theusch et al., 2006; Pelegri et al., 1999).
The mechanism by which microtubules regulate germ plasm RNP recruitment to the
furrow has been further elucidated by investigation of the maternal-effect mutant, motley, in
the birc5b gene, previously called survivin (Nair et al., 2013). In all dividing cells, centrioles
are surrounded by a star-like arrangement of microtubules (called aster microtubules) that
function to segregate the duplicated chromosomes to opposite sides. As the aster microtubules
grow radially from the centrosome to the cortex of cleaving blastomeres of 2-8 cell zebrafish
embryos, they seem to physically push the germ plasm RNPs toward the cleavage furrow
(Nair et al., 2013; Eno and Pelegri, 2013). The Birc5b protein is associated with microtubule
plus ends, where it may link with RNPs and aid in directing them towards the cleavage
furrows (Nair et al., 2013). Quantitative analysis of germ plasm RNPs indicates that their
overall numbers remain constant from the 2-cell stage to the 8-cell stage, but the number of
RNPs associated with each furrow is halved during every cell division (Eno and Pelegri,
2013). Contrary to previous reports, the 8-cell embryo appears to initially have RNP
enrichment at all cleavage furrows, but stabilizes them in a size-dependent manner at only 4
furrow planes (Eno and Pelegri, 2013). These studies suggest that microtubule asters promote
aggregation of RNPs in the cleavage furrows, where they multimerize and are stabilized.
During embryonic cleavage stages, likely sometime between the 16-cell and 32-cell
stage, the furrow-associated germ plasm is stabilized and sequestered into four primordial
germ cells (PGCs) ((Lin et al., 1992; Walker and Streisinger, 1983) and reviewed in (Raz,
2003)). Following the specification of these four cells, the germ plasm is asymmetrically
inherited into only one daughter cell of the dividing PGCs, so that PGC number does not
increase between the 16-cell and 1,000-cell stage of embryogenesis (Walker and Streisinger,
1983). The constancy of PGC number was demonstrated by irradiating wild-type embryos at
various stages prior to gastrulation, and then assaying the proportion of germline mutations
induced at a specific locus. The authors found that when embryos were irradiated at stages
prior to activation of the zygotic genome (e.g. before the 1000-cell stage, about (3hrs), they
had similar proportions of germline mutations. If germ cells had been amplifying between 8
and 1000-cell stages, then embryos mutated at later stages would be expected to show fewer
mutations (Walker and Streisinger, 1983). These findings were later confirmed by examining
the expression of the conserved germline specific marker vasa, which encodes an RNAbp and
RNA helicase, in 1000-cell stage embryos (Yoon et al., 1997; Knaut et al., 2000). It is worth
noting that while a low level of germ plasm RNAs like vasa and nanos3 (previously called
nanos1) can be detected outside of the four established PGCs, these RNAs are gradually
cleared from the somatic cells (Yoon et al., 1997; Mishima et al., 2006). The clearance of
germ plasm in the soma comes at a critical time-point, the maternal-zygotic transition (MZT),
during which the embryo activates transcription from its formerly silent genome. Zygotic
transcription of miRNA effectors permits clearance of maternal germ plasm from somatic
cells through RNA-induced silencing, while zygotic transcription of germline determinants in
the PGCs ensures they persist where necessary. Thus, while the initial specification of the
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germ line relies on maternal transcripts, maintenance of the germ line after MZT relies on
both protection of maternal germ plasm, and zygotic transcription.
Germ cell specification occurs prior to and outside of the site of the future gonad. Thus,
PGCs must migrate towards the gonad anlage to establish interactions with somatic support
cells that regulate their maintenance and differentiation into gametes. Throughout gastrulation
and somiatogenesis the PGCs migrate toward their destination at the prospective gonad. The
process of migration to the gonadal region requires dead end (dnd)at least one, an RNAbp of
the germ plasm component, the RNAbp dead end (dnd). Embryos depleted of dnd by
injection of modified antisense oligonucleotide (morpholino) have PGCs that are unable to
migrate, and eventually are not maintained (Weidinger et al., 2003). Similarly, PGCs in
nanos3 morphants (embryos injected with a blocking morpholino) and maternal zygotic
mutants also fail to migrate and are not maintained (Draper et al., 2007; Koprunner et al.,
2001). Like other migrating cells such as neurons, PGCs require chemotactic signaling
molecules for their migration, for example the chemokine stromal cell-derived factor 1 (sdf1)
and its receptor cxcr4 (Raz, 2003; Doitsidou et al., 2002; Knaut et al., 2003). Knockdown of
these two factors by morpholino injection causes various germ cell migration defects
including migration of PGCs to the embryonic head. The requirement of a signaling gradient
of sdf1 also demonstrates that guiding migration relies on the function of the surrounding
somatic tissues (Reichman-Fried et al., 2004).

The Balbiani Body
Throughout primordial germ cell development and during the proliferative (mitotic)
stages of oogenesis, zebrafish germ plasm can be observed (by electron microscopy, (EM)) as
a hazy ring surrounding the nuclear membrane (Braat et al., 1999; Selman et al., 1993). This
symmetrical arrangement of germ plasm is disrupted by the formation of the Balbiani body
(also referred to as the mitochondrial cloud) adjacent to the nucleus of stage I oocytes. The
Balbiani body (Bb) is a unified subcellular structure that aggregates germ granules, germ
plasm, other patterning molecules, and organelles such as endoplasmic reticulum and
mitochondria ((Kloc et al., 2004; Kloc et al., 2002; Kloc and Etkin, 1995;) and reviewed in
(Marlow, 2010)). The Bb is the first morphological marker of the vegetal pole of the animalvegetal axis of the oocyte in frogs and fish (Kloc et al., 2004; Kloc et al., 2002; Kloc and
Etkin, 1995; Marlow and Mullins, 2008). A well-conserved structure, the Bb is present
throughout the animal kingdom in species as diverse as spiders (in which the structure was
first identified), fish, and even humans (von Wittich, 1845; Marlow and Mullins, 2008;
Bontems et al., 2009; Kosaka et al., 2007; Marinos, 1981; Hertig and Adams, 1967). The Bb
exists only transiently in stage I oocytes, and is promptly remodeled and disassembled in
subsequent stages (Figure 2) (Kloc et al., 2004). Although many RNAs and a few proteins
have been identified within the Balbiani body, the mechanisms that govern its assembly and
disassembly remain elusive. Only one gene in vertebrates has been shown to play a role in
Balbiani body assembly- the zebrafish bucky ball gene. Oocytes deficient in bucky ball lack a
Balbiani body and do not specify the animal-vegetal axis (Bontems et al., 2009; Dosch et al.,
2004; Marlow and Mullins, 2008). Unlike wild-type eggs that have asymmetric accumulation
of cytoplasm at only one side, the animal pole, Subsequently, their activatedbuc eggs have
ectopic animal poles and unlike wild-type eggs that have asymmetric accumulation of
cytoplasm at only one side, the animal pole, the egg cytoplasm of buc zygotes is distributed
radially around the yolk (Dosch et al., 2004; Marlow and Mullins, 2008). Buc protein is
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vertebrate specific and highly conserved, yet the mechanism by which Buc mediates its
function is not known due to the lack of identifiable protein domains that might elucidate its
role (Bontems et al., 2009). However, recent reports indicate that Bucky ball proteins of
zebrafish and Xenopus (known as Velo) interact with a conserved RNA binding protein, thus
permitting Buc to coordinate germ plasm RNA recruitment to the Balbiani body (Heim et al.,
in press2014; Nijjar and Woodland, 2013).

Figure 1. Lifecycle of the germ plasm. The localization pattern of germ plasm is represented throughout
embryogenesis and early oogenesis by green-colored portions of cytoplasm or cells. The grey ring
contains the phase of the germ cell lifecycle (e.g. Recruitment), and the wedged portion of the circle
just medial to this indicates which genes are essential for that phase of germ line development, as
shown by loss-of-function studies (mutants or morphants). The schematic drawings represent the
following developmental stages: A) fertilized/activated egg, B) 2-cell stage embryo, C, C‘) 4-cell stage
embryo, D, D‘) 8-cell stage embryo, E, E‘) 1000-cell stage embryo, F, F‘) shield stage embryo, G) 24
hour post fertilization embryo, H) juvenile fish, I) male adult fish, J) female adult fish, K) stage I
oocyte, L) stage II oocyte, and M) stage III oocyte. A-F) The schematic drawings of embryonic stages
are drawn with the animal pole oriented up with the exception of C‘, D‘, E‘ and F‘, that are drawn with
the animal pole viewed from above. G-J) Schematics are lateral views drawn with the anterior portion
of the embryo or fish (head) to the left, and posterior to the right. K-M) The oocytes represent stages of
oogenesis present in the adult female, all drawn with the animal pole oriented up. L) Stage II and (M)
stage III oocytes have their cytoplasm colored with yellow, purple, or blue for different domains of
RNA expression of the corresponding germ plasm RNA (see key). Abbreviations: Sex. Diff.= sexual
differentiation, Bb= Balbiani body, FCs= Follicle cells, n=nucleus, CGs= cortical granules.
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Figure 2. Balbiani body assembly and translocation. A-F) Early oocytes stained with the fluorescent
dye DiOC6, which labels endoplasmic reticulum, vesicles, and mitochondria, and is therefore enriched
in the Balbiani body. A-D) successive stages of Balbiani body growth in maturing stage I oocytes.
Balbiani body assembly is a Bucky ball dependent process. E and F) show the translocation of the
Balbiani body from its perinuclear location to the vegetal cortex in stage II oocytes. The process of
Balbiani body translocation is dependent on Microtubule-Actin Crosslinking Factor 1 (MACF1), also
known as Magellan in zebrafish. n= nucleus. Scale bar represents 20 μm.

In Xenopus, the Balbiani body and its germ plasm components are disassembled and
translocated in stage II oocytes to the vegetal cortex. This translocation relies on microtubules
for movement of Bb components, and actin microfilaments for tethering to the cortex (Kloc
and Etkin, 1995; Yisraeli et al., 1990; Kosaka et al., 2007). The translocation pathway, called
METRO for messenger transport organizer, appears to function similarly in zebrafish (Kosaka
et al., 2007). For example, a zebrafish mutant in microtubule actin crosslinking factor 1
(macf1), also called magellan, is able to assemble the Balbiani body and recruit germ plasm
components, but the Balbiani body does not translocate to the cortex and consequently is not
disassembled (Gupta et al., 2010). Because the Balbiani body components do not reach the
vegetal cortex in magellan oocytes, embryos of magellan mutant mothers lack an animalvegetal axis and their eggs show cytoplasmic segregation defects reminiscent of buc mutant
eggs (Figure 2; ) (Gupta et al., 2010). Therefore, failure to disassemble the Balbaini body
after stage II indicates that the translocation and delivery of Bb-components is an essential
aspect of the vegetal localization pathway.
After translocation to the vegetal cortex, the germ plasm RNAs are temporarily separated
into different expression domains in stage III oocytes. Specifically, whereas the germ plasm
RNA dazl is vegetally localized in stage II oocytes, the germ plasm RNA nanos3 becomes
diffusely distributed throughout the cytoplasm (Kosaka et al., 2007). The germ plasm RNA
vasa is vegetally localized; however, it is associated with a much broader portion of the
vegetal cortex than dazl (Braat et al., 1999; Kosaka et al., 2007). Later, in stage III oocytes,
vasa RNA spreads around the cortex, and dazl remains at the vegetal pole (Figure 1; (Braat et
al., 1999; Kosaka et al., 2007;) and reviewed in (Abrams and Mullins, 2009)). The reasons for
these differential distribution patterns are not known, but are particularly intriguing given that
upon egg activation, all of these germ plasm RNAs rejoin at the animal pole where they
coalesce in the cell cleavage furrows discussed above (Figure 1).
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Adding another layer of complexity, the process of rejoining germ plasm at the animal
pole upon egg activation appears to require more than one mechanistic pathway. For example,
Theusch et al. has shown by careful tracking of RNA distribution patterns in the freshly laid
egg that two distinct patterns exist in the recruitment of germ plasm RNAs to the animal pole
(Theusch et al., 2006). Whereas vasa, nanos3 and dead end RNAs already exist at the base of
the animal-pole positioned blastodisc in the freshly laid egg, dazl RNA translocates along the
egg cortex throughout the first 45 minutes after egg activation (Theusch et al., 2006).
One possibility for the varied localizations of germ plasm in maturing oocytes and freshly
laid eggs is that their dispersal from the Balbiani body facilitates sorting of germ plasm RNAs
from other patterning molecules that are also stored in the Balbiani bodythere. Thus, the
animal-vegetal distribution of the germ plasm components in the later oocyte may facilitate
their recruitment and assembly in the proper order in the zygote. However, this hypothesis
remains to be experimentally determined.
Although many RNAs in the zebrafish Balbiani body are germ plasm RNAs, mRNAs
encoding dorsal patterning molecules are also a major component of the Bb. In the Xenopus
Balbiani body, components of the Wnt signaling pathway specify the dorsal-ventral axis of
the embryo (Weaver and Kimelman, 2004). Similarly, Wnt signaling governs dorsal-ventral
patterning in zebrafish and wnt8a mRNA is a component of the Balbiani body (Kelly et al.,
2000; Mizuno et al., 1999; Ober and Schulte-Merker, 1999; Lu et al., 2011). Moreover, the
mRNA encoding a microtubule-associated protein involved in tethering regulators of dorsalventral pattern formation, syntabulin, localizes to the Balbiani body (Nojima et al., 2010;
Nojima et al., 2004).
Syntabulin protein links cargo to the microtubule network via its association with Kinesin
1—embryos lacking Syntabulin lack dorsal structures and are ventralized (Nojima et al.,
2010; Nojima et al., 2004). Another patterning molecule whose RNA is localized to the
Balbiani body is foxH1, a transcription co-factor that is involved in Nodal signaling and also
modulates expression of cytokeratin intermediate filaments (Pei et al., 2007). Knock-down of
FoxH1 by injection of translation-blocking morpholino causes severe defects in epiboly and
convergence movements during embryonic gastrulation, eventually leading to embryonic
arrest by the end of the first day of development (Pei et al., 2007).

Germ Plasm Components are Shared Between the Oocyte and Embryo
Given that maternal germ plasm persists throughout the many stages of oogenesis and
embryonic germ cell specification, it is not surprising that many germ plasm components
have been identified in distinct stage-specific RNP particles. For the purpose of this chapter
we will highlight four RNP structures: the perinuclear granules of early oocytes, the Balbiani
body of stage I oocytes, the granule aggregates of embryonic cleavage furrows, and the germ
granules of PGCs (Figure 3).
In early oocytes, prior to and including the Balbiani body stage oocytes, small granules
can be visualized surrounding the oocyte nucleus. The Vasa, Tdrd1 and Zili proteins are the
only component so far identified in these small perinuclear granules, and their function there
remains mysterious (Knaut et al., 2000; Huang et al., 2011). In contrast, many components
have been identified in the zebrafish Balbiani body including the germ plasm RNAs vasa,
dazl, and nanos3 (Draper et al., 2007; Knaut et al., 2000; Kosaka et al., 2007), and the RNA
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and protein of the zebrafish germ plasmBalbiani body organizer, bucky ball (Bontems et al.,
2009; Heim et al., 2014). Additionally, the RNAbp Rbpms2 isis localized to the Balbiani
body (Kosaka et al., 2007).

Figure 3. Germ plasm components are shared between various RNP particles throughout development
of the germline. The top left corner depicts a cross section of an early oocyte with small perinuclear
granules. The schematic in the top right corner is a cross section of a stage I oocyte with the Balbiani
body—a structure that includes numerous aggregated RNPs and marks the vegetal pole. In the bottom
right, the cleavage furrows of the early embryo (4-cell embryo, viewed from the animal pole) also
contain multimerized aggregates of RNP particles. Finally, pictured in the bottom left is a cross-section
of a primordial germ cell from a 24hpf embryo. The wedges within the circle adjacent to each stage
indicate the components of germ plasm that have been reported in that particular RNP structure. The
components labeled with FP in brackets have been reported to localize in the corresponding germ plasm
structure though overexpression studies in which RNA containing a fluorescent tag conjugated to the
protein of interest was injected into a 1-cell stage embryo. FP= Fusion Protein.

The three Bb-localized RNAs vasa, dazl, and nanos3, in addition to dead end, granulito,
and tdrd7 are enriched in RNP aggregates of the cleavage furrows of 2 to 8-cell stage
zebrafish embryos (Kosaka et al., 2007; Strasser et al., 2008; Theusch et al., 2006; Weidinger
et al., 2003). Finally, the germ granules of PGCs in 24hpf embryos are known to contain the
endogenous proteins Vasa and Ziwi (Braat et al., 2000; Houwing et al., 2007). The PGCs of
24hpf embryos also contain the RNAs vasa, nanos3, dead end, granulito, and tdrd7;
however, subcellular distribution of these RNAs to germ granules has not been observed
(Koprunner et al., 2001; Mickoleit et al., 2011; Strasser et al., 2008; Weidinger et al., 2003;
Yoon et al., 1997). Additionally, many of the components discussed above have been injected
into 1-cell embryos as engineered RNAs harboring fluorescent protein fusions; these fusion
proteins are expressed in the germ granules, often co-localizing with endogenous Vasa
(Mickoleit et al., 2011; Strasser et al., 2008; Weidinger et al., 2003; Wiszniak et al., 2011).
Drawing comparisons between these many different RNP granules is challenging because in
many cases, an RNP component has been identified in one particular RNP structure, but was
has not been examined in the others. Despite this gap in knowledge, the currently available
data points to overlapping sets of RNP components in the oocyte and PGCs, suggesting that
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these RNA binding proteins may have intersecting functions in the oocyte and the primordial
germ cells (Figure 3).

Differentiation of the Gonad and Oogenesis
Zebrafish sex is not determined by inheritance of sex specific chromosomes as in
mammals or Drosophila. Prior to sexual differentiation, all juvenile zebrafish develop ovarylike gonads regardless of their ultimate sex (Takahashi, 1977). These bipotential juveniles
will continue to produce early stage oocytes until about 30 days of age, at which point their
oocytes will either continue to mature as the surrounding somatic tissue forms an ovary, or
undergo apoptosis and be replaced by spermatocytes as the somatic tissue becomes a testis
(Figure 1; ((Uchida et al., 2002; Slanchev et al., 2005; Siegfried and Nusslein-Volhard, 2008).
Both spermatogonia and oocytes have nuage; however, the female germ line will be the focus
of this chapter. It has been demonstrated that a critical number of germ cells are required to
form an ovary, and in the absence of germ cells, zebrafish develop as phenotypic (albeit
sterile) males. Furthermore, adult female zebrafish will revert to sterile males if their numbers
of oocytes fall below a certain threshold, or as sterile males if they lose their germ cells
altogether (Dranow et al., 2013). In support of this hypothesis, zebrafish females homozygous
for mutations disrupting the germ plasm RNAbp nanos3 are able to produce eggs as young
adults, but lose their germ cells by 5 months of age due to inability to maintain the oogonial
stem cell compartment (Dranow et al., 2013; Draper et al., 2007). These 5-month-old nanos3
mutant females revert their sex to sterile males, as judged by their pigmentation, and exhibit
male behaviors as evidenced by their ability to induce spawning of females (Dranow et al.,
2013). Homozygous mutants of another germ plasm RNAbp, ziwi, undergo germ cell
apoptosis during juvenile stages and consequently display a ―sterile male‖ phenotype
(Houwing et al., 2007).
The zebrafish ovary contains all stages of oocytes, which are continually produced by an
active oogonial stem cell (OSC) compartment, as judged by the presence of mitotic nuclei and
the identification of an oogonial stem cell niche. These OSCs are marked by the expression of
the RNAbps nanos2 and vasa, and presumably account for the high fecundity of female
zebrafish (Beer and Draper, 2013). After completing several rounds of mitosis to produce a
germ cell cyst, the oogonia initiate meiosis, thereby entering stage I of oocyte development
(Figure 4; (Marlow and Mullins, 2008)). There are five stages of zebrafish oogenesis
previously defined (Selman et al., 1993), culminating in stage V which is the ovulated egg.
Stage I oocytes progress through the early meiotic stages before arresting in diplotene
(Selman et al., 1993). Stage I of oogenesis has been divided into two subparts: in stage Ia, the
oocyte lies in a nest of several stage Ia oocytes, all encased by a common layer of somatic
support cells known as follicle cells (Selman et al., 1993). Stage Ia oocytes progress through
zygotene and pachytene stages of meiotic prophase I until they reach stage Ib (Draper, 2012).
In stage Ib, the oocyte breaks free from the nest and becomes encased in its own independent
layer of follicle cells. Stage Ib oocytes begin undergoing the process of nuclear
decondensation prerequisite for diplotene, and particularly important when considering the
germ plasm, they also assemble the Balbiani body (Selman et al., 1993).
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Figure 4. Maturing oocytes and early embryos rely on posttranscriptional regulation of gene products.
The stages of female germ cell development from the PGC to the mature egg, followed by early
embryonic development, are picture from left to right. Each stage has the corresponding mitotic or
meiotic phase indicated above the drawing, and the approximate diameter of each cell or embryostage
indicated below the drawing. The green bars span the developmental time points during which maternal
transcription and zygotic transcription are active. The red bar spans a period of transcriptional silence,
during which the maturing egg and early embryo rely solely on posttranscriptional and posttranslational
control of gene products. The inlay demonstrates a typical example of posttranscriptional control by
stimulatory (top), or inhibitory (bottom) RNA binding proteins. Stimulatory RNAbps may positively
regulate translation of their RNA targets by recruiting polyadenylation machinery, recruiting ribosomes,
or localizing RNAs to stabilize them and prevent their degradation or promote their expression.
Inhibitory RNAbps may negatively regulate translation of their RNA targets by preventing association
with polyadenylation machinery, recruiting deadenylases, preventing ribosome association, or
localizing RNAs to target them for degradation. The stages of oogenesis pictured are based on Selman
et al.. All drawings are shown with the animal pole oriented up from stage I oocytes through shield
stage of embryogeneis. Abbreviations: PGC=primordial germ cell, OSC= oogonial stem cell, N=
nucleus, FCs= Follicle cells, Bb= Balbiani body, CGs= Cortical granules, YGs=Yolk granules, MZT=
Maternal-zygotic transition.

Oocytes remain arrested in diplotene of prophase I until stage IV when they undergo
maturation. The hallmark of stage II oocytes is the development of cortical granules, whereas
the hallmark of stage III oocytes is a tremendous increase in volume due to the accumulation
of yolk granules (Selman et al., 1993).
Stage IV of oogenesis marks the beginning of the maturation phase of oocyte
development and resumption of meiosis. Maturation-competent oocytes translocate their
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nucleus, known as the germinal vesicle, toward the animal pole of the egg (Fabritius et al.,
2011). Following translocation, stage IV oocytes undergo germinal vesicle break down
(GVBD) and remodeling of the nuclear chromatin such that it becomes highly condensed and
transcriptionally silenced.
Interestingly, in mammals, chromatin condensation and transcriptional silencing are not
interdependent, as mouse mutants defective for nucleoplasmin can silence transcription
without changing their nuclear morphology (De La Fuente et al., 2004; and reviewed in
Marlow, 2010). Beginning from maturation and continuing throughout ovulation,
fertilization, and zygotic genome activation, all the ensuing developmental processes must be
coordinated independently from nuclear instructions. Therefore, the maternal deposition of
RNAbps that can modulate RNAs encoding germ plasm and regulators of cell fate is of
critical importance to controlling the timing and location of translation.

Conserved Nuage Components in Mammals
Unlike the germ cells of most invertebrates and non-mammalian vertebrates, mammalian
germ cells are not maternally inherited through germ plasm, but rather are induced by signals
from surrounding tissues ((Fujiwara et al., 2001) and reviewed in (Nguyen-Chi and Morello,
2011; Zhao and Garbers, 2002)). In mice for example, PGCs are only first distinguishable at
embryonic day 7.5, and arise from within the extraembryonic mesoderm (reviewed in (Zhao
and Garbers, 2002)).
Mouse germline induction depends on the secretion of BMP ligands from an adjacent
tissue, the extraembryonic ectoderm ((Lawson et al., 1999; Fujiwara et al., 2001) and
reviewed in (Ying et al., 2002)). Despite the differences in the origins of mammalian PGCs,
recent evidence indicates that mouse germ cells also contain germ granules and RNPs, and
the components of this nuage include many highly conserved RNAbps that are ubiquitous in
the germ plasm of lower vertebrates and invertebrates (Lim et al., 2013). For example mouse
oogonia and spermatogonia contain homologs of zebrafish Vasa (MVH), Dead End (DND),
Ziwi (MIWI), Zili (MILI), Dazl (DAZL), and others (Bhattacharya et al., 2007; Carmell et al.,
2007; Chuma et al., 2006; Cook et al., 2011; Ding et al., 2013; Kuramochi-Miyagawa et al.,
2004; Kuramochi-Miyagawa et al., 2008; Nguyen Chi et al., 2009; Ruggiu et al., 1997; Shoji
et al., 2009; Tanaka et al., 2000).
Mouse nuage components such as MVH, MILI and ELAVL1 are expressed in both male
and female gametes; however, loss-of-function studies in mouse suggest that these genes are
only essential for spermatogenesis (Chi et al., 2011; Kuramochi-Miyagawa et al., 2004;
Tanaka et al., 2000).
The basis of the sexual dimorphism in mouse gametogenesis phenotypes is largely
unexplored; however, recent reports propose that spermatogenesis may be more sensitive to
defects in meiotic processes (Lim et al., 2013). Adding to the complexity, mutant alleles
disrupting the corresponding Drosophila genes result in female-specific sterility while
spermatogenesis is unaffected (Kim-Ha et al., 1999; Schupbach and Wieschaus, 1989).
Illuminating the functions of germ plasm components in zebrafish germ cells should further
our understanding of the RNAbps and their essential roles in gametogenesis of both sexes.
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Small Noncoding RNAs in the Germ Line and Soma
Small noncoding RNAs, in coordination with RNA binding proteins, play important roles
in promoting germ cell specification and protecting germ cell genomes. There are three major
classes of small RNAs: microRNAs (miRNAs), Piwi-interacting RNAs (piRNAs), and small
interfering endogenous RNAs (endo-siRNAs) (reviewed in (Banisch et al., 2012)). Of these
three classes, only miRNAs and piRNAs have been reported in zebrafish (Houwing et al.,
2007; Wei et al., 2012; Wienholds et al., 2003). Zebrafish miRNAs are essential for
embryonic development, and are also utilized in the specification of primordial germ cells
(Giraldez et al., 2005; Giraldez et al., 2006; Mishima et al., 2006; Schier and Giraldez, 2006;
Wienholds et al., 2003). Zebrafish piRNAs, as in other organisms, are expressed specifically
in the germline and are necessary for survival of the gametes (Deng and Lin, 2002; Houwing
et al., 2007; Lin and Spradling, 1997). The functions of these small RNAs demonstrate the
robust mechanisms the germ line employs to distinguish itself from the soma, and protect
itself against DNA damage.
miRNAs encompass a very large evolutionarily-conserved family of small RNAs, 21-25
nucleotides long, that function in post-transcriptional regulation of mRNA translation and
stability (reviewed in (Huntzinger and Izaurralde, 2011)). The biogenesis of miRNAs
involves several steps and has been extensively reviewed elsewhere (Krol et al., 2010; Winter
et al., 2009). In short, the process of making a mature miRNA begins with transcription of a
precursor RNA that is subsequently folded into a hairpin structure (Krol et al., 2010; Winter
et al., 2009). This hairpin is cleaved and modified by the RNAse proteins Drosha, DGCR8
(also known as Pasha or Partner of Drosha in flies) and Dicer to generate the mature miRNA
(Banisch et al., 2012; Winter et al., 2009). Finally, the mature form of the miRNA is loaded
onto an Argonaute protein to form the RNA Induced Silencing Complex (RISC). Silencing
activity of the RISC complex is directed by the mature miRNA, which meditates targetsubstrate recognition via complementary base-pairing (Winter et al., 2009).
The zebrafish miRNA repertoire becomes increasingly diverse during zygotic stages of
embryogenesis where miRNAs have been shown to play a key role in developmental
transitions, including the maternal-zygotic transition, the developmental time point when
embryos shift from reliance on maternal transcripts to production of transcripts from their
own genome (Giraldez, 2010; Wei et al., 2012; Wienholds et al., 2005; Chen et al., 2005;
Thatcher et al., 2007). For example, the miRNA miR-430 aids in the maternal-zygotic
transition by targeting maternal transcripts for degradation (Giraldez et al., 2005; Giraldez et
al., 2006; Mishima et al., 2006; Schier, 2007; Wei et al., 2012; Soni et al., 2013). The role of
miRNAs in zebrafish development and specification of the germline has been elucidated
through studies of fish mutated in the enzyme Dicer, which is required for processing of
mature miRNAs (Giraldez et al., 2005; Giraldez et al., 2006; Mishima et al., 2006; Wienholds
et al., 2005; Wienholds et al., 2003). Because the dicer mutation is embryonic lethal (Giraldez
et al., 2005; Wienholds et al., 2003), the authors used a technique known as germline
replacement to produce embryos whose germ lines lack Dicer (Ciruna et al., 2002). They
eradicated the germ cells of a wild-type host embryo using dead end morpholino, and
replaced them with germ cells from dicer mutant embryos. This resulted in chimeric embryos
that have normal somatic cells, but dicer mutant germ cells (Giraldez et al., 2005). When
raised to adulthood, fish whose germ lines are deficient in dicer appear to have normal
spermatogenesis/oogenesis and fertility, demonstrating that the miRNA pathway is not
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essential for oogenesis (Giraldez et al., 2005). This is somewhat surprising given that mature
miRNAs appear to be required for normal germ cell development in both fruit flies and mice
(Banisch et al., 2012; Megosh et al., 2006; West et al., 2009).
Although not essential to gametogenesis, the miR-430 family of miRNAs does play a role
in restricting the expression of germ plasm to the primordial germ cells of the developing
embryo (Kedde et al., 2007; Mickoleit et al., 2011; Mishima et al., 2006). Maternally supplied
germ plasm RNAs are highly enriched in embryonic germ cells, but are also present in low
amounts throughout the soma, particularly prior to the MZT (Braat et al., 1999; Koprunner et
al., 2001). In order to ensure that germ plasm is active only in specified germ cells, zebrafish
have evolved several, likely redundant mechanisms to restrict germ plasm mRNA translation
(Mishima et al., 2006). These include mechanisms mediating recruitment of germ plasm
RNAs, active repression of translation in the soma, and degradation of transcripts and protein
produced outside of the primordial germ cells (Mishima et al., 2006). Mishima et al. have
shown through elaborate studies of the nanos3 3‘UTR that cis-acting elements within this
region are targeted by miRNAs of the miR-430 class which promote deadenylation of the
mRNA and translational repression (Giraldez et al., 2006; Mishima et al., 2006). However,
the activity of the miR-430 miRNAs is counteracted in the germ cells, causing tissue-specific
gene expression of germ plasm RNAs (Figure 5; ) (Mishima et al., 2006). Whereas miR-430
targeted deadenylation was demonstrated for the 3‘ untranslated regions of nanos3, tdrd7, and
elavl2 mRNAs (Mickoleit et al., 2011; Mishima et al., 2006), vasa 3‘UTR polyadenylation is
independent of miRNA activity (Mishima et al., 2006).

Figure 5. Mechanisms of sequestering the germ plasm in the oocyte mirror mechanisms utilized in the
embryo to sequester germline from soma. A) Representation of a female zebrafish (the ovary is colored
green). The inset depicts a stage I oocyte with a Balbiani body. In this context, the germ plasm RNAs
(green) are sequestered in the Balbiani body where they are protected from degradation. When germ
plasm RNAs are not localized to the Balbiani body, for example in bucky ball mutants, they are not
maintained. B) Drawing of a 24-hour post fertilization embryo, with PGCs (green), with representative
RNAs pictured for the somatic cells (top) and PGCs (bottom). At this stage, miRNAs play a critical role
in restricting germ plasm expression to the PGCs. For example, the top transcript represents a germ
plasm RNA in a somatic cell that is being targeted for translational repression and degradation by the
miRNA-mediated RISC complex. In contrast, a germ plasm RNA present in the PGC is protected from
such repression and degradation by the RNA binding proteins Dead End and Dazl, that bind the 3‘UTR
thus rendering the transcript inaccessible to RISC complex-mediated silencing. RISC= RNA induced
silencing complex, PGC= primordial germ cell, ATG= translation start site.
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Although not restricted to germ plasm messages, follow-up studies using ribosome
profiling compared wild-type and miRNA-deficient zebrafish embryos, to study the
mechanisms by which miR-430 represses its targets (Bazzini et al., 2012). In this study,
Bazzini et al. found miR-430 reduces the number of ribosomes on its target mRNAs, and that
this translational repression occurs before and independently from complete deadenylation
(Figure 5; ) (Bazzini et al., 2012). The authors therefore concluded that miR-430 is able to
regulate translation of its target mRNAs prior to inducing mRNA decay during zebrafish
development (Bazzini et al., 2012). Thus, miR-430 may similarly repress germ plasm
translation.
Although germ plasm 3‘UTRs are protected from miRNA repression in the germ cells,
this is not because miRNAs are excluded from the PGCs, but rather because their repressive
activities are not effective there (Mishima et al., 2006). This posed the hypothesis that
perhaps germ cell specific RNA-binding proteins associate with the 3‘UTRs of germ plasm
RNAs, thus preventing their association with miRNAs (Kedde et al., 2007; Mickoleit et al.,
2011; Mishima et al., 2006). This hypothesis was supported by the observation that regions in
the 3‘UTRs in close proximity to miRNA sites are conserved between transcripts, and may
therefore represent binding sites of conserved RNA-binding proteins (Kedde et al., 2007). It
was subsequently shown through overexpression and loss of function experiments, that the
RNA binding protein Dead End could protect nanos3, tdrd7, and elavl2 RNAs from miRNAmediated degradation, thereby stabilizing these transcripts in the PGCs (Figure 5; ) (Kedde et
al., 2007; Mickoleit et al., 2011). Likewise, it appears the RNAbp Dazl may also protect some
transcripts from miR-430 degradation (Figure 5; ) (Wiszniak et al., 2011). Through these
studies, it has become apparent that miRNAs and RNA binding proteins make up a major
component of the regulatory machinery in zebrafish that restricts germ plasm activity and fate
to the primordial germ cells.
Unlike miRNAs, piRNAs are essential for development of the zebrafish germline
(Houwing et al., 2007; Houwing et al., 2008). piRNAs are small noncoding RNAs, slightly
larger than miRNAs (24-30nt), that map to distinctive genomic regions with repetitive
sequences otherwise identified as transposons (Aravin et al., 2006; Houwing et al., 2007).
piRNAs, or ―Piwi-interacting RNAs‖, derive their name from the Piwi protein first discovered
in Drosophila (Aravin et al., 2006; Lin and Spradling, 1997). Loss of Piwi in the Drosophila
germline causes severe defects in spermatogenesis, a function conserved in mice whose
genomes encode three Piwi homologs, MIWI, MIWI2 and MILI (Carmell et al., 2007; Deng
and Lin, 2002; Kuramochi-Miyagawa et al., 2001; Lin and Spradling, 1997). In zebrafish,
piRNAs are expressed in both the male and female gonad, in contrast to their mammalian
counterparts, which show sexually dimorphic expression (Houwing et al., 2007; KuramochiMiyagawa et al., 2004). Zebrafish have two Piwi homologs, Ziwi and Zili (Houwing et al.,
2008; Houwing et al., 2007). Mutation of zebrafish ziwi causes apoptosis of the germ cells
before sexual differentiation of the gonad, and consequently all mutants develop as sterile
males (Houwing et al., 2007). By contrast, zili mutant germ cells persist past the stage of the
bipotential gonad, but are ultimately unable to undergo meiosis and differentiate, leading to
sterility by 7 weeks of age (Houwing et al., 2008). Although zili mutant gonad development
progresses to sexual differentiation, zili mutants never develop an ovary (Houwing et al.,
2008); a result that is consistent with the previously discussed hypothesis that oocytes are
required for female development.
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One major function of piRNAs is to prevent the mobility of transposable elements in the
genome; piRNAs likely fulfill this role by affecting genome remodeling via DNA methylation
and histone modification (Aravin et al., 2006; Banisch et al., 2012; Brower-Toland et al.,
2007; Kuramochi-Miyagawa et al., 2008; Pal-Bhadra et al., 2004). Piwi proteins are PAZ
domain containing proteins in the same family as Argonaute proteins (PAZ is named for the
proteins Piwi, Argonaute and Zwille), (reviewed in (Zamore and Haley, 2005)). Argonaute
and Piwi proteins have two conserved protein domains, the PAZ domain and the Piwi domain
(reviewed in (Lingel and Sattler, 2005)). The PAZ domain binds to small RNAs (miRNA in
the case of Argonaute, piRNAs in the case of Piwi), while the Piwi domain has enzymatic
RNA hydrolysis activity (reviewed in (Lingel and Sattler, 2005)). Thus, the protein structure
of Piwis suggests that in addition to silencing transposable elements, Piwi proteins may have
an additionala role in RNA silencing, much like their cousins the Argonaute proteins. In fact,
in Drosophila, evidence suggests that piRNAs may silence some germ plasm RNAs such as
vasa and nanos by recruiting the CCR4 deadenylation complex to these RNAs (Nishida et al.,
2007; Rouget et al., 2010). In C. elegans, recent studies support the hypothesis that piRNAs
and their associated Piwi proteins are capable of silencing expression of foreign sequences,
while simultaneously protecting and promoting expression of germline-expressed genes (Lee
et al., 2012; Seth et al., 2013; Shirayama et al., 2012; Wedeles et al., 2013). Overall, it is
likely that germline piRNAs have two functions, the first is to silence exogenous sequences
like the transposable elements from which they derive, and the second is to modulate the
expression of developmentally important germline RNAs such as nanos and vasa (Nishida et
al., 2007; Rouget et al., 2010; Lee et al., 2012; Seth et al., 2013; Shirayama et al., 2012;
Wedeles et al., 2013).

RNA Binding Proteins of the Germ Plasm
RNA binding proteins account for approximately 1-2% of all gene products in eukaryotic
organisms (reviewed in (Elliot, 2011; Glisovic et al., 2008)). This may not be surprising when
we consider that as soon as nascent RNA molecules are transcribed, they are loaded with
RNA binding proteins that facilitate their processing, nuclear export, localization and
translational regulation (reviewed in (Lunde et al., 2007)). This great diversity of RNAbp
functions might lead one to expect a correspondingly large diversity of protein structures.
Yet, the many different roles of RNAbps are achieved by a relatively small number of RNA
binding protein motifs that are present in the RNAbp as an individual domain or in multiple
copies (Figure 6; reviewed in (Lunde et al., 2007)). These modular RNA binding domains can
be arranged in many combinations with or without auxiliary domains, allowing for a large
assortment of RNAbp targets and functions (reviewed in (Elliot, 2011; Glisovic et al., 2008;
Lunde et al., 2007)). Many of the most common and well-characterized RNA binding
domains are present in germ plasm RNA binding proteins. These domains include the RNA
Recognition Motif (RRM) of Dead End, Dazl, and ELAV proteins, the zinc-finger domain
present in Nanos proteins, the DEAD box domain of Vasa proteins, and the PAZ and Piwi
domains of Ziwi and Argonaute family members (Figure 6; (Good, 1995; Hashimoto et al.,
2010; Maegawa et al., 2002; Sengoku et al., 2006; Slanchev et al., 2005; Slanchev et al.,
2009) and reviewed in (Elliot, 2011; Glisovic et al., 2008; Lingel and Sattler, 2005; Zamore
and Haley, 2005)).
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Figure 6. The modular and conserved nature of RNA binding domains highlights structural similarities
between germ plasm RNAbps. Pictured to scale are the various RNA binding proteins of zebrafish
germ plasm, with RNA binding domains shown in colored blocks, and auxiliary (non-RNA binding)
domains shown in grey. To the right of the schematic drawings, we have listed known RNA targets for
each RNAbp in zebrafish, and pertinent targets reported for the corresponding homologs in Drosophila.
Abbreviations: Helicase/ATP bd= Helicase and ATP binding domain, HC= Helicase C domain, D=
DAZ (Deleted in Azoospermia) domain, TD= Tudor domain, PAZ= Piwi Argonaute Zwille domain,
DEAD= DEAD (asp-glu-ala-asp) box domain, RRM= RNA Recognition Motif, OST-HTH=
Oskar/TDRD5/TDRD7 Helix Turn Helix domain.

RNA helicases are a special class of RNA binding proteins that not only bind RNA, but
are able to catalyze its unwinding (reviewed in (Elliot, 2011)). Helicase activity is required to
unfold the complex structure of RNA, and thereby to reveal a stretch of single stranded RNA
that is permissive for translation, splicing, modifications, and other aspects of RNA
biogenesis. The prototypical RNA helicase is eIF4A; eIF4A contains a DEAD-box motif,
which is an acronym for the four amino acid residues within the motif (asp-glu-ala-asp) that
mediate nucleic acid binding (reviewed in (Elliot, 2011)). eIF4A shares the DEAD-box motif
with the RNA helicase Vasa, a germ plasm component that is conserved among numerous
organisms (Figure 6; reviewed in (Gustafson and Wessel, 2010; Lasko and Ashburner,
1988)).
Members of the Nanos family of RNA binding proteins possess two zinc-finger RNA
binding domains (Hashimoto et al., 2010). These domains, which are characterized by a zinc
ion that coordinates a combination of four amino acid residues (usually cysteines and
histidines), are best known for their ability to bind to DNA, but can also bind RNA or other
proteins (reviewed in (Elliot, 2011). Interestingly, the zinc-finger containing transcription
factor TFIIIA has been reported to specifically bind both RNA and DNA molecules from the
same zinc-finger domains using in vitro assays with purified protein (Theunissen et al., 1992).
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Using TFIIIA as a paradigm for the zinc finger interactions between the two different types of
nucleic acids, it was found that zinc-fingers often bind their DNA targets in a sequencespecific manner, but their interactions with RNA are dependent on RNA secondary and
tertiary structures ((Theunissen et al., 1992) and reviewed in (Elliot, 2011)).
The RNA recognition motif, present in Dead End, Dazl, and Elav proteins is the most
common RNA binding domain (Figure 6; ) (Good, 1995; Maegawa et al., 2002; Slanchev et
al., 2009). The main feature of the RNA recognition motif (RRM) is its ability to recognize
specific RNA sequences of 2-6 base pairs (reviewed in (Elliot, 2011)). The presence of
multiple RRMs in a single RNAbp can provide additional versatility and specificity of target
recognition by aligning the 2-6 base pairs recognized by each RRM and creating an overall
recognition site of 6-18 base pairs on the target RNA (reviewed in (Elliot, 2011; Lunde et al.,
2007)). The contribution of germ plasm RNA binding proteins to the mechanisms that guide
germ cell development is examined in detail in the following sections of this chapter.

Vasa
The RNA-helicase vasa is an evolutionarily conserved germ plasm component that is
expressed during germ cell development in most, if not all, animals including humans
((Castrillon et al., 2000) and reviewed in (Gustafson and Wessel, 2010)). First identified
through a maternal-effect screen in Drosophila, flies lacking vasa produce oocytes without
polar plasm (Drosophila germ plasm), and subsequently embryos with a deficiency of germ
cells (Schupbach and Wieschaus, 1986). The vasa gene seems to have evolved from the RNA
helicase PL-10 in animals after the diversion of fungi and plants. Even in the earliest animals,
hydra, vasa-like genes are strongly expressed in the germ line (Mochizuki et al., 2001). This
suggests that vasa and related genes are likely universal in the germ lines of all metazoans,
highlighting its ancient and fundamental role in gametogenesis (Mochizuki et al., 2001).
Although vasa is expressed in the germ cells of both ovary and testis, vasa deficiency in
Drosophila results in female-specific sterility ((Schupbach and Wieschaus, 1986), and
reviewed in (Raz, 2000)). And while Vasa expression in the gonads of both sexes is
conserved in mice, Vasa-null mice have male-specific sterility (Tanaka et al., 2000). The
discrepancy between the fly and mouse vasa-null phenotypes has been the subject of much
speculation about the possible species-specific and sex-specific roles of vasa (reviewed in
(Gustafson and Wessel, 2010)). Contemplation of the incongruity of such sex-specific
sterility phenotypes has led to two proposed models about RNA helicase function in the germ
line. According to one model, closely related helicases may substitute for vasa function in the
testis or ovary—for example, in Drosophila the PL-10 homolog, belle, is required for male
fertility and not female fertility, the opposite phenotype of Drosophila vasa mutants
(Johnstone et al., 2005). The second hypothesis is that vasa itself has different RNA targets in
male and female germ line cell types, and thus the consequence of losing vasa function
depends on the requirements of its target RNAs in ovary or testis (reviewed in (Gustafson and
Wessel, 2010)). Ultimately, the sex-specific differences in sterility phenotypes may be caused
by a combination of both helicase redundancy and target specificity, but this remains to be
experimentally determined. Better understanding of Vasa targets, and a comprehensive
investigation of vasa null phenotypes in other animals is likely to elucidate the conserved and
species-specific roles of Vasa protein.
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The identification of vasa, the first germ plasm component described in zebrafish (Yoon
et al. 1997), permitted the first characterization of zebrafish primordial germ cell development
(Yoon et al., 1997). Using in situ hybridization Yoon et al. were able to pinpoint the temporal
and spatial origins of the zebrafish germ line. This original description revealed the
enrichment of maternal germ plasm at the zygotic cleavage furrows, followed by specification
of the first four PGCs of 1000-cell stage embryos, and ultimately, based on the localization of
the PGCs, identified the gonad anlage above the intersection of the yolk and yolk extension
(Yoon et al., 1997). Subsequent studies employed electron microscopy to show that the vasa
positive cells (putative PGCs) also display the ―classical‖ ultra-structural characteristics of
germ cells, namely electron-dense nuage (Braat et al., 1999; Knaut et al., 2000). Analysis of
vasa RNA distribution in the ovary revealed that vasa is very strongly expressed throughout
the cytoplasm of small germ cells of the ovary, presumably oogonia and early oocytes, and is
in close association with the cortex of later stage oocytes (Braat et al., 1999). The vasa RNA
transcript was also reported in an ―asymmetric subcellular localization‖ in small oocytes that
was postulated to represent an association with the mitotic spindle, but we now know is vasa
RNA localized to the Balbiani body (Braat et al., 1999).
Soon after these studies, two independent groups developed zebrafish anti-Vasa
antibodies that allowed for visualization of the Vasa protein product in the oocyte and
throughout germ cell development (Braat et al., 2000; Knaut et al., 2000). Surprisingly, close
examination of Vasa protein distribution in zebrafish oocytes revealed that Vasa protein
localizes in a granular ring around the oocyte nucleus, a pattern distinct from germ plasm
RNAs, including vasa (Knaut et al., 2000). Similarly, Vasa protein does not segregate with
the germ plasm in the cleavage furrows of early embryos (Braat et al., 2000). Instead, Vasa
localizes in a punctate manner near the center of each blastomere, in a pattern resembling
centrosomes (Braat et al., 2000). Vasa protein maintains this pattern throughout morula stages
and in contrast to vasa RNA is not restricted to only 4 cells (Braat et al., 2000). Nonetheless,
Vasa becomes enriched in PGCs of shield stage embryos, and by 24 hours post fertilization,
Vasa clearly marks the primordial germ cells (Braat et al., 2000). In zebrafish and other
animals including medaka, mice and humans, Vasa is commonly used as a marker for
oogonial stem cells (OSCs), although its expression domain likely includes OSCs and early
stage oocytes ((Beer and Draper, 2013; Johnson et al., 2004; Nakamura et al., 2010).
In the primordial germ cells of 24hpf zebrafish embryos, Vasa protein localizes to
cytoplasmic granules, reminiscent of the polar granules of Drosophila pole/germ cells (Braat
et al., 2000; Knaut et al., 2000). These granules are closely associated with the nuclear
envelope; however, zebrafish Vasa granules do not co-localize with nuclear pore complexes
as was reported for C. elegans (Knaut et al., 2000; Pitt et al., 2000). Subsequent studies have
used fluorescent protein-tagged RNA constructs to determine the subcellular localization of
numerous germ plasm components including dead end, dazl, elavl2, tdrd7, granulito and
vasa. These studies show that the translated products of these exogenously provided RNAs
also localize to perinuclear granules in PGCs of 24hpf zebrafish embryos (Mickoleit et al.,
2011; Strasser et al., 2008; Weidinger et al., 2003; Wiszniak et al., 2011). The function of the
perinuclear granules within PGCs is poorly understood in zebrafish; however, the analogous
structures in C. elegans, called P-granules, have been implicated in various aspects of RNA
metabolism including translation, polaydenylation, deadenylation, decapping and degradation
(reviewed in (Updike and Strome, 2010)). On the other hand, in zebrafish PGCs of 24hpf
embryos, co-staining of vasa RNA and protein demonstrated that vasa RNA is present in
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cytoplasmic patches that do not precisely correspond to the Vasa-containing germ granules
(Knaut et al., 2000). This disjunction between vasa RNA and protein localization raises
questions about the hypothesis that zebrafish perinuclear granules are responsible for RNA
metabolism; however, this question clearly warrants further study with more RNAs and
higher resolution techniques.
Braat and colleagues used a morpholino knock-down approach to interrogate the role of
Vasa in zebrafish embryos (Braat et al., 2001). Although the morpholino effectively
eliminated Vasa protein in embryos from 24hpf up to 4 days (as judged by antibody staining
and Western blot), the morpholino-treated embryos had normal germline establishment (Braat
et al., 2001). Thus, the authors concluded that zygotic Vasa is not required in the period
between PGC specification and day 4 of embryogenesis. However, due to the inability of
morpholinos to eliminate maternal proteins and the transient nature of morpholinos in vivo,
the maternal contribution of vasa or its later requirements during gametogenesis could not be
determined (Braat et al., 2001). It would be very surprising if zebrafish vasa were not
essential for some aspect of germ cell development, given the sterility phenotypes of vasanull fruit flies and mice. A mutant disrupting zebrafish vasa is necessary to address the
functional requirement of this germ plasm component.
The effects Vasa exerts on its target RNAs have been extensively studied in Drosophila.
Vasa is an RNA-helicase of the DEAD-box family, and contains seven conserved motifs
responsible for RNA binding, ATP binding and ATP hydrolysis (Figure 6; and reviewed in
(Gustafson and Wessel, 2010; Parsyan et al., 2011)). The core of Drosophila Vasa has been
co-crystallized with an RNA substrate and ATP homolog to determine, by X-ray
crystallography, that Vasa likely unwinds the secondary structure of its RNA targets by
creating a bend to disrupt continuous base-pairing (Sengoku et al., 2006). This mechanism of
Vasa-mediated RNA unwinding is distinct from other canonical helicases that unwind the
double stranded region of nucleic acid by first binding one strand, and then translocating on
that strand with several rounds of ATP hydrolysis (Sengoku et al., 2006). Despite this
mechanistic difference, Vasa shares structural and functional similarity with the prototypical
DEAD-box helicase eukaryotic translation initiation factor 4A, eIF4A (Lasko and Ashburner,
1988). Based on this homology, it would seem logical that Vasa may also function to promote
translation. In fact, this hypothesis is supported by the observation that Drosophila Vasa
physically interacts with eukaryotic translation initiation factor 5B, eIF5B, to promote the
recruitment of the 60s ribosomal subunit and subsequent translation of interacting RNAs
((Johnstone and Lasko, 2004 and) reviewed in (Parsyan et al., 2011)). Interestingly, using a
mutant Vasa transgene incapable of interacting with eIF5B, Johnstone and Lasko
demonstrated that interaction between Vasa and eIF5B is required for oogenesis, and for the
translation and accumulation of the Drosophila patterning molecule Gurken (Johnstone and
Lasko, 2004). A subsequent study using Drosophila identified mei-P26 RNA as direct target
of Vasa binding (the only direct target identified to date), and also showed that Vasa binding
was mediated by a U-rich motif in the 3‘ untranslated region of the mei-P26 RNA (Liu et al.,
2009b). This finding is significant both because it demonstrates that Vasa can directly interact
with target RNAs, and also because the U-rich Vasa binding motif suggested a possible
mechanism for Vasa target recognition and specificity (reviewed in (Gustafson and Wessel,
2010)). The Drosophila studies demonstrate that Vasa can directly mediate translation of its
RNA targets, and given the high degree of conservation among animals, Vasa likely has a
similar function in the germ cells of zebrafish and other vertebrates.
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Nonetheless, the function of translational activation likely accounts for only one of
Vasa‘s (potentially numerous) roles. In Drosophila and mice, studies have uncovered
translation-independent roles of Vasa as a modulator of the piRNA pathway discussed earlier
above (Kuramochi-Miyagawa et al., 2010; Lim et al., 2013; Pek and Kai, 2011). For example,
in flies Vasa was demonstrated to localize to mitotic chromosomes by a mechanism that is
dependent on a subset of piRNA pathway components Aubergine and Spindle-E (Pek and
Kai, 2011). In the mouse male germ line, spermatogenesis defects of mice deficient in Vasa
(MVH) closely resemble those of MILI- and MIWI2-deficient mice (Kuramochi-Miyagawa et
al., 2010). As in MILI and MIWI2 knock-outs, MVH-deficient mice have defective DNA
methylation, presumably caused by aberrant piRNA function (Kuramochi-Miyagawa et al.,
2010). Thus, the molecular functions of Vasa likley include translational activation in
addition to the translation-independent piRNA-related functions of transposon silencing and
DNA methylation.

Nanos
First identified in Drosophila, the germ plasm component nanos is a multifunctional
RNA binding protein that is required for several processes including embryonic patterning,
germ cell survival and oocyte maintenance. Of these three functions, only the latter two are
conserved in vertebrates: nanos homologs regulate the survival of migrating primordial germ
cells in Drosophila, zebrafish and mice (Draper et al., 2007; Kobayashi et al., 1996;
Koprunner et al., 2001; Tsuda et al., 2003). Additionally, nanos and its vertebrate homologs
are required to maintain the germline stem cells that renew the germ cell population in
Drosophila, zebrafish and mice (Bhat, 1999; Draper et al., 2007; Forbes and Lehmann, 1998;
Tsuda et al., 2003). Even in human germ cell lines (derived from embryonic stem cells),
NANOS3 regulates germ cell numbers and pluripotency marker expression (Julaton and Reijo
Pera, 2011). Unique to Drosophila, nanos appears to have a role in embryonic patterning;
nanos RNA localizes to the posterior region of the Drosophila egg chamber (analogous to
vegetal localization in vertebrate oocytes), and is required for pattern formation of the
embryonic abdomen (Wang and Lehmann, 1991). Although Drosophila has only one nanos
gene, zebrafish and other vertebrates have three nanos homologs, nanos1, nanos2, and
nanos3 (Beer and Draper, 2013; Julaton and Reijo Pera, 2011; Haraguchi et al., 2003; Tsuda
et al., 2003). Whereas nanos1 is primarily expressed in the nervous system (Haraguchi et al.,
2003; Rauch, 2003), nanos2 and nanos3 are expressed specifically in the germline ((Beer and
Draper, 2013; Draper et al., 2007; Koprunner et al., 2001) and reviewed in (Saga, 2008)).
Publications prior to 2013 referred to zebrafish nanos3 as nanos1; however, it has since been
renamed nanos3 to reflect the conserved protein structure and functions with its mammalian
orthologs (Beer and Draper, 2013).
Zebrafish nanos3 was identified in a whole-mount in situ hybridization screen for genes
expressed in the primordial germ cells (Koprunner et al., 2001). In this study and subsequent
studies the nanos3 expression pattern was found to largely overlap with those of the germ
plasm RNAs dazl and vasa; nanos3 RNA localizes to the Balbiani body of stage I oocytes, is
dispersed in the oocyte cytoplasm at later stages, and is then recruited to the cleavage furrows
of embryos before being restricted to the primordial germ cells (Draper et al., 2007;
Koprunner et al., 2001; Kosaka et al., 2007). Unlike vasa, however, which is continuously
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expressed throughout germ cell development and is expressed in the germ cells of both sexes
(Braat et al., 2000; Braat et al., 1999; Yoon et al., 1997), nanos3 is expressed in the PGCs
until 5 days post fertilization and then resumes expression in ovaries but not in testis of 3
week old fish (Draper et al., 2007).
To study the function of nanos3 in primordial germ cells, Koprunner et al. injected
fertilized eggs with antisense oligonucleotides against nanos3. Using this approach, the
authors found that blocking translation of nanos3 did not affect PGC formation or
specification, but disrupted PGC migration to the gonad anlage, resulting in mislocalized
germ cells within the head and somites of one day old fish (Koprunner et al., 2001). While
other studies have shown that germ cells in ectopic locations can survive and maintain germ
cell marker expression for several days (Weidinger et al., 1999) nanos3-depleted ectopic
germ cells die between 11 and 24 hours post fertilization. This suggests that loss of germ cell
identity precedes or causes failed migration and loss of nanos3 morphant PGCs, rather than a
lack of permissive factors for PGC survival in ectopic locations (Koprunner et al., 2001).
Importantly, because the interference strategy utilized could not target maternally deposited
protein, it remained to be determined if nanos3 had an earlier role in PGC specification
(Koprunner et al., 2001). An independent study of embryos derived from nanos3 mutant
mothers, which cannot provide maternal nanos3, also observed that embryonic PGCs are
specified but mis-localized (Draper et al., 2007). In addition, they found that loss of PGCs
occurred regardless of the paternal genotype, indicating that only the maternal nanos3 product
is required for PGC specification and migration, and that zygotic transcription of nanos3
occurs too late or is not sufficient to rescue the phenotype (Draper et al., 2007). When raised
to adulthood, embryos lacking maternal nanos3 are sterile, owing to a lack of PGCs, whereas
many of the adult nanos3 morphants are fertile, consistent with a maternal store of Nanos3
protein and incomplete depletion of nanos3 in the morphants (Draper et al., 2007; Koprunner
et al., 2001). nanos3 is also expressed in the migrating primordial germ cells of mice, and
germ cells are absent from adult nanos3 knockout mice of both sexes (Tsuda et al., 2003).
These studies clearly point to a conserved role for nanos3 in primordial germ cell survival
and migration in vertebrates (Draper et al., 2007; Koprunner et al., 2001; Tsuda et al., 2003).
One major difference in the germline establishment of zebrafish and mice is that maternal
nanos3 is sufficient for PGC migration and ovary formation in zebrafish, whereas mice
require zygotic transcription of nanos3 for proper establishment of the germ line (Draper et
al., 2007; Koprunner et al., 2001; Tsuda et al., 2003). This difference creates a unique
opportunity to study the role of nanos3 in the established gonad (i.e. in adult germ cells). By
examining zebrafish devoid of zygotic nanos3 Draper et al. determined that nanos3 mutant
females are initially fertile, but rapidly lose their ability to lay eggs (Draper et al., 2007).
Normally, zebrafish reach sexual maturity at approximately 2.5 months of age and reliably
lay eggs until they are two years old; however, nanos3 mutant females prematurely stop
laying eggs at 5-6 months (Draper et al., 2007). Consistent with the oocyte-specific
expression of nanos3, mutant males are fertile and otherwise normal (Draper et al., 2007).
Histological examination to understand the basis of the premature infertility in females
revealed that 6 month old nanos3 mutant ovaries were devoid of oocytes, accounting for their
lack of fertility. Earlier, at stages when nanos3 mutant females are fertile (2.5 months), their
ovaries contain almost exclusively advanced stage oocytes (Draper et al., 2007). Thus, nanos3
is required for continued production of oocytes, and likely maintains the oocyte stem cells in
the adult ovary of zebrafish (Beer and Draper, 2013; Draper et al., 2007).
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Unlike nanos3, zebrafish nanos2 is not maternally provided, and its expression cannot be
detected in the primordial germ cells of embryos in the first 24 hours (Beer and Draper,
2013). Instead, nanos2 expression is first detected in the bipotential gonad of 21 day old fish
in a rare population of germ cells that persist throughout the zebrafish lifetime in both males
and females (Beer and Draper, 2013). Further characterization determined that these rare
nanos2 expressing cells are a small subset of the vasa-expressing cells in male and female
gonads that have DNA morphology consistent with pre-meiotic germ cells (Beer and Draper,
2013). Beer and Draper also evaluated the expression of nanos2 in the nanos3 mutant ovary,
and discovered that maintenance of nanos2-expressing cells requires nanos3 (Beer and
Draper, 2013). In mice NANOS2 is necessary and sufficient to maintain spermatagonial stem
cells (Sada et al., 2009). Taken together, these observations support the notion that zebrafish
nanos2 is a marker for oogonial stem cells, and that nanos3 is required to maintain the
oogonial stem cell population (Beer and Draper, 2013).
Nanos proteins likely function as translational regulators of select RNA targets. As noted
previously, Nanos proteins contain two zinc finger motifs in their C-terminal regions that are
responsible for the interactions between Nanos and its RNA targets (Figure 6; ) (Curtis et al.,
1997). In Drosophila, the zinc finger motif is essential to Nanos function as was
demonstrated by the inability of Nanos truncations lacking the C-terminal region to rescue the
aberrant abdominal patterning of nanos mutant embryos (Curtis et al., 1997). The same
Drosophila study also demonstrated that the interaction between Nanos and its RNA targets,
which include the abdominal patterning RNA hunchback and the mitotic regulator RNA
cyclinB, is not sequence specific, as the nucleotides required for binding can be mutated with
little effect on Nanos binding affinity (Curtis et al., 1997; Irish et al., 1989;
Kadyrova et al., 2007).
The functional domains and RNA targets of zebrafish Nanos proteins have not been
extensively characterized; however, the zebrafish nanos3 mutant disrupts the Zinc Finger
domains, indicating that if a truncated protein is produced it is not sufficient for Nanos
function (Draper et al., 2007). Moreover, because of tight structure conservation, it is
assumed that the zinc finger motifs are required for zebrafish Nanos function (Hashimoto et
al., 2010). Notably, the only crystal structure of a Nanos protein was performed on the zinc
finger domains of zebrafish Nanos3 (Hashimoto et al., 2010). This crystal structure revealed
that the zinc finger region is composed of two zinc-finger lobes (one from each zinc finger),
and that the lobes create a positively charged cleft—composed of many highly conserved
basic residues (Hashimoto et al., 2010). This ―basic‖ cleft appears to be important for RNA
binding since mutation of three of the conserved residues causes loss of binding in
electrophoretic mobility shift assays (Hashimoto et al., 2010). The activity of Nanos binding
to its RNA targets has not been described in zebrafish; however, studies in both Drosophila
and mice indicate Nanos homologs act as repressors of RNA translation (Curtis et al., 1997;
Parker and Sheth, 2007; Suzuki et al., 2010). For example, in flies, Nanos negatively
regulates hunchback mRNA, as is demonstrated by the expanded expression domain of
hunchback in nanos mutants (Irish et al., 1989; Tautz, 1988). Evidence from studies in mice
that NANOS2 acts by repression of translation includes NANOS2 co-immunoprecipitation
with members of the CCR4-NOT deadenylation complex, and the in vitro deadenylase
activity of the NANOS2/CCR4-NOT complex (Suzuki et al., 2010). Thus, it is reasonable to
hypothesize that in zebrafish Nanos homologs also carry out their germ cell functions by
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promoting deadenylation of their target RNAs to promote RNA destabilization and/or
translational repression.

Dazl
Dazl and related proteins have been implicated in various roles that promote fertility. The
Dazl family of RNA binding proteins was first discovered when a group investigating the
causes of infertility in men observed that some patients had overlapping deletions in a portion
of their Y-chromosomes (Reijo et al., 1995). This group determined that the aberrantly
deleted chromosomal segment contains a gene cluster of four nearly identical genes which the
authors named Deleted in AZoospermia, or DAZ (Kee et al., 2009; Reijo et al., 1996; Reijo et
al., 1995). The evolution of the human DAZ family of genes, which includes four DAZ genes
and two autosomal genes DAZL and BOULE, is fascinating because these genes have evolved
at several phylogenetic turning points from invertebrates, to vertebrates and even primates.
The most evolutionarily ancient member of the DAZ family is the autosomal gene BOULE,
which is present in the invertebrate Drosophila, and has orthologs in many vertebrates
(Eberhart et al., 1996; Xu et al., 2001; Xu et al., 2009). The other autosomal homolog of DAZ,
DAZ-Like, or DAZL, appears to have evolved specifically in vertebrates (Xu et al., 2001).
Finally, the genomes of great apes (including humans), contain multiple copies of DAZ on
their Y chromosomes, a feature that likely resulted from transposition of the DAZL gene and
subsequent duplication (Yu et al., 2008).
All DAZ family genes encode RNA binding proteins with a single RNA recognition
motif, and one or multiple DAZ motifs that mediate protein-protein interactions (Reijo et al.,
1995; Tsui et al., 2000a). DAZ, DAZL and BOULE share homology in their RRM domains
that is not shared with other RRM containing RNA-binding proteins, suggesting there may be
something unique about the RNA binding mechanism of the DAZ family proteins (Burd and
Dreyfuss, 1994; Xu et al., 2001). DAZL is 95% homologous to DAZ, except that DAZL
contains only one DAZ motif (Xu et al., 2001). Although homologs of DAZ proteins are
present in diverse organisms, the consequence of their null mutations is somewhat variable
from species to species (Xu et al., 2001). For example, disruption of Drosophila boule causes
meiotic arrest in male germ cells, whereas mutation of the C. elegans homolog of DAZ
causes oogenesis-specific meiotic arrest (Eberhart et al., 1996; Karashima et al., 2000). In
mice, disruption of Dazl results in complete loss of germ cells and gametes of both sexes
(Ruggiu et al., 1997). These divergent phenotypes may be partially explained by the slightly
different roles for each DAZ family member; for example, it appears that BOULE has a role
in meiosis, whereas DAZL is required in pre-meiotic germ cells for establishment of the
germline (Houston and King, 2000; Ruggiu et al., 1997; Xu et al., 2001). DAZ seems to be
important but not essential for meiosis during spermatogenesis, since complete deletion of the
DAZ gene cluster includes phenotypes such as low numbers of sperm (Reijo et al., 1996;
Reijo et al., 1995; Xu et al., 2001; Kee et al., 2009). Alternatively, it is possible that particular
DAZ family proteins have sex-specific expression as has been proposed for Vasa, or similarly
that these proteins have different RNA targets in different tissues or cell stages.
It appears that zebrafish contain only one known DAZ homolog, dazl, although a boule
homolog has been identified in the closely related teleost fish medaka (Xu et al., 2001; Xu et
al., 2009). Zebrafish dazl is expressed exclusively in the germline, and follows the typical
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localization pattern of germ plasm RNAs: dazl is localized to the Balbiani body in stage I
oocytes, the vegetal cortex in later stage oocytes, and is restricted to the cleavage furrows and
subsequent PGCs of the embryo (Kosaka et al., 2007; Takeda et al., 2009; Theusch et al.,
2006). To date a loss-of-function analysis of the role of dazl in germ cell development has not
been reported in zebrafish. However, in Xenopus, depletion of dazl using antisense
oligonucleotides results in complete loss or severely reduced numbers of primordial germ
cells in embryos, as well as a late PGC migration defect (Houston and King, 2000).
A role for Dazl in promoting translation of germ plasm RNAs was uncovered by
Maegawa and colleagues, who used a combination of biochemical techniques and cell culture
analysis to examine the activity of zebrafish Dazl protein (Maegawa et al., 2002). Using
tagged Dazl protein, the authors ―pulled down‖ and sequenced fragments of RNA bound to
Dazl, and identified the sequence ―GUUC‖ as a consensus binding site for Dazl recognition
(Maegawa et al., 2002). The authors also used this approach to pinpoint the functionally
important regions by substituting wild-type Dazl with truncated and mutated Dazl, and
thereby found that the Dazl RNA recognition motif is necessary and sufficient for RNA
binding, and that the DAZ motif is not required for this activity (Maegawa et al., 2002). In
order to test how Dazl affects the post-transcriptional regulation of its targets, the authors
used a known RNA interactor of Drosophila Boule, the twine RNA, which contains multiple
―GUUC‖ sequences in its 3‘UTR (Maegawa et al., 2002; Maines and Wasserman, 1999).
Drosophila twine encodes a cell cycle phosphatase required for meiotic entry, in agreement
with the hypothesis that the major function of Boule is to regulate meiotic events (Alphey et
al., 1992; Courtot et al., 1992; Maines and Wasserman, 1999). Maegawa et al. constructed a
luciferase reporter fused to the 3‘UTR of twine, and a similar reporter fused to the 3‘UTR of
dazl itself, which also contains multiple ―GUUC‖ sequences (Maegawa et al., 2002). When
these reporter plasmids were co-transfected into mammalian cells with various levels of an
expression vector containing tagged Dazl protein, the authors found that there was a dosedependent increase in luciferase activity that was also dependent on intact ―GUUC‖
sequences (Maegawa et al., 2002). Maegawa and colleagues went on to demonstrate that
zebrafish Dazl interacts with polysomes through its DAZ motif (Maegawa et al., 2002).
Consistent with a conserved role for Dazl in regulating translation, mouse DAZL protein also
associates with actively translating polysomes in spermatogenic tissues (Maegawa et al.,
2002; Tsui et al., 2000b). Thus, it seems likely that zebrafish Dazl promotes translation of its
targets by binding specific sequences in the 3‘UTR, and recruiting ribosomes to the transcript.
Zebrafish Dazl has been reported to counteract miRNA activity and promote
polyadenylation of the germ plasm RNA tdrd7 (Takeda et al., 2009). In that study, the authors
used fluorescent reporters injected into zebrafish embryos to show that a GFP fusion with the
tdrd7 3‘UTR is stabilized in a ―GUUC‖ dependent manner when coexpressed with Dazl
(Takeda et al., 2009).
Furthermore, co-injection of the tdrd7 3‘UTR reporter with Dazl results in increased
polyadenylation of GFP-tdrd7 3‘UTR independent of active translation (Takeda et al., 2009).
The authors used a segment of the nanos3 3‘UTR that they had previously demonstrated is
normally repressed by miR-430 to study the possible interplay between miRNAs and Dazl
regulation of germ plasm RNA stability (Giraldez et al., 2006; Mishima et al., 2006;
Takeda et al., 2009).
The nanos3 3‘UTR is stabilized by overexpression of Dazl, in a ―GUUC‖ sequence
dependent manner (Giraldez et al., 2006; Mishima et al., 2006; Takeda et al., 2009). Taken
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together, these two reports indicate that zebrafish Dazl may utilize multiple pathways to
stabilize and promote translation of its targets including recruitment of polysomes, promotion
of polyadenylation, and protection from miRNA repression (Maegawa et al., 2002; Takeda et
al., 2009).

Dead End
The RNA binding protein Dead End is an essential regulator of PGC development that
was first discovered in a large-scale zebrafish screen to identify genes with PGC-specific
expression patterns (Weidinger et al., 2003). Like other germ plasm RNAs, dead end (dnd) is
provided maternally, enriched in the embryonic cleavage furrows, and is present in the
primordial germ cells of 24 hpf embryos (Weidinger et al., 2003). A GFP-tagged Dead End
fusion protein localizes to the perinuclear granules of 24hpf embryos, where fluorescenttagged Vasa is also localized (Weidinger et al., 2003). This implies that, like many other germ
plasm components, Dead End is a component of the ribonucleoprotein complexes present in
the germ granules of zebrafish PGCs. The search for dead end orthologs in other species
revealed that several vertebrates including Xenopus laevis, chicks, mice and humans possess
genomic sequence and expressed sequence tags that share homology with zebrafish dead end
(Weidinger et al., 2003). Similar to zebrafish morphants, mouse Ter (DND) mutants show
germ cell deficits (Youngren et al., 2005), thus confirming a conserved role for dead end in
germ cell function (Horvay et al., 2006; Kedde et al., 2007; Koebernick et al., 2010; Liu et al.,
2009a; Youngren et al., 2005). Interestingly, no orthologs of Dead End have been identified
in Drosophila or C. elegans, raising the possibility that dead end is a vertebrate-specific germ
plasm component (Weidinger et al., 2003).
Loss of function studies using dead end morpholino revealed that dead end is necessary
for migration of the primordial germ cells (Weidinger et al., 2003). Normal migration of
primordial germ cells begins shortly before gastrulation at which time the PGCs sit adjacent
to the yolk syncytial layer (YSL) (Braat et al., 1999; Weidinger et al., 2003). However, at the
same stage in dead end morphants, the PGCs are not associated with the YSL, and instead are
floating above and detached from this layer (Weidinger et al., 2003). Although not described
prior to the discovery of dead end, PGC association with the deep cell layers adjacent to the
YSL may represent a zone where germ cell migration is initiated (Weidinger et al., 2003).
The detachment from the YSL is the first manifestation of the dead end morphant migration
defect that ultimately results in a complete absence of PGCs from the gonadal anlage, and
subsequent apoptosis of these unlocalized cells (Weidinger et al., 2003). This migration
phenotype is distinct from migration phenotypes caused by deficient CXCR4b signaling, as
embryos lacking cxcr4b have PGCs that are motile and migratory, but do not reach their
proper destination (Doitsidou et al., 2002; Knaut et al., 2003; Weidinger et al., 2003). Thus,
Dead End may be required for initiation of PGC migration in a manner independent from
chemokine signaling.
The RNA binding function of Dead End is required for germ cell migration. The
zebrafish Dead End protein contains one canonical RNA recognition motif (RRM) near the
N-terminus (Figure 6; ) (Slanchev et al., 2009; Liu and Collodi, 2010). A study that examined
the function of zebrafish Dead End protein employed truncation mapping, creating
successively smaller fragments of the C-terminal side of the protein, to identify functionally
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relevant regions of the protein (Slanchev et al., 2009). From this analysis Slanchev et al.
concluded that the RNA recognition motif is essential to dead end activity, as judged by the
ability of truncations containing the RRM to partially rescue the PGC deficiency caused by
dnd morpholinos (Slanchev et al., 2009). They also determined that the amino terminal region
of Dead End 3‘ to theadjacent to the RNA recognition motif is required for proper
localization of the protein to the perinuclear granules of primordial germ cells (Slanchev et
al., 2009). The authors identified 6/31 positions that are conserved between the zebrafish and
mouse orthologs of Dnd that are essential for rescue of PGC formation in dead end
morphants, 5 of which are in the RNA recognition motif (Slanchev et al., 2009). Based on
this data, the authors used computer homology modeling to predict the structure of the RRM
of Dead End protein, and found that the five essential residues reside on parts of the protein
domain that are likely to interact directly with the RNA molecule (Slanchev et al., 2009).
Surprisingly, tagged versions of Dnd proteins with mutations in these essential residues of the
RRM did not localize to the perinuclear granules of PGCs (Slanchev et al., 2009). Instead,
these mutant proteins were restricted to the germ cell nuclei, despite their lacking a canonical
nuclear localization signal (Slanchev et al., 2009).
Due to this perplexing localization phenotype, the authors speculated that shuttling of
Dead End protein to the perinuclear granules of the germ cell cytoplasm might require preloading with its target RNAs in the nucleus (Slanchev et al., 2009). Therefore, the Dead End
RRM seems to carry out most of the protein‘s activity, and the requirement for RNA binding
to reach the perinuclear granules of the cytoplasm suggests that this activity is strictly
regulated.
Dead End possesses many of the hallmarks of RNA binding proteins that bind to uridinerich regions (URRs) of single stranded RNAs (Handa et al., 1999; Kedde et al., 2007). In fact,
mutation of these uridine sites on Dead End target RNAs demonstrated that Dead End
interaction depends on URR motifs in the 3‘ untranslated region (Kedde et al., 2007). Kedde
and colleagues used fluorescent reporters of the 3‘UTR regions of nanos3 and TDRD7 (two
RNAs previously demonstrated by Mishima et al. to accumulate in PGCs as the result of
miR-430 mediated repression specifically in the soma discussed earlier) (Mishima et al.,
2006)) to study the possible role of Dead End in miRNA-mediated repression.
The authors examined the effect of knocking-down Dead End on the level of fluorescent
reporter signal, and found that fluorescencet intensity was diminished in this context,
consistent with Dead End having a stabilizing effect on these two 3‘ UTRs (Kedde et al.,
2007). The authors attributed this effect to miR-430 by demonstrating that fluorescence could
be restored when the miR-430 seed sequences on the reporter 3‘UTRs are mutated (Kedde et
al., 2007). The same effect on the human Dnd1 target p27 was demonstrated in human cell
lines (Kedde et al., 2007).
Therefore, it can be concluded that a major function of Dead End is to stabilize its target
mRNAs by prohibiting miRNA mediated gene suppression (Kedde et al., 2007).
In addition to RNA-binding capabilities, Dead End possesses ATPase activity (Liu and
Collodi, 2010). Employing a similar domain mapping approach to Slanchev et al., Liu and
Collodi found that the C-terminal region of Dead End, which contains the ATPase activity, is
required for full PGC rescue of dead end morphants (Liu and Collodi, 2010). Because Dead
End appears to contain both an RNA recognition motif and an ATPase domain, it seems
plausible that Dead End may function as an RNA-helicase; however, this has not been
experimentally determined (Liu and Collodi, 2010).
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Dead End catalyzes ATP hydrolysis at a similar rate to other RNA helicases such as
eIF4A and Vasa (Liu and Collodi, 2010). However, unlike eIF4A and Vasa, Dead End
ATPase activity is not stimulated by the presence of RNA (Liu and Collodi, 2010). It will be
interesting to see what role, if any, the Dead End ATPase activity plays in the function of this
protein during germ cell development.

Other RNA Binding Proteins of the Germ Plasm
Aside from Vasa, Nanos3, Dazl and Dead End, there are numerous other RNA binding
proteins in the germ plasm that may play important roles in the regulation of RNAs during
germ cell development. One such RNAbp, Tdrd7 (Tudor domain containing protein 7), was
discovered as a component of zebrafish germ plasm through a microarray screen to identify
transcripts enriched in the primordial germ cells (Strasser et al., 2008). Like vasa and nanos,
tudor was first identified in Drosophila among the canonical ―posterior group‖ mutant class
which produce oocytes deficient in posterior pole plasm, and embryos that lack germ cells
(Boswell and Mahowald, 1985). The Tudor domain protein motif present in Drosophila
Tudor, and Tudor-domain containing proteins like Tdrd7, has been implicated in proteinprotein interactions with methylated protein substrates (Arkov et al., 2006). The predicted
RNA binding domain of Tdrd7 is a recently described novel domain called OST-HTH, for
Oskar/TDRD5/TDRD7 Helix Turn Helix (Anantharaman et al., 2010). Loss-of-function
morpholino studies targeting tdrd7 in zebrafish indicate that zygotic Tdrd7 protein is not
essential in primordial germ cell survival or germline development; however, aberrant
perinuclear granules in tdrd7-morpants suggests that Tdrd7 function may be required in the
maintenance of germ granule integrity (Strasser et al., 2008). This role seems conserved based
on analysis of a collection of point mutant alleles within the 11 Tudor domains of Drosophila
Tudor, some of which are required for polar granule architecture (Arkov et al., 2006). Taken
together it appears that zebrafish Tdrd7 may serve as a docking protein that can both bind
mRNAs and regulate perinuclear granule assembly (Arkov et al., 2006; Strasser et al., 2008).
The role of Tdrd7 in aggregating germ plasm components is echoed by a similar role for
its family member Tdrd1 (Huang et al., 2011). Zebrafish tdrd1 mutant gonads do not
complete sexual maturation similar to the zili and ziwi mutants (Houwing et al., 2008;
Houwing et al., 2007; Huang et al., 2011); however, primordial oocytes from 3-week old
trdrd1 mutants appear to be defective in nuage accumulation. The similar phenotypes
between ziwi, zili and tdrd1 mutants led the authors to propose that these genes act in the
same piRNA pathway (Huang et al., 2011). Although Tdrd1 does not directly bind RNA, it
has been found in complexes that contain the piRNA binding proteins Ziwi and Zili, (Huang
et al., 2011). In conjunction with murine data of Piwi protein interaction with Tudor proteins,
these data suggest that Zebrafish Tdrd7 and Tdrd1 may act to promote aggregation of nuage
as molecular scaffolding proteins for piRNA components (Huang et al., 2011; Vagin et al.,
2009; Strasser et al., 2008).
The ELAV proteins, also known as Hu proteins, are additional RNAbps that may play a
role in development of the zebrafish germline. ELAV proteins, named for Drosophila mutants
with an Embryonic Lethal Abnormal Vision phenotype, are RNA-binding proteins comprised
of three RNA recognition motifs and have been implicated in numerous post-transcriptional
functions (Reviewed in (Keene, 2001)). In zebrafish, the ELAV family contains five
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members; two are neuron-specific (HuC/elavl3 and HuD/elavl4), two are expressed
ubiquitously (HuR/elavl1 and HuG), and only one has both neuron and germ cell
expression—HuB otherwise known as elavl2 (Thisse, 2004). The elalvl2 RNA is broadly
expressed during gastrulation stages, and becomes restricted to the neural tissues and
primordial germ cells of 24hpf embryos (Mickoleit et al., 2011). In addition, protein produced
from RNA constructs harboring a fluorescent protein fused to the elavl2 coding sequence
accumulates in the perinuclear granules of PGCs (Mickoleit et al., 2011). In an independent
study, the authors mapped the relevant region of the 3‘UTR to the last 144 nucleotides of
elavl2 and provided evidence for a mechanism that involves Dazl mediated stabilization and
translation of elavl2 transcripts (Wiszniak et al., 2011). The expression of elavl2 and
localization of its fusion protein suggest it may play a role in zebrafish germ cell
development; however, little is known about the function of this protein in this context. The
Drosophila homolog of elavl2, Rbp9, is required for differentiation of oocyte progenitors
(Kim-Ha et al., 1999), while mouse ELAV1/HuR is necessary for meiotic events in
spermatogenesis (Chi et al., 2011). Rbpms2 (RNA binding protein with multiple splicing 2) is
the zebrafish homolog of Xenopus Hermes, and is the only known RNAbp to localize to the
Balbiani body of zebrafish stage I oocytes (Kosaka et al., 2007). Recently, reports in both
Xenopus and zebrafish have demonstrated physical interaction between Rbpms2 and an
essential regulator of Balbiani body formation and a Balbiani body-localized protein, Bucky
ball (Nijjar and Woodland, 2013; Heim et al., 2014 in press). Bucky ball, a protein with no
recognizable functional domains, is required in zebrafish oogenesis for assembly of the
Balbiani body and subsequent establishment of the animal-vegetal axis in the oocyte and
embryo (Bontems et al., 2009; Marlow and Mullins, 2008). Owing to its lack of functional
domains, it is not clear how Bucky ball mediates Balbiani body formation. However, recent
reports demonstrating the conserved interaction between Bucky ball and Rbpms2 suggest that
Buc may recruit germ plasm RNAs to the Balbiani body by physical interaction with RNA
binding proteins (Heim et al., 2014, in press; Nijjar and Woodland, 2013). Determining if
Rbpms2 is essential for oocyte polarity and germ plasm assembly awaits generation of
mutants disrupting the zebrafish rbpms2 genes. Rbpms2 interactions with Buc and RNAs that
localize to the Balbiani body, including buc RNA of zebrafish and nanos RNA of frogs,
provide evidence for a possible mechanism to recruit RNA components of the Balbiani body
(Heim et al., 2014 in press; Song et al., 2007) (Song et al., 2007). However, the region of buc
RNA that is bound by Rbpms2 is unknown, and full rescue of buc mutants requires transgenic
versions of buc with introns (Heim et al., 2014in press). Similarly, the zebrafish syntabulin
RNA localizes to the Balbiani body and syntabulin mutant phenotypes require syntabulin
transgenes containing the first intron for phenotypic rescue (Nojima et al., 2010). Such a
requirement for exon:intron structure has been well-characterized for the transcript oskar, the
Drosophila germ plasm organizer, which also requires the first intron for transgenic rescue of
the mutant phenotypes (Hachet and Ephrussi, 2001). Therefore, the exon junction complex
may have a function in directing posttranscriptional regulation (e.g. localization or
translational control of transcripts). In support of this hypothesis, several protein components
of the exon junction complex are required for oskar mRNA transport in the oocyte (Hachet
and Ephrussi, 2001; Mohr et al., 2001; Newmark and Boswell, 1994; Palacios et al., 2004).
Thus, it appears that exon-junction proteins may interact with RNA binding proteins or
translational machinery by an unknown mechanism to precisely control the timing and
location of translation.
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CONCLUSION
In zebrafish, RNA binding proteins are essential to mediating the post-transcriptional
regulation of RNAs during the long period of transcriptional silence spanning from oocyte
maturation to early embryonic development. Some of the RNA binding proteins discussed
herein, including zebrafish Dead End and Nanos3, have essential zygotic (and maternal in the
case of nanos3) roles in germ cell development; however, the others are implicated based on
their localization to germ plasm or PGCs, and mutant phenotypes in other organisms.
Although RNA binding proteins are expected to be essential to the process of maternal germ
plasm-mediated PGC specification and development, very few have been functionally
assessed in zebrafish because the relevant genes remain unknown and maternal-effect mutants
have not been available. Recent advances in reverse genetics technology now make it possible
to systematically mutate and investigate the essential functions of candidate RNA binding
proteins that are compelling germ plasm regulators based on their spatiotemporal localization
or affinity for known germ plasm components. Such an approach will greatly improve our
understanding of RNA metabolism, post-transcriptional regulation, and fate determination in
the germline. Significantly, even in animals that do not use germ plasm to specify their
germline, loss of RNA binding protein genes functions areis known to result in various germ
cell defects ranging from mild meiotic phenotypes to complete sterility. Thus, understanding
the functions of RNA binding proteins within the germ plasm, which likely play conserved
roles in the gametogenesis of all animals, has important implications for the basis of fertility
and infertility in vertebrates.
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