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Abstract

RNA localization is a fundamental mechanism for controlling cell structure and function. Early 

development in fish and amphibians requires the localization of specific mRNAs to establish the 

initial differences in cell fates prior to the onset of zygotic genome activation. RNA localization in 

these oocytes (e.g., Xenopus and zebrafish) requires that animal-vegetal polarity be established 

early in oogenesis, mediated by formation of the Balbiani body/mitochondrial cloud. This 

structure serves as a platform for assembly and transport of germline determinants to the future 

vegetal pole and also sets up the machinery for the localization of non-germline transcripts later in 

oogenesis. Understanding these polarization and localization mechanisms is critical for 

understanding the basis for early embryonic development in these organisms and also for 

understanding the role of RNA compartmentalization in animal gametogenesis. Here we outline 

recent advances in elucidating the molecular basis for the establishment of oocyte polarity at the 

level of Balbiani body assembly as well as the formation of RNP assemblies for early and late 

pathway mRNA localization in the oocyte.

1 Introduction

The eggs of many animals are highly polarized, often leading to different cell fates arising 

from different regions of the egg. The amphibian egg is a long-studied example of a 

polarized egg: the pigmented animal pole region, from which the polar body is extruded, 

forms the nervous system and epidermis, whereas the gut derivatives are derived from the 

vegetal pole. Additionally, in anuran amphibians such as Xenopus, the future germline arises 

from vegetal cells through the inheritance of germ plasm, a cytologically distinct collection 

of mitochondria and other organelles, along with dense germ granules. Classic amphibian 

embryological experiments have demonstrated the general importance of regional vegetal 

factors in critical aspects of development, including dorsal axis formation, germ layer 

establishment, and primordial germ cell (PGC) fate. Relative displacement of the vegetal 

cortex was implicated in dorsoventral axis patterning (Ancel and Vintembenger 1948), and 

vegetal cells induce mesoderm fate in more equatorial and animal cells (Nieuwkoop 1969; 

Sudarwati and Nieuwkoop 1971). Additionally, ultraviolet irradiation of the vegetal pole 

(but not the animal pole) leads to loss of PGCs and sterility that is rescuable by 

transplantation of vegetal cytoplasm (Bounoure 1937; Bounoure et al. 1954; Smith 1966; 

Ikenishi et al. 1974; Züst and Dixon 1975; Wakahara 1977).
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Since these seminal experiments, a number of equally important studies have established 

primary roles for individual maternal messenger RNAs (mRNAs) localized during oogenesis 

in mediating germ layer and PGC fates in Xenopus development. Since the cloning of gdf1 
(alias vg1), the first localized mRNA to be identified in any organism (Rebagliati et al. 1985; 

Weeks and Melton 1987), improvements in technology and the sequencing of Xenopus 
genomes (Hellsten et al. 2010; Session et al. 2016) have allowed the large-scale 

characterization and annotation of vegetally localized mRNAs. Subtractive hybridization, 

different microarray strategies, and RNA sequencing have all been used and have generated 

quite consistent and progressively more complete results (reviewed in Houston 2013). 

Estimates of the total number of vegetally localized RNAs, around 400 (out of 10,000 

maternally expressed mRNAs), are satisfyingly close to the original estimates of vegetal 

RNA localization obtained from kinetic hybridization experiments [~4% of total poly(A) 

RNA (Carpenter and Klein 1982; Cuykendall and Houston 2010)]. Additionally, specific 

pathways mediating the localization of transcripts to the vegetal pole have been 

characterized, involving regulation of the cytoskeleton and specific RNA-binding proteins. 

In some cases, homologous proteins mediate RNA localization in somatic cells, suggesting 

the existence of a conserved core mechanism for RNA transport in cells (Kloc et al. 2002b; 

King et al. 2005; Houston 2013).

In Xenopus and zebrafish, animal-vegetal polarity is established early in oogenesis, in 

conjunction with the formation of the conspicuous Balbiani body/mitochondrial cloud. This 

structure serves as a hub for localization for the so-called early pathway/METRO RNAs and 

is the main pathway for localization to the germ plasm (Forristall et al. 1995; Kloc and Etkin 

1995). During the vitellogenic stages, this mitochondrial cloud breaks down, and the 

fragments localize to the future vegetal pole cortex, establishing a definitive structural 

polarity to the oocyte. This fragmenting cloud sets up the path for “late pathway” mRNAs to 

localize to the cortex (reviewed in Kloc et al. 2002b). These mRNAs generally lack strict 

commonality of function but rather seem to act broadly in germ layer induction and 

patterning in the vegetal hemisphere. A subset of mRNAs can localize to the germ plasm but 

also more widely form a little understood “intermediate pathway” (reviewed in Houston 

2013). This review will highlight recent advances in understanding the establishment of 

animal-vegetal polarity and formation of the Balbiani body in both Xenopus and zebrafish as 

well as the formation of ribonucleoprotein (RNP) granules involved in RNA localization and 

their roles in the various localization pathways.

2 The Origin of Animal-Vegetal Polarity During Oogenesis

2.1 Oocyte Formation and Polarization

Oogenesis in vertebrates begins when PGCs reach the genital ridge and form germline cysts, 

with oogonia remaining connected by ring canals after incomplete cell divisions (Pepling et 

al. 1999). These ring canals are intercellular bridges thought to be important in distributing 

nutrients and maintaining synchronous development signals in the premeiotic oogonia. In 

Xenopus and also zebrafish, oogenesis is a continuous process in the adult, with cysts arising 

from germline stem cells at different time points and resulting in a collection of 

asynchronous stages in the mature female ovary (Pelegri 2003; Rasar and Hammes 2006). 
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Cysts form through a series of four mitotic divisions in the nest providing 16 cystocytes all 

of which will eventually form oocytes (Kloc et al. 2004a). When the ring canals are broken 

down, the cystocytes are disconnected and enter pre-stage I of oogenesis where prophase of 

meiosis I begins (al-Mukhtar and Webb 1971; Coggins 1973).

Subsequently, the Balbiani body develops from one of many “premitochondrial clouds” 

(Heasman et al. 1984; Kloc et al. 1996) adjacent to the germinal vesicle (GV; i.e., the 

nucleus in oocytes) and becomes positioned toward the future vegetal pole. This marks the 

first incidence of asymmetry and the orientation of AV polarity in a cell that must expand at 

least 100 times in size (Dumont 1972; Selman et al. 1993). As the oocyte concludes stage I 

and transitions into stage II, the oocyte is arrested in diplotene of meiosis I. During the 

subsequent progression through oogenesis (Dumont 1972; Selman 1993), there is a massive 

growth phase to accommodate the accumulation of yolk, synthesis of proteins and RNAs, as 

well as a drastic rearrangement of cytoskeleton.

The formation and function of the Balbiani body,1 or mitochondrial cloud, in early oocytes 

have remained largely mysterious since its discovery in myriapods and arachnids (reviewed 

in Wilson 1928; Kloc et al. 2004b). The Balbiani body appears in early oocytes of many 

animals, including the mouse, which was thought to be a notable exception until recently 

(Guraya 1979; Kloc et al. 2004b, 2008; Pepling et al. 2007). In organisms with maternal 

inheritance of germ plasm, the Balbiani body serves as the source for this material (Heasman 

et al. 1984), whereas the structure uniformly disperses in mammals (Pepling et al. 2007; 

Kloc et al. 2008) and presumably other organisms as well. The ultrastructure of the Balbiani 

body is similar to other intracellular “bodies” including the chromatoid body in spermatids, 

the germ plasm in oocytes, and other RNA-processing structures (e.g., P bodies, stress 

granules). It is likely that the assembly of such a structure in germ cells is essential for 

gametogenesis. And, this structure may have been adapted to localize and store mRNAs and 

contribute to germ plasm in diverse animal lineages where it has evolved (reviewed in 

Extavour and Akam 2003). Additionally, the Balbiani body may act to select and concentrate 

the more active (i.e., “healthy”) mitochondria (Kogo et al. 2011; Boke et al. 2016), a feature 

that would also be useful for future PGCs inheriting germ plasm, since early embryos 

typically do not generate new mitochondria [Xenopus: (El Meziane et al. 1989); mouse: 

(Shoubridge and Wai 2007)].

2.2 Molecular Regulation of Balbiani Body Assembly

Maternal effect genetic screens in zebrafish have provided critical insight into Balbiani body 

assembly (Dosch et al. 2004; Wagner et al. 2004). Mutants in the buckyball (buc) locus 

showed a loss of AV polarity during oogenesis, failure of Balbiani body formation, and 

concomitant loss of germ plasm RNA localization and animal pole cytoplasmic streaming 

and blastodisc formation (Dosch et al. 2004; Marlow and Mullins 2008; Bontems et al. 

2009). Buc encodes a rapidly evolving novel vertebrate protein with homology to Velo1, the 

1The Balbiani body was named in honor of Édouard Gérard Balbiani, a Haitian-born French naturalist and embryologist, by his 
student Louis Félix Henneguy (la vesicule de Balbiani/le corps vitellin de Balbiani). Balbiani studied the structure, which was first 
identified by von Wittich and Carus in 1845 and 1850, respectively, and termed the “yolk/vitellin nucleus”, Dotterkern, or corps 
vitellin in older literature (Wilson 1928; Kloc et al. 2004b).
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product of a localized mRNA in Xenopus [(Claussen and Pieler 2004; Bontems et al. 2009); 

Velo1 hereafter]. In fish embryos, overexpressed Velo1 can induce Balbiani body-like 

structures competent to recruit localized mRNAs (Bontems et al. 2009), suggesting that 

Velo1 may function analogously to Drosophila oskar in assembling the germ plasm, 

although there is no sequence or structural homology. Recent data suggest that Velo1 

contributes to Balbiani body assembly by forming amyloid-like fibrils (Boke et al. 2016; see 

below).

Zebrafish magellan (mgn) mutants also exhibit Balbiani body defects (Dosch et al. 2004; 

Gupta et al. 2010), although in this case the Balbiani body is enlarged and mispositioned. 

Germ plasm RNAs can localize but are not distributed vegetally. The mgn locus maps to 

microtubule-actin cross-linking factor 1 (macf1; (Gupta et al. 2010), which encodes a large 

and conserved spectraplakin-related protein, distantly related to the Shortstop protein in 

Drosophila, a component of the organellar fusome involved in germline cyst formation 

(Bottenberg et al. 2009). Macf1 has several functional motifs and can interact with F-actin, 

microtubules, and intermediate filaments to regulate cytoskeletal organization and organelle 

trafficking (Suozzi et al. 2012). Recent data suggest that Macf1 is required for basal body 

positioning and maintenance of polarity in retinal photoreceptors, suggesting similar 

mechanisms may mediate oocyte polarity and apicobasal polarity. Fusome material (likely 

containing Macf1) is clustered with the centrosome and premitochondrial cloud aggregates 

in Xenopus germline cysts (Kloc et al. 2004a), providing a site of possible functional 

interaction that might explain the apparent opposing effects for Macf1 and Velo1. Also, the 

Balbiani body becomes surrounded by a “net” of cytokeratin (Heasman et al. 1984; Gard et 

al. 1997), which could interact with Macf1 during its localization or disassembly.

Evidence suggests that Balbiani body assembly involves a feedback localization loop with 

velo1 mRNA and protein and self-organizing properties of Velo1 protein itself. In zebrafish, 

Velo1 protein is localized asymmetrically and perinuclearly in premitochondrial cloud-stage 

oocytes [zygotene; prior to velo1 mRNA localization; (Heim et al. 2014)]. Also, Velo1 

protein binds to putative translation-promoting RNA-binding proteins Dazl and Rbpms2 

(alias Hermes), which themselves bind velo1 mRNA (as well as other mRNAs, including 

possibly their own) (Heim et al. 2014)—thus, a local stochastic activation of Velo1 

translation would be sufficient to recruit additional Velo1 and amplify its own expression 

and localization. However, velo1 RNA is not localized to the mitochondrial cloud in 

Xenopus, so it is possible that recruitment of the protein is more critical.

Interestingly, Elkouby et al. (2016) show that the Balbiani body in zebrafish arises 

subsequent to the formation of the “chromosome bouquet,” a polarized arrangement of 

telomeres at the nuclear envelope, during zygotene of meiosis I (Fig. 1). The bouquet is 

formed during the early stages of prophase and is thought to function in homologous 

chromosome pairing (Zickler and Kleckner 1998; Scherthan 2001; Harper et al. 2004). Both 

the bouquet and Balbiani body are conserved in animal meiosis but had not previously been 

linked together. Co-localization studies showed that Balbiani body/germ plasm components 

localize to the bouquet at the nuclear envelope during zygotene, along with mitochondria, 

the centrosome, and nuclear pore proteins (Elkouby et al. 2016). These germ plasm 

components include dazl mRNA (see above), Velo1 and Ddx4 (alias Vasa) proteins, as well 
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as Piwi pathway proteins (Piwil1/2, alias Ziwi/Zili). Analysis of buc mutant zebrafish 

showed that bouquet formation and initial polarization are normal in buc mutants and that 

AV polarity is eventually lost in the absence of Balbiani body assembly. Importantly, 

inhibition of microtubule polymerization (nocodazole) blocked the clustering of telomeres, 

centrosomes and Balbiani components, suggesting that bouquet microtubules are the critical 

connection between nuclear asymmetry and the assembly of the Balbiani body and 

establishment of the future vegetal pole (Elkouby et al. 2016). The role of microtubules in 

this process remains unclear, as does the ultimate source of asymmetry, although Elkouby et 

al. (2016) hint that the final cell division plane in the germline cyst may be involved.

2.3 Structural Role of Velo1 in the Balbiani Body and Germ Plasm

Recent data suggest that Velo1 likely plays a key structural role in the formation and 

possibly the dispersal of the Balbiani body and germ plasm. Full-length Velo1 protein is 

highly enriched in the Balbiani body (Nijjar and Woodland 2013a; Heim et al. 2014; Boke et 

al. 2016). In Xenopus there is also a shorter variant lacking a region in the C-terminal 

intrinsically disordered region (IDR) that does not localize to the Balbiani body but 

accumulates in later-stage germ plasm islands (Nijjar and Woodland 2013a). Depletion of 

this short velo1 isoform RNA with antisense oligos (but not the full-length RNA) resulted in 

dispersal of germ plasm islands in cultured stage VI oocytes (Nijjar and Woodland 2013a). 

Additionally, Balbiani bodies bind Thioflavin T, a fluorescent probe specific for amyloid 

fibrils (Boke et al. 2016), suggesting a role for these structures in the Balbiani body. The N-

terminus of Velo1 contains a prion-like domain (PLD), a sequence involved in promoting 

conformational changes to form amyloid fibers (Alberti et al. 2009). Tagged Velo1 can 

localize to the Balbiani body in a manner dependent on its specific PLD (Nijjar and 

Woodland 2013a; Boke et al. 2016). Also, Velo1 protein can form amyloid fibrils in vitro 

and can also directly mediate clustering of mitochondria and RNA. The latter activity was 

non-sequence-specific however (Boke et al. 2016).

Balbiani body Velo1 is thought to form a stable matrix, as shown through low mobility in 

FRAP experiments. Interestingly, however, this behavior may change during Balbiani 

fragmentation during oogenesis. The Velo1 PLD was also necessary and sufficient for 

localization to germ plasm islands when injected into stage VI oocytes, whereas the 

amyloid-forming IDR was dispensable (Nijjar and Woodland 2013a). Furthermore, Velo1 

may be phosphorylated in eggs and is likely not present as amyloid (Boke et al. 2016). 

Correspondingly, Velo1 and other proteins are mobile in stage VI germ plasm, which would 

also be inconsistent with an inert amyloid structure (Nijjar and Woodland 2013a). The 

significance of these differences in Velo1 behavior are not clear, but it has been known for 

some time, based on ultrastructural and mRNA localization studies, that germ plasm 

assembles in a specific vegetal subregion of the Balbiani body (Kloc and Etkin 1995; Kloc et 

al. 2002b). Thus, the formation of bona fide germ plasm may involve different structural 

forms of Velo1, likely in addition to specific protein-protein interactions and the formation 

of germ plasm RNP granules [i.e., see (Nijjar and Woodland 2013a; Aguero et al. 2016)]. 

These mechanisms will be briefly reviewed in the following section. It is interesting to note 

however that these RNPs are thought to form via structural transition states involving 

disordered protein domains, although involving hydrogel states as opposed to amyloid.
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Taken together, these studies suggest that the Balbiani body is a semi-inert mass of amyloid 

and other proteins, mitochondria, and RNAs that is localized by nuclear asymmetry in early 

meiosis and formed through localized self-organization. The Balbiani body may contribute 

to general early oogenesis and also serve as the site for RNA localization and germ plasm 

assembly in animals that possess it.

3 RNA Localization Mechanisms

3.1 RNA Localization Pathways in Xenopus

Two main general mechanisms for RNA localization in Xenopus oocytes have been 

identified (Forristall et al. 1995; Kloc and Etkin 1995): an early pathway in stage I oocytes 

which localizes RNAs to the germ plasm for germline specification and axis formation and a 

late pathway occurring around stage III that localizes RNAs via microtubules to the cortex 

throughout the vegetal hemisphere for somatic fate (reviewed in Houston 2013; summarized 

in Fig. 2). A number of RNA sequence motifs within larger localization elements (LE) have 

been identified in addition to required RNA-binding proteins; however, the same cis and 

trans-acting components appear to be used by both localization pathways. These elements 

generally include superclusters of UUCAC (VM1) and UUUCU (E2) motifs, which are 

bound by Igf2bp3 and Ptbp1 proteins, respectively (reviewed in Houston 2013). However, 

these motifs may only be a requirement for a distinct population of RNAs, including the 

well-studied gdf1 and vegt. Additional localized RNAs including dnd1, velo1, and plin2 do 

not possess clustered UUCAC and UUUCU motifs, yet they continue to localize to the 

vegetal pole (Chan et al. 1999; Claussen et al. 2004; Horvay et al. 2006), indicating that 

much remains unknown about the ultimate determinants of how RNAs are recognized for 

transport.

One of the main roles of mRNA localization is to spatially and temporally regulate 

translation of transcripts to restrict protein expression. Although long associated with the 

germline, it is becoming increasingly apparent that the compartmentalization of various 

aspects of RNA metabolism into large-scale macroscopic bodies or assemblages is critical 

for normal cell structure and function (reviewed in Voronina et al. 2011; Toretsky and 

Wright 2014; Courchaine et al. 2016). Additionally, these bodies lack surrounding 

membranes and are thought to form “droplets” by what is termed liquid-liquid phase 

separation (Courchaine et al. 2016). Such bodies include in the nucleus, the nucleoli, Cajal 

bodies, and nuclear speckles, and in the cytoplasm, the P bodies, stress granules, and germ 

granules (Voronina et al. 2011). Centrosomes likely also exhibit this behavior (Zwicker et al. 

2014). Liquid phase transition behavior was first seen for nematode P granules, homologues 

of the germ granules (Brangwynne et al. 2009). This transition has since been shown to 

depend on low complexity/intrinsically disordered protein regions (LC/IDRs) present in 

many RNA-binding proteins, with droplet formation occurring at high local concentrations 

of proteins and RNAs (Kato et al. 2012; Han et al. 2012). Additionally, because these 

structures are dynamic, their regulated phase transitions would be a compelling mechanism 

for the packaging and unpacking of cell fate determinants. Table 1 summarizes the RNA-

binding proteins discussed in this review and identifies their propensity to oligomerize.
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3.2 Germ Plasm RNA Localization

RNA localization to the germ plasm and germ granules is thought to occur by a diffusion/

entrapment-mediated mechanism (Zhou and King 1996; Kloc et al. 1996; Chang et al. 

2004), but the details of this mechanism is unclear. Cytoskeletal reorganization is thought to 

be dispensable for direct RNA localization to the germ plasm (Chang et al. 2004), but there 

may be a requirement indirectly through organelle trafficking (Heinrich and Deshler 2009). 

Structure-function analysis of the nanos1 30UTR identified distinct motifs required for 

localization to the mitochondrial cloud/Balbiani body and to germ granules (Zhou and King 

1996; Kloc et al. 2000, 2002a; Chang et al. 2004). However, these motifs are bound by 

similar proteins involved in late pathway RNAs [i.e., Igf2bp3 and Ptbp1 (Chang et al. 

2004)], suggesting that other proteins might provide the germ plasm specificity.

A series of recent studies have implicated the RNA-binding protein Rbpms2 (alias Hermes) 

in germ plasm RNA localization and germ granule formation. Rbpms2 is an RRM-

containing RNA-binding protein initially identified in heart development but also as a 

vegetally and Balbiani body localized mRNA in Xenopus (Gerber et al. 2002; Zearfoss et al. 

2004) and zebrafish (Kosaka et al. 2007; Marlow and Mullins 2008). In addition to having 

likely roles in controlling the cell cycle, Rbpms2 binds to nanos1 mRNA (likely with other 

RNA-binding protein partners; see below) and localizes to germ granules in forming and 

maturing Balbiani bodies, as shown by immunoelectron microscopy (Song et al. 2007). 

Rbpms2 and nanos1 are co-localized in stage VI oocyte germ plasm islands, along with 

another germ plasm RNA, pgat (alias xpat) (Nijjar and Woodland 2013b). These structures 

likely represent germ granules, since this localization has been demonstrated by electron 

microscopy, along with ddx25 (Kloc et al. 2002a). Interestingly, Rbpms2 showed rapid 

recovery in germ plasm in FRAP experiments, whereas nanos1 did not, suggesting that 

Rbpms2 may shuttle nanos1 into more stable germ granules (Nijjar and Woodland 2013b). 

Relatedly, Rbpms2 can bind to velo1 RNA and protein, and this interaction may facilitate 

recruitment to the Balbiani body to initiate germ plasm assembly (Heim et al. 2014).

Rbpms2 also binds other RNA-binding proteins, Rbm24b and Rbm42b, as well as the Velo1 

isoforms. Bimolecular fluorescence complementation analysis suggests that these interact 

cytoplasmically within the germ plasm and that Rbpms2 and Rbm42b interact in the 

germinal vesicle (Nijjar and Woodland 2013b). Additionally, Rbpms2 likely initiates nanos1 
RNP granule formation in the germinal vesicle. Rbpms2 requires other oocyte factors for 

RNA binding and self-multimerizes upon association with RNA (Gerber et al. 2002). One of 

these requisite oocyte proteins could be Rbm42b (see above). Recent data show that Rbpms2 

can bind nanos1 in the germinal vesicle and can also interact with Ptbp1 (alias hnRNPI), 

likely also in the GV (Aguero et al. 2016). Ptbp1 has been implicated in nuclear RNP 

formation and remodeling in the context of gdf1 localization (Lewis et al. 2008). It is 

tempting to speculate that differential remodeling might occur depending on the ultimate 

localization pathway, with Rbpms2 serving as a key Balbiani body determinant in the 

vertebrate oocyte. Also, many of these proteins are predicted to undergo liquid–liquid phase 

separation (Courchaine et al. 2016), although biochemical studies are lacking in the 

Xenopus system.

Oh and Houston Page 7

Results Probl Cell Differ. Author manuscript; available in PMC 2019 May 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Recent studies in cultured cells have shown that the DEAD-box helicase 4 (Ddx4), a 

conserved component of germ plasm-related granules, undergoes similar liquid phase 

separation events (Nott et al. 2015). The N-terminus of Ddx4 is an intrinsically disordered 

region (IDR) and mediates the phase transition. Interestingly, these Ddx4 droplets are less 

stable than and distinct from amyloid and are dependent on electrostatic interactions (as 

opposed to hydrogen bonding between amyloid beta-sheets). Arginine methylation and other 

perturbations could destabilize the droplets, suggesting a mechanism for dynamic regulation. 

Additionally, the droplets excluded double-stranded DNA and only incorporated RNAs, 

consistent with the formation of RNP-rich germ granules (Nott et al. 2015).

Overall, these observations suggest that germ plasm RNAs are nucleated into granules in the 

germinal vesicle, possibly by association of the Rbpms2 protein. These proto-germ plasm 

granules would then diffuse until anchored to the Balbiani body and ultimately incorporated 

into the germ plasm. It is unclear however how these would be distinguished from other 

localized mRNA RNP granules or what would mediate their organization within the 

proposed amyloid Balbiani body. Differential use of Velo1 isoforms or Velo1 

phosphorylation may be involved (Nijjar and Woodland 2013a; Boke et al. 2016).

3.3 Late Pathway RNAs and RNP Formation

Late pathway RNA localization differs from the early pathway mainly in that localization 

occurs after translocation of the Balbiani body vegetally and requires microtubule transport. 

Indeed, these RNAs likely follow in the wake of the localizing Balbiani body, possibly using 

transport apparatus assembled for that purpose. Numerous studies have identified a core set 

of proteins that bind vegetally localized mRNAs, although in many cases, these proteins do 

not distinguish between different pathways (reviewed in Houston 2013). Recent work by 

Snedden et al. (2013) has demonstrated that these proteins, which include Igf2bp3, Ptbp1, 

Hnrnpab, Prrp, Khsrp, and possibly Elav family proteins, bind RNAs that are targeted to 

both the animal and vegetal hemispheres. Intriguingly, phax (phosphorylated adaptor for 
RNA export), an animally localized RNA, was found to contain vegetal localization motifs 

(Snedden et al. 2013), suggesting that these are not the main determinant for vegetal 

localization. However, the presence of Staufen1 (Stau1), a ds-RNA-binding protein and a 

kinesin motor protein linker (Yoon and Mowry 2004; Allison et al. 2004), was implicated in 

late pathway localization, as cross-linking experiments demonstrated the absence of Stau1 

from complexes bound to early pathway RNAs and animal hemisphere transcripts (Snedden 

et al. 2013). Stau1 thus might provide the link to kinesin-based transport and is thought to 

associate with gdf1 RNPs upon nuclear export (Kress et al. 2004). The specificity of Stau1 

association with late localizing transcripts is not well understood, and coupling with nuclear 

export may not be required, since cytoplasmically injected RNAs are still able to achieve 

proper localization.

Recent work studying the localization of dnd1, whose 30UTR localization element lacks 

obvious similarity to that of gdf1, identified novel candidate localization proteins of the Elav 

family, including Elavl1/2 (ELAV like neuron-specific RNA-binding proteins 1 and 2; 

(Arthur et al. 2009) and Celf1 [CUGBP, Elav-like family member 1; (Bauermeister et al. 

2015)]. These proteins are conserved RRM-type RNA-binding proteins involved in RNA 
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processing at various levels, including mRNA stability, splicing, polyadenylation, and 

translational control (reviewed in (Hinman and Lou 2008; Dasgupta and Ladd 2012). Celf1 

also has roles in regulating mRNA deadenylation in Xenopus embryos through U(A/G)-rich 

EDEN (embryo deadenylation) elements (Paillard et al. 1998). These proteins bind to a 

central region of the dnd1 30UTR enriched in uracil and guanine, although no specific 

sequences were identified, and both Elavl1/2 and Celf1 could co-immunoprecipitate with 

each other and with core RNP components Stau1, Igf2bp3, and Hnrnpab, likely in an RNA-

dependent manner (Arthur et al. 2009; Bauermeister et al. 2015).

RNA binding of Celf1 was suggested to be in low affinity (Bauermeister et al. 2015) and 

Celf1 bound a subset, but not all vegetally-localizing RNAs, including vegt, trim36, and 

spire1. All of these RNAs appear to be able to localize through the late pathway (Zhang and 

King 1996; Le Goff et al. 2006; Cuykendall and Houston 2009), although dnd1, trim36, and 

spire1 likely belong to the “intermediate” class of localized RNAs since they also 

preferentially accumulate in the germ plasm (Horvay et al. 2006; Le Goff et al. 2006; 

Cuykendall and Houston 2009). Interestingly, vegt mRNA can also accumulate somewhat in 

the germ plasm (Sudou et al. 2016), suggesting that many localizing RNAs may have this 

property, possibly through nonspecific RNP droplet association. Curiously, vegt undergoes a 

“relocalization” during the cleavage stages and becomes enriched dorsoanimally and 

accumulates around vegetal nuclei (Sudou et al. 2016), although the specificity and 

significance of this behavior is unclear.

Elavl2 and Celf1 are able to oligomerize (Devaux et al. 2006; Cosson et al. 2006), 

suggesting these proteins may be involved in forming RNP granules through liquid–liquid 

phase transitions. These proteins are also required for localization of the RNAs they bind, 

but not unbound ones (Arthur et al. 2009; Bauermeister et al. 2015), and their mutual 

interactions suggest that these proteins may form heterogeneous RNP granules for the 

localization of a subset of vegetal transcripts. Oligomerization has been shown to be 

required for Celf1-mediated deadenylation (Cosson et al. 2006) and may be true for RNA 

localization. Celf1 along with Igf2bp3 may also have a role in anchoring at the vegetal 

cortex (Git et al. 2009; Bauermeister et al. 2015). Elavl1/2 along with Dnd1 itself are 

thought to protect dnd1 and other RNAs from miRNA-mediated degradation in germ 

plasmcontaining cells (Kedde et al. 2007; Koebernick et al. 2010). In general, RNA 

localization is correlated with translation repression and stabilization, but the interplay of the 

various RNA-binding proteins involved in these processes and their regulation 

spatiotemporally are not well understood mechanistically.

4 Conclusions and Future Directions

Localized determinants in the egg play critical roles in development. Recent years have seen 

a great deal of progress in not only identifying many of these determinants but also in 

discovering how cell polarity is established in the oocyte and key determinants are localized 

in the first place.

The Balbiani body has garnered recent attention in this regard. This structure is conspicuous 

in the oocytes of animals and its role in servingas the source of germ plasm (Heasman et al. 
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1984), and a hub for localized RNAs (Forristall et al. 1995; Kloc and Etkin 1995) had been 

well studied. However, not all animals use germ plasm for specification of the germline yet 

still develop Balbiani bodies, including myriapods (where the Balbiani body was first 

observed) (Extavour and Akam 2003) and mouse (Pepling et al. 2007). It has been 

speculated that the Balbiani body sequesters high-quality mitochondria and suppresses 

respiration, thus limiting potential oxidative damage during oocyte dormancy and passage to 

the next generation (Kogo et al. 2011; Boke et al. 2016). However, there is a similar 

structure formed in sperm, the chromatoid body, which does not pass on mitochondria. Thus, 

it is likely the Balbiani body minimally serves a more general function in gametogenesis, 

regulating cytoplasmic RNA processing and storage and transposon silencing. And, this 

body could then serve as a scaffold allowing for the evolution of novel functions, including 

the germ plasm in multiple lineages where this occurs.

The demonstration that the Balbiani body forms in association with the chromosomal 

bouquet in meiosis shows that nuclear asymmetry can drive oocyte polarity (Elkouby et al. 

2016). However, it remains unclear to what extent bouquet formation occurs stochastically 

along the nuclear envelope or is itself directed by existing polarity determinants in the 

oogonia, such as the centrosome or mitochondrial aggregates. If this were the case, then 

vegetal polarity would be carried over from the polarity in the progenitor cells. In either 

case, the mechanisms linking the chromosomal bouquet to localizing Velo1 and nascent 

Balbiani body components need to be elucidated; these could include the SUN-KASH 

domain proteins involved in homolog pairing in meiosis (Starr and Fridolfsson 2010). 

Additionally, the mechanisms controlling dazl mRNA localization to the bouquet would be 

interesting to determine, since Dazl plays numerous roles during germline development (Fu 

et al. 2015). Rbpms2 may also have a critical role in this early localization, given its role in 

later RNA localization events.

An association of the Balbiani body and the chromosomal bouquet was also seen in a 

primitive insect Thermobia (Tworzydlo et al. 2016; Bilinski et al. 2017), suggesting its 

conservation in animals. The significance of coupling bouquet formation with Balbiani 

assembly is not known, but linking a meiotic event with Balbiani assembly may ensure that 

its formation is limited to germ cells. Interestingly, Balbiani body assembly occurs within a 

“nuclear cleft” (Elkouby et al. 2016) which is likely similar to the classically characterized 

“nuclear bay” concavity that typically surrounds the centrosome (Wilson 1928).2 Recently 

these nuclear bays have been shown to accumulate proteins destined for degradation in the 

pericentriolar material (Fuentealba et al. 2008), potentially implicating these structures in 

protein turnover during oocyte polarity and Balbiani body formation. Additionally, the 

ability of Velo1 to assemble into amyloid aggregates and co-aggregate mitochondria and 

RNA (Boke et al. 2016) suggests that the process is largely selforganizing and does not 

require specific directed transport and assembly.

The Balbiani body serves as the site for germ plasm assembly, which also likely occurs 

through self-organization. RNAs have been shown to localize to germ plasm through 

2Curiously, Wilson, a leading figure in the early years of cell and developmental biology, considered the term centrosome 
“undesirable”, apparently preferring “central body” instead (Wilson 1928, p. 30).
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diffusion-entrapment, and recent data suggest a key role for Rbpms2 as a shuttling protein. 

Although different pathways for RNA localization have been known for some time, 

involving specific cis-RNA sequence elements, identifying specific trans-acting proteins has 

been more problematic. Definitive germ plasm assembly may involve phase transitions of 

Velo1 from the amyloid structure used in Balbiani body assembly to hydrogel or other 

forms. Velo1 can associate with RNAs but nonspecifically and may thus provide an initial 

low-affinity step in RNA localization, after which more specific interactions mediate the 

localization into germ plasm/germ granules. This latter process is not well understood; only 

one RNA element and no trans-acting factors have been identified.

Rbpms2 may be a key determinant for the early pathway since it can interact with nanos1 
RNA and Velo1 protein, although how it recognizes specific RNAs is unclear. Similarly, 

StauI appears specific for late pathway RNAs, and the specificity of its association is 

similarly not understood. Since StauI is a dsRNA-binding protein, it is tempting to speculate 

that RNP assembly and remodeling create a double-stranded region recognized by StauI and 

coupled to the transport machinery.

The number of LE studied mechanistically has been increasing but is still limited and has 

identified divergent LE using a set of overlapping general RNA-binding proteins. Unifying 

these mechanisms as well as identifying distinct cellular “addresses” in the oocyte for 

various localized RNAs will be one of the future challenges. RNA localization research 

suffers several inherent technical limitations, including the promiscuous nature of many 

RNA-protein interactions and the propensity of RNPs to interact in liquid phase granules. 

Also, many studies have relied on overexpressed proteins and RNAs, which, while 

informative in general, may fail to uncover subtle features of localization.

Increasingly sophisticated technological advancements are becoming available and could 

shed light on RNA localization mechanisms in the oocyte. These methods include high-

throughput analysis of RNAs bound to specific proteins using various “Clip-omics” (cross-

linking and immunoprecipitation) approaches [i.e., PAR-Clip, HITS-Clip, iClip; e.g., 

(Ascano et al. 2011)], similar proteomics strategies to identify interacting proteins, and 

computational prediction of RNA-binding protein binding sites (Li et al. 2013). 

Additionally, genome editing should allow more robust labeling and tagging of localized 

RNAs in vivo to gain a more precise picture of endogenous RNA localization mechanisms 

[e.g., (Nelles et al. 2016)]. Last, the increasing applicability of single-molecule analysis and 

biochemistry is likely to enable unforeseen detail of molecular interactions in the assembly 

of localization granules. Xenopus has proven especially suitable for studying RNA 

localization, owing to the large size and accessibility of oocytes and abundant material for 

biochemical or physical fractionation. Many of these newer methods are only now being 

applied to oocyte RNA localization, and given the large number of localized RNAs 

identified along different pathways in Xenopus, there is considerable opportunity to 

elucidate many novel basic aspects of RNA localization.
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Fig. 1. 
Generalized stages of Balbiani body assembly (Bb). Stages of oogenesis are indicated above 

each panel. Early oogonia are not polarized and undergo a symmetry-breaking event upon 

meiotic entry, leading to chromosomal bouquet formation, clustering of telomeres, and 

alignment with the centrosome. Subsequently, in zygotene of meiosis I, Bb precursors are 

polarized, including Velo1 protein and RNA, Rbpms2, and dazl RNA. Velo1 self-organizes 

into an amyloid scaffold for the Bb, and localized RNAs are recruited and assembled into 

germ plasm/germ granules in a subregion of the Bb. Macf1 plays an inhibitory role in Bb 

assembly
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Fig. 2. 
Schematic of RNA localization pathways in the Xenopus oocyte. For the late localization 

pathway (stage III/IV), Ptbp1 and Hnrnpab associate with target RNAs in the germinal 

vesicle (GV, e.g., gdf1) along with Igf2bp3. Upon nuclear export, RNPs are remodeled to 

remove Ptbp1and allow binding of Igf2bp3 to RNA. Other factors also associate with the 

complex, including Kshrp and Elav proteins and/or Celf1 in the case of dnd1 mRNA 

localization. Also, Stau1 binds late localizing RNAs in the cytoplasm and couples them to 

the microtubule cytoskeleton. For the early pathway (stage I), RNPs are likely nucleated in 

the GV by Ptbp1 and Hnrnpab, in common with the late pathway, along with Rbpms2/

Hermes and an undefined RNA-binding protein partner (e.g., Rbm42 and others). In the 

cytoplasm, RNPs are remodeled to remove Ptbp1and Hnrnpab and incorporate other RNA-

binding proteins (e.g., Rbm24). These RNPs then associate with the Bb and then the germ 

plasm (GP) by diffusion-entrapment, likely mediated by Rbpms2 interaction with different 

conformational aggregate forms of the Velo1 protein. Double arrows indicate that Rbpms2 is 

likely in equilibrium in these complexes
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Table 1

RNA localization proteins

Protein Family RNA-binding domains Oligomerization References

Celf1 ELAV/Hu like 3 RRMs Yes Bauermeister et al. (2015), Arthur 
et al. (2009)

Dazl RRM containing 1 RRM Yes Heim et al. (2014), Fu et al. 
(2015)

Ddx4 (Vasa) DEAD box RNA helicase DEAD domain Yes Nott et al. (2015)

Dnd1 RRM containing 2 RRMs No Kedde et al. (2007), Koebernick 
et al. (2010)

Elav1/2 ELAV/Hu like 3 RRMs Yes Cosson et al. (2006), Devaux et 
al. (2006)

Hnrnpab hnRNP/RRM 2 RRMs Yes Xiang et al. (2015), Aguero et al. 
(2016)

Igf2bp3 (Vera) IMP/VICKZ KH þ RRM No Deshler et al. (1997), Havin et al. 
(1998)

Ptbp1 hnRNP/RRM 4 RRMs No Monie et al. (2005)

Rbm24b RRM containing 1 RRM Yes Nijjar and Woodland (2013a)

Rbm42b RRM containing 1 RRM Yes Nijjar and Woodland (2013a)

Rbpms2 (Hermes) RRM containing 1 RRM Yes Heim et al. (2014), Sagnol et al. 
(2014)

Staufen1 Double-stranded RNA binding DSRM Yes Martel et al. (2010)

Velo1 (Buc) YppG like Predicted RNA binding C-
terminal (K/R rich)

Yes Boke et al. (2016)

Characteristics of RNA-binding proteins involved in RNA localization and discussed in this review. The general mode of RNA binding is noted, as 
is the ability for self-interaction (oligomerization). All of these proteins contain IDRs either at the N- and C-termini and/or interspersed between the 
RNA-binding domains (our unpublished observations)
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