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1 | INTRODUCTION

Establishment of the anterior—posterior axis of the Drosophila embryo is among the most intensively studied develop-
mental processes. The insight of Christiane Niisslein-Volhard, Eric Wieschaus and their colleagues who carried out
comprehensive forward genetic screens to find mutations affecting this process, and their generosity in sharing data
and making their mutants available to other researchers enabled the molecular identification by the early 1990s of
many of the key genes involved and basic elucidation of the relevant pathways. Since that time a wealth of new
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information has been obtained, leading not only to a deep understanding of this developmental process, but also provid-
ing important insights into RNA-level mechanisms of gene regulation that are widely employed in biology. Now,
30 years later, remarkable new discoveries still emerge from studying this system, providing new knowledge about how
physical processes underlie regulation of genes responsible for cellular and developmental switches. Nevertheless,
important questions also still remain to be answered.

The central events of anterior—posterior patterning can be summarized as follows. bcd and oskar (osk) mRNAs are tran-
scribed in the nurse cells and transported through cytoplasmic bridges called ring canals to the presumptive oocyte, where,
during mid-oogenesis, they later accumulate at the anterior and posterior poles respectively (Berleth et al., 1988; Ephrussi,
Dickinson, & Lehmann, 1991; Kim-Ha, Smith, & Macdonald, 1991). Upon egg deposition, bcd is translated to produce an
anterior-to-posterior gradient of Bed protein, a homeodomain-containing transcription factor that regulates expression of
zygotic patterning genes in a concentration-dependent manner (Driever & Niisslein-Volhard, 1988a, 1988b). Osk is the key
maternal determinant for germ cell specification and for establishing the posterior somatic pole of the embryo (Ephrussi
et al., 1991; Kim-Ha et al., 1991; Lehmann & Niisslein-Volhard, 1986). osk RNA localizes to the posterior pole of the oocyte,
where it is translated, via three sequential mechanisms described in more detail below. Osk protein nucleates the assembly
of germ plasm in the late oocyte and formation of polar granules in the early embryo (Ephrussi et al., 1991; Ephrussi &
Lehmann, 1992; Smith, Wilson, & Macdonald, 1992). Polar granules are considered to be determinants of primordial germ
cells (PGCs), as cytoplasm containing polar granules induces pole cell formation at an ectopic site (Illmensee &
Mahowald, 1974). Vasa (Vas), a DEAD-box RNA helicase, Tudor (Tud), and Aubergine (Aub), a Piwi-family protein that
interacts with piwi-interacting RNAs (piRNAs), are key functional components of polar granules that are recruited down-
stream of Osk during later stages of oogenesis (Bardsley, McDonald, & Boswell, 1993; Breitwieser, Markussen, Horstmann,
& Ephrussi, 1996; Hay, Jan, & Jan, 1990; Lasko & Ashburner, 1990; Wilson, Connell, & Macdonald, 1996). Many other spe-
cific mRNAs are also recruited to polar granules, including nanos (nos), germ cell-less (gcl), and polar granule component
(pge) (Jongens, Hay, Jan, & Jan, 1992; Nakamura, Amikura, Mukai, Kobayashi, & Lasko, 1996; Wang & Lehmann, 1991;
Wharton & Struhl, 1991). nos encodes the main determinant for posterior pattern, while gcl and pgc are required for devel-
opment of PGCs (Gavis & Lehmann, 1992; Nakamura et al., 1996). While nos is not required for PGC specification, it is
essential for their subsequent development (Asaoka-Taguchi, Yamada, Nakamura, Hanyu, & Kobayashi, 1999; Forbes &
Lehmann, 1998). After fertilization and the migration of zygotic nuclei to the posterior pole, Osk also nucleates the forma-
tion of nuclear germ granules, ribonucleoprotein particles (RNPs) that are related to polar granules but are compositionally
distinct (Kistler et al., 2018). Through an unknown mechanism, nuclear germ granules, or perhaps Osk specifically, pro-
mote pole cell division.

Space constraints do not permit a comprehensive review of all relevant literature, so here I will focus on recent
advances toward understanding deployment and regulation of Bicoid (Bcd), the central determinant for anterior fate,
and on the assembly of RNP) complexes called polar granules, which specify posterior fate and PGCs (often called pole
cells in Drosophila).

2 | ESTABLISHMENT OF THE BCD GRADIENT
2.1 | bcd RNA movement is microtubule-dependent but randomly directed

bed mRNA is transcribed in nurse cells and transferred through the ring canals into the oocyte in later stages of oogene-
sis. Through several intermediate steps (Figure 1) it becomes tightly localized at the anterior pole of the oocyte, and its
localization depends upon the activities of three other genes, staufen (stau), swallow (swa), and exuperantia (exu), and
the ESCRT-II endosomal sorting complex (Irion & St Johnston, 2007; St Johnston, Driever, Berleth, Richstein, &
Niisslein-Volhard, 1989). Depolymerization of microtubules with drugs blocks all steps of bed localization (Pokrywka &
Stephenson, 1991). During late oogenesis, anterior localization of bcd is achieved through continuous microtubule-
dependent active transport (Weil, Forrest, & Gavis, 2006). However, beginning at the end of oogenesis bcd is anchored
at the anterior in an actin-dependent process (Weil, Parton, Davis, & Gavis, 2008).

A model for anterior bcd localization by which the motor protein dynein transports bed toward the minus-ends of
microtubules emerged based primarily on observations that disruption of dynein function by overexpressing dynamitin
results in dispersion of bcd RNA (Duncan & Warrior, 2002; Januschke et al., 2002). This model gained widespread
acceptance, and was supported by experiments showing that injected bcd mRNA into nurse cells recruits dynein-associ-
ated proteins required for mRNA transport (Bullock & Ish-Horowicz, 2001; Clark, Meignin, & Davis, 2007).
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FIGURE 1 Cartoon illustrating various stages of Drosophila oogenesis, with sites of bed RNA accumulation shown in blue. Germline
stem cells (GSCs) at the anterior end of the germarium undergo four transit-amplifying divisions and become enveloped by follicle cells (fc)
to form egg chambers. The four mitotic divisions that germ cells undergo have incomplete cytokinesis, so the 16 germline cells remain
interconnected by cytoplasmic bridges called ring canals. One of the germline cells that is connected to four other germline cells by ring
canals becomes specified as the oocyte (00) and is always located at the posterior end of the egg chamber. The other germline cells become
nurse cells (nc). Nurse cells synthesize RNAs and proteins that can be transferred into the oocyte through ring canals. After stage 10, the
cytoplasm of nurse cells is rapidly transferred into the oocyte. The nurse cells subsequently die and the mature stage 14 egg remains

However, a more recent study using improved imaging techniques to visualize bcd RNA in living oocytes confirms that
bed localization requires dynein, but paints a more complex picture than simple minus-end directed transport (Trovisco
et al., 2016). This study used a construct, bedMS2, that expresses the bed 3' UTR, which is sufficient for all stages of localiza-
tion (Macdonald & Struhl, 1988) fused to 11 copies of a stem-loop element called MS2, which can be bound with very high
affinity by the MS2 coat protein (MCP). Live imaging of bcd is then accomplished by coexpressing MCP conjugated to the
fluorescent protein GFP (Bertrand et al., 1998; Weil et al., 2006). Using this approach, Trovisco and colleagues imaged small
bedMS2 containing particles that moved at speeds up to 2.2 pm/s. The mean velocity of these particles slowed in a hypo-
morphic dynein mutant background, increased in a kinesin mutant background, and the particles stopped moving altogether
upon treatment with colcemid, a drug that depolymerizes microtubules. Consistent with earlier results, these experiments
indicated that bed RNA localization is dependent on dynein and microtubules and antagonized by kinesin, a plus-end
directed motor. However, assessment of the directionality of bcdMS2 particle movement showed almost no directional bias
toward the anterior over the posterior, and an equal dependence on dynein for movement in either direction. These observa-
tions rule out a major contribution of directed transport to bed RNA localization. Rather, anterior accumulation of bcd
depends upon essentially random movement followed by actin-dependent anchoring. This conclusion was supported by fluo-
rescence recovery after photobleaching (FRAP) experiments that revealed a slow-recovering population of bcd RNA at the
anterior pole. This work also showed that the RNA-binding protein Exu (Lazzaretti et al., 2016) is necessary to assemble
bedMS2 particles. How anterior bed anchoring is maintained after egg activation remains to be fully determined.

2.2 | bcd is translationally repressed until egg activation

bcd mRNA is translationally repressed throughout oogenesis and until egg activation (Sallés, Lieberfarb, Wreden, Ger-
gen, & Strickland, 1994), but exactly how this is accomplished remains unclear. While early evidence suggested that
translational regulation of bed involved alterations in poly(A) tail length (Sallés et al., 1994), as occurs for many mater-
nal mRNAs (Lim, Lee, Son, Chang, & Kim, 2016; Rouget et al., 2010), recent work using poly(A)-tail length profiling by
sequencing (PAL-seq) (Subtelny, Eichhorn, Chen, Sive, & Bartel, 2014) showed no change in bcd poly(A) tail length
upon its translational activation in early embryos (Eichhorn et al., 2016). In oocytes the average bed poly(A) tail length
was similar to those of several well-translated mRNAs, suggesting that a repressive mechanism independent of the poly
(A) tail is in operation. This mechanism remains unknown.

2.3 | Bcd gradient formation occurs mostly at the protein level

Precisely how the Bcd gradient is established has been the topic of intense study. The initial model was that Bcd is
translated from localized mRNA at the anterior pole, and forms a gradient by diffusion toward the posterior (Driever &
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FIGURE 2 Early Drosophila embryos are syncytial, containing
many nuclei that share a common cytoplasm. From a tight anterior
cap of bed RNA (blue, top panel) a gradient of Bcd protein (green,
lower panel) is produced, so that nuclei are exposed to different
levels of Bcd depending upon their position along the anterior—
posterior gradient. Somatic nuclei are depicted in yellow while
primordial germ cells (pole cells) are in red

Niisslein-Volhard, 1988a; Gregor, Wieschaus, McGregor, Bialek, & Tank, 2007; Figure 2). Localized synthesis at the
anterior and a short protein half-life ensures that a uniform Bcd concentration from the anterior to posterior is never
reached. Several alternative models have also been proposed. One involves establishment of a bed RNA gradient that
extends throughout a substantial fraction of the embryo that presages the protein gradient (Spirov et al., 2009). Another
postulates that nuclear trapping, rather than degradation, is important to establish the Bcd gradient (Coppey, Bere-
zhkovskii, Kim, Boettiger, & Shvartsman, 2007). While translational control determines the time at which Bcd protein
first appears, it does not seem to be a major factor in establishing its graded distribution. An early report that bcd is
translationally repressed by Nanos and Pumilio in early embryos (Gamberi, Peterson, He, & Gottlieb, 2002) has recently
been called into question (Wharton, Nomie, & Wharton, 2018).

The various models proposed make different predictions about the dynamics of synthesis, diffusion, and degradation
of bed RNA and protein along the anterior—posterior axis in early embryos. Because measuring these parameters in liv-
ing embryos is technically very challenging, there have been inconsistent results among the different groups that inves-
tigate this question. However, a recent paper that used a tandem fluorescent protein timer to measure the age of Bcd
protein at different positions along the anterior—posterior axis of the embryo improved upon earlier technologies and
supports the original protein diffusion based model (Durrieu et al., 2018). To create such a timer, Bcd was tagged with
two different fluorophores, a green one that matures quickly, and a red one that matures slowly. Newly synthesized
protein is therefore mostly green, while both tags fluoresce in older protein, which consequently appears yellow. This
construct was expressed in embryos and the tagged protein was quantitatively imaged with confocal multi-view light-
sheet microscopy, with the important result that Bcd protein is older toward the posterior end of the embryo than at
the anterior pole. This argues in favor of the original model of Bcd gradient formation involving protein diffusion from
a localized anterior source and against the existence of an mRNA prepattern, as with an mRNA gradient newly synthe-
sized protein would be present distant from the anterior pole.

3 | LOCALIZATION AND TRANSLATIONAL REGULATION OF OSK

3.1 | oskisthe primary determinant for germ cell specification and posterior
patterning

Several lines of evidence support the primary role of osk in germ cell specification and posterior patterning. Ectopic
expression of osk at the anterior can induce a second set of pole cells and a bicaudal embryonic segmentation pattern
with mirror-image posterior segments (Ephrussi & Lehmann, 1992; Smith et al., 1992). Several maternal-effect mutants
produce bicaudal embryos, in which posterior segments are duplicated at the anterior end, sometimes in a mirror-image
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symmetry. A second focus of osk mRNA at the anterior pole is observed in bicaudal embryos produced by Bicaudal-D
or ik2 females (Chang et al., 2011; Ephrussi et al., 1991; Shapiro & Anderson, 2006). In contrast, embryos from hypo-
morphic osk females lack posterior segmentation and pole cells (Lehmann & Niisslein-Volhard, 1986). osk is one of a
set of maternally expressed genes, called posterior-group genes, that can mutate to give this phenotype (Niisslein-
Volhard, Frohnhofer, & Lehmann, 1987). The products of many of these other genes exert their effects through osk. For
instance, the posterior-group genes cappuccino, chickadee, spire, and stau are required to establish or maintain osk at
the posterior pole (Manseau, Calley, & Phan, 1996; Micklem, Adams, Griinert, & St Johnston, 2000). The mRNAs and/
or proteins from other posterior-group genes, such as vas, tud, nos, and aub, accumulate in pole plasm dependent upon
osk function and operate downstream (Hay, Ackerman, Barbel, Jan, & Jan, 1988; Lasko & Ashburner, 1990; Wang &
Lehmann, 1991; Wilson et al., 1996).

3.2 | Multiple mechanisms achieve posterior osk RNA localization
Step 1: Localization of osk to the early oocyte via dynein-directed transport along microtubules

During oogenesis, osk mRNA accumulates at the posterior pole of the oocyte through three different sequential
mechanisms (Figure 3). The first of these begins in the germarium, where osk accumulates into the presumptive oocyte,
where it is readily detectable from stage 2 of oogenesis. In these early stages, the microtubule cytoskeleton is organized
such that a single microtubule organizing center (MTOC) forms in the oocyte, and microtubules emanate from the
MTOC through ring canals into the nurse cells (Theurkauf, Alberts, Jan, & Jongens, 1993). Thus microtubules are
polarized so that their minus-ends are concentrated in the oocyte and their plus-ends are in the nurse cells. As will be
seen, this organization is not retained in later stages of oogenesis.

Several reports demonstrate that osk mRNA localization into the early oocyte depends upon minus-end directed
transport by the motor protein dynein. Dynein, as assessed by immunostaining for the dynein heavy chain Dhc64C,
accumulates into the early oocyte in a similar manner to osk mRNA (Li, McGrail, Serr, & Hays, 1994). In early egg
chambers dynein forms part of a multiprotein complex that also contains Egalitarian (Egl), Bicaudal-D (Bic-D), and
Lissencephaly-1 (Lis-1), and mutations affecting any dynein complex gene block oocyte differentiation (Gepner

osk localization--first phase

FIGURE 3 osk mRNA localization proceeds
through three distinct mechanisms. In early oogenesis
(top panel), a microtubule organizing center (MTOC)
forms in the oocyte, and microtubules (green lines)
emanate from there through the ring canals into the
nurse cells. The motor protein dynein transports osk
(blue) along these microtubules into the oocyte. During
stages 8-9 of oogenesis (middle panel), microtubules
(shaded green) reorganize so that their minus-ends
accumulate all around the oocyte cortex except at the
posterior pole. The plus-end directed motor kinesin
drives osk (blue) away from the cortex and it
accumulates at the posterior thanks to a weak plus-end
microtubule bias. In late oogenesis (lower panel) rapid
cytoplasmic streaming (red arrows) takes place, which
transports macromolecules throughout the oocyte
cytoplasm. osk mRNA is carried along by these
movements and is anchored at the posterior, where

there is a relative absence of microtubules, by myosin V
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et al., 1996; Liu, Xie, & Steward, 1999; Mach & Lehmann, 1997; McGrail & Hays, 1997; Navarro, Puthalakath, Adams,
Strasser, & Lehmann, 2004; Swan, Nguyen, & Suter, 1999). RNA injection experiments discussed in the preceding sec-
tion examined both bed and osk RNAs and suggested that this early stage of osk localization involves dynein-directed
transport (Clark et al., 2007).

Further insights into the mechanism of osk mRNA accumulation into the oocyte came from mapping of cis-acting
sequences that are required for this stage of transport. As measured by immunostaining for the proxy protein Stau, that
associates with osk RNA throughout oogenesis, the osk 3’ UTR alone can localize to the oocyte (Jenny et al., 2006). The
osk 3' UTR can also rescue the oogenesis arrest observed in osk-null alleles, indicating that it has a noncoding function.
The necessary element within the 3’ UTR for oocyte entry was mapped to a 67-nucleotide stem-loop called the oocyte
entry signal (OES) that is separable from another element, to be discussed below, that is required for posterior localiza-
tion in subsequent stages of oogenesis (Jambor, Mueller, Bullock, & Ephrussi, 2014). An injection assay was established
to measure dynein-directed transport of RNAs to the apical surface of syncytial Drosophila embryos (Bullock & Ish-
Horowicz, 2001; Wilkie & Davis, 2001). A segment of the osk 3' UTR containing the OES localizes in this assay, but
localization is strongly impaired when the OES is absent (Jambor et al., 2014). However, the OES is only active in the
context of larger regions of the 3’ UTR, and other partially redundant elements operate in concert with it, leading to the
proposal that the presence of multiple weak 3’ UTR signals driving oocyte entry facilitates transfer of osk mRNA to the
posterior localization pathway (Ryu, Kenny, Gim, Snee, & Macdonald, 2017).

As mentioned above, mutations in genes encoding dynein complex components block oocyte differentiation. While
this phenotype supports a role for dynein-mediated RNA transport in oogenesis, for many years it prevented direct anal-
ysis of the role of the dynein complex in osk localization. In the absence of an oocyte osk does not accumulate in a sin-
gle cell, so this confounds cause and effect. One component of the dynein complex, Egl, is an RNA binding protein that
links RNAs carrying defined localization elements to Bic-D and dynein (Dienstbier, Boehl, Li, & Bullock, 2009). Driving
short-hairpin RNA (shRNA) targeting Egl using a maternal a-tubulin driver that is active only after oocyte specification
permits the isolation of oocytes that are depleted for it (Sanghavi, Liu, Veeranan-Karmegam, Navarro, &
Gonsalvez, 2016). In egg chambers thus depleted for Egl, osk mRNA is completely delocalized, and is present through-
out the oocyte and in the cytoplasm of nurse cells. osk localization could be fully rescued by coexpression of an Egl
transgene made resistant to the sShRNA by introducing several point mutations into the recognition sequence. Further
analysis using egl missense mutations abrogating either dynein or BicD binding supports a model for stepwise assembly
of a transport complex. The first step is that Egl dimerizes through an interaction with dynein light chain, then
dimerized Egl binds RNA and Bic-D, relieving autoinhibition of Bic-D and association with the dynein motor
(Goldman, Neiswender, Veeranan-Karmegam, & Gonsalvez, 2019). This is consistent with results from reconstitution
studies using purified components (McClintock et al., 2018; Sladewski et al., 2018).

Step 2: Localization of osk to the oocyte posterior involves kinesin and microtubules

During stages 7 and 8 of oogenesis the organization of the microtubule cytoskeleton changes. Microtubules form an
anterior—posterior density gradient, with a higher concentration at the anterior (Clark, Jan, & Jan, 1997). Their minus-
ends become anchored all around the cortex, a process that requires the minus-end microtubule binding protein
Patronin and Short stop (Shot), a protein that crosslinks microtubules and filamentous actin (Nashchekin, Fernandes,
& St Johnston, 2016). Shot is excluded from the posterior cortex so fewer microtubules are anchored there, resulting in
slightly more microtubule plus-ends being oriented toward the posterior pole (Khoc Trong, Doerflinger, Dunkel, St
Johnston, & Goldstein, 2015; Nashchekin et al., 2016; Parton et al., 2011; Zimyanin et al., 2008).

This raises the possibility that kinesin, a plus-end directed motor protein, might conduct directed transport of osk
RNA to the posterior pole of the oocyte. In fact, in kinesin heavy chain (khc) mutant oocytes posterior localization of osk
fails and it accumulates around the anterior and lateral cortex (Brendza, Serbus, Duffy, & Saxton, 2000; Cha, Serbus,
Koppetsch, & Theurkauf, 2002). As kinesin is however required for several cellular processes within the oocyte includ-
ing cytoplasmic streaming, distinguishing direct from indirect effects remained a problem for some time. Ultimately,
live imaging analysis of labeled osk in wild-type and khc mutant oocytes produced convincing evidence that kinesin-
dependent transport toward the plus ends of microtubules results in exclusion of osk from the oocyte cortex and con-
centration, thanks to the weak posterior bias of plus-ends, at the posterior pole (Parton et al., 2011; Zimyanin
et al., 2008). Kinesin-1 associates with osk-containing ribonucleoprotein particles upon nuclear export, a process requir-
ing the atypical RNA-binding tropomyosin Tm1-1/C (Gaspar, Sysoev, Komissarov, & Ephrussi, 2016).
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A peculiar aspect of this second stage of osk localization is that it requires components of the exon-junction complex
(EJC) and splicing of the first intron of osk (Hachet & Ephrussi, 2001; Hachet & Ephrussi, 2004; Mohr, Dillon, & Bos-
well, 2001; Newmark & Boswell, 1994; Palacios, Gatfield, St Johnston, & Izaurralde, 2004). Splicing is linked to osk
localization because it creates a localization element (the spliced oskar localization element, or SOLE), from the final 18
nucleotides of exon 1 of osk and the first 10 nucleotides of exon 2 (Ghosh, Marchand, Géspar, & Ephrussi, 2012). Both
the SOLE and EJC components are required for osk localization, because when SOLE is present in an RNA without
splicing being required for its formation, the RNA remains unlocalized, and RNAs loaded with EJC but lacking SOLE
also fail to localize (Ghosh et al., 2012). It is believed that SOLE recruits EJC, either directly or through an unknown
third component (Ghosh, Obrdlik, Marchand, & Ephrussi, 2014; Simon, Masiewicz, Ephrussi, & Carlomagno, 2015).
The SOLE, EJC, and 3’ UTR together are necessary for posterior transport, as interfering with any of these components
results in osk mislocalization.

Step 3: Posterior osk accumulation through cytoplasmic streaming and anchorage

After stage 8 the oocyte undergoes a period of rapid growth, and during stages 10-12 the cytoplasm of the nurse cells is
also rapidly transferred through the ring canals into the oocyte. Fast rotary cytoplasmic streaming occurs within the oocyte
during this time, which is dependent on kinesin and the microtubule cytoskeleton (Lu, Winding, Lakonishok, Wildonger,
& Gelfand, 2016; Palacios & St Johnston, 2002; Serbus, Cha, Theurkauf, & Saxton, 2005). This enables cytoplasmic content
to cycle around the oocyte from the anterior to the posterior and vice versa, so in the absence of anchoring mechanisms,
localized molecules would become homogeneously distributed. Conversely, cytoplasmic streaming can provide a mecha-
nism for localizing molecules, provided that a coupled trapping mechanism also exists.

An early study showed that injected fluorescently tagged osk RNA could localize via such a mechanism (Glotzer,
Saffrich, Glotzer, & Ephrussi, 1997). For some time, the importance of cytoplasmic streaming and anchoring for locali-
zation of endogenous osk remained unclear, although this mechanism became well established for RNAs that localize
to the pole plasm only in late oogenesis such as nos (Forrest & Gavis, 2003). Ironically, analysis of two trans-acting fac-
tors required for nos localization, Rumpelstiltskin (Rump) and Lost, revealed that cytoplasmic streaming and anchoring
also contribute to endogenous osk localization (Jain & Gavis, 2008; Sinsimer, Jain, Chatterjee, & Gavis, 2011). Oocytes
doubly mutant for lost and rump support osk localization through stage 10 of oogenesis, but the resulting embryos have
clearly reduced posterior osk localization and form fewer pole cells. A defect in osk localization in late oogenesis in lost
rump mutants was also directly shown by live imaging of GFP-tagged osk RNA.

Kinesin-1 is required both for cytoplasmic streaming (Lu et al., 2016; Palacios & St Johnston, 2002; Serbus et al., 2005)
and for the initial posterior localization of osk. This complicated the unraveling of the relative importance of the two mech-
anisms. To resolve this, a mutant was produced that blocked microtubule sliding required for cytoplasmic streaming
(Khc™*A, carrying four missense mutations in the C-terminal microtubule binding site) (Lu et al., 2018). Simultaneous
RNA interference targeting kic and btz was used to specifically block directed transport. Using these strains it was found
that cytoplasmic streaming can partially rescue posterior localization of osk and fluorescently labeled Stau when the initial
microtubule-dependent transport phase is blocked. Supporting redundancy between these two localization mechanisms,
over 80% of embryos produced by Khc™“ or kic btz double knockdown females produced pole cells (Lu et al., 2018).

How is osk anchored at the posterior pole during cytoplasmic streaming? Several lines of evidence suggest that
anchoring involves an actomyosin-based mechanism. From a forward-genetic screen aimed at identifying new mater-
nal-effect lethal loci, several alleles of didum, which encodes myosin V, were obtained (Krauss, Lépez de Quinto,
Niisslein-Volhard, & Ephrussi, 2009; Luschnig et al., 2004). These mutants presented a posterior-group phenotype
related to that of osk mutants, and didum oocytes showed defects in osk mRNA localization with some osk being
retained in the central region of the oocyte. This work led to the suggestion that transport or entrapment of osk through
a process dependent on F-actin and myosin V is a necessary final step in its localization. However, as myosin V is pre-
sent throughout all the oocyte cortex, not just the posterior pole (Krauss et al., 2009) it remained unclear how its activity
becomes spatially restricted.

A very recent elegant study resolves this issue, showing an antagonistic relationship between cortical myosin V and
microtubules with respect to osk accumulation (Lu et al., 2020). Consistent with previous work (Clark et al., 1997;
Nashchekin et al., 2016; Zimyanin et al., 2008), an anterior-to-posterior gradient of microtubule density with a relative
absence at the posterior pole was demonstrated. Depolymerization of microtubules by germline overexpression of
KIp10A, a depolymerizing kinesin, resulted in uniform accumulation of the osk proxy Stau around the entire oocyte
cortex, while overexpression of Patronin, which prevents depolymerization and increases microtubule density, resulted
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in accumulation of Stau in the center of the oocyte cytoplasm (Lu et al., 2020). Next, optogenetic tools were used to
recruit KIpl0A to particular spatial locations on the oocyte cortex, depleting microtubules at the site of recruitment.
When this was done, Stau accumulated in the same positions, and this was reversible when the light stimulus leading
to KIp10A recruitment was removed. These experiments confirm a model whereby osk/Stau localization and anchoring
critically depends upon local microtubule density, with low density favoring cortical trapping of osk/Stau by myosin V,
and high density favoring cortical exclusion of osk/Stau by kinesin-1.

3.3 | oskis under complex translational control

osk mRNA generates two protein isoforms from different translational start sites (Markussen, Michon, Breitwieser, &
Ephrussi, 1995). The long isoform (Long Osk) anchors mRNAs and mitochondria in the pole plasm (Hurd et al., 2016;
Tanaka, Kato, Matsuda, Hanyu-Nakamura, & Nakamura, 2011; Tanaka & Nakamura, 2008; Vanzo & Ephrussi, 2002;
Vanzo, Oprins, Xanthakis, Ephrussi, & Rabouille, 2007). Short Osk, meanwhile, supports all Osk functions in assembly
of polar granules and in posterior patterning and germ cell specification (Markussen et al., 1995). It is unknown how
initiation from these two start sites, which are in the same open reading frame, is controlled. Complex temporal and
spatial regulation of translation ensures that Osk accumulates abundantly only at the posterior pole, not while the
mRNA is in transit, and not before stage 9 of oogenesis (Figure 4). Failure of these mechanisms results in lethality.
Brunol (Brul) represses osk translation in early oogenesis and outside the pole plasm, through interactions with bind-
ing sites in the osk 3’ UTR called Brul response elements (BREs). Deleting or mutating the BREs generally results in
ectopic Osk expression (Kim-Ha, Kerr, & Macdonald, 1995; Reveal et al., 2010; Webster, Liang, Berg, Lasko, & Macdon-
ald, 1997). Brul represses osk through two distinct, but coupled mechanisms. The first such mechanism to be revealed
involves Brul-mediated recruitment of Cup to osk mRNA. Cup is a competitive inhibitor of eIF4G for binding to eIF4E,
therefore it inhibits assembly of an active cap-binding complex (Nakamura, Sato, & Hanyu-Nakamura, 2004) (see Box
for further details). osk translation is also inhibited by oligomerization of osk mRNA into large RNPs that are not readily
accessed by ribosomes and the rest of the translational machinery (Besse, Lopez de Quinto, Marchand, Trucco, &
Ephrussi, 2009; Chekulaeva, Hentze, & Ephrussi, 2006; Kim et al., 2015). The two mechanisms are linked. Concentrat-
ing osk mRNA molecules into RNPs brings them into close juxtaposition and facilitates regulation in trans; Brul bound
to the 3’ end of one osk mRNA molecule can recruit Cup to eIF4E bound to the 5’ cap structure of an adjacent osk
mRNA molecule (Macdonald, Kanke, & Kenny, 2016; Reveal et al., 2010). osk translation is tightly linked to mainte-
nance of posterior localization of osk mRNA localization. In nonsense osk alleles or when translational activation ele-
ments are mutated, osk mRNA localizes only transiently to the pole plasm (Ephrussi et al., 1991; Kim-Ha et al., 1991;
Munro, Kwon, Schnapp, & St Johnston, 2006).

(a) Localized osk
translationally active

FIGURE 4 oskis under complex translational control. (a).

Silent Unlocalized osk is translationally repressed by oligomerization and by the
translational repressor Brul. osk is oligomerized by PTB, which can bind
to multiple sites on the osk 3° UTR. Brul binds to specific sites in the osk 3
UTR and recruits Cup, a competitive inhibitor for eukaryotic initiation
factor (eIF) 4E (4E) binding to eIF4G. (b). In the pole plasm osk translation

‘ is activated. Makorinl (Mkrn1) displaces Brul and recruits poly(A)

Active binding protein (pAbp), which stimulates translation
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BOX1 REGULATION OF CAP-DEPENDENT TRANSLATION

The step of translation initiation that is regulated by some of the proteins discussed here is the assembly of the 48S
initiation complex. This complex includes the mRNA, the initiator tRNA, the 40S (small) ribosomal subunit, and var-
ious translation initiation factors (eIFs) (Eliseev et al., 2018). eIF4F plays a central role in assembling this complex. It
is composed of three subunits: e[F4E, which binds the cap structure present at the 5 end of mRNA; eIlF4A, an RNA
helicase, and elF4G, which binds both eIF4E and eIF3. eIF4G binding to eIF4E is necessary to assemble elF4F at
the cap, and eIF4G binding to elF3 enables recruitment of the small ribosomal subunit, which is also bound by eIF3.
Translational repressors discussed here disrupt eIF4F formation in different ways. Cup competes with eIF4AG for
binding to eIF4E, thus prohibiting eIF4F assembly on mRNAs to which it is bound. Conversely, 4EHP binds the cap
structure but does not bind eIF4G, sequestering mRNA to which it is bound away from eIF4F and ribosomes.

Less is known about how osk translation is activated in the pole plasm, although several proteins have been implicated
in this process (Chang, Tan, & Schedl, 1999; Micklem et al., 2000; Wilson et al., 1996). One aspect of osk translational acti-
vation is inhibition of Brul (Kim et al., 2015), and one BRE-containing region in the distal part of the osk 3' UTR (BRE-C)
functions in activation as well as in repression (Reveal et al., 2010). A recent study implicated the RNA binding protein
Makorin-1 (Mkrn1) as a key activator of osk translation (Dold et al., 2020). Mkrn1 binds the osk 3’ UTR at an A-rich region
immediately adjacent to BRE-C, where it antagonizes Brul binding and promotes recruitment of poly(A) binding protein.

3.4 | Osk associates with Vas and binds RNA

Despite extensive analysis of the developmental role of Osk, its precise molecular function has long remained unclear.
Structural analysis of two domains of Osk, its N-terminal LOTUS domain (Osk-N), and its C-terminal hydrolase-like
domain (Osk-C), indicates that it can directly associate with RNA (Yang et al., 2015), which could explain, at least in
part, its role in polar granule assembly. The LOTUS domain is an established RNA binding motif (Anantharaman,
Zhang, & Aravind, 2010; Callebaut & Mornon, 2010), but in Osk-N it homodimerizes in a manner that masks the
nucleic acid binding surface. Osk-C forms a structure resembling a lipase-like fold, but with nonconservative changes
in several key amino acids that would rule out any catalytic activity. However, Osk-C was found to avidly bind some
RNAs, including the osk and nos 3 UTRs, in EMSA assays. Thus sequence similarity analysis in this case is misleading,
and Osk-C, rather than the predicted Osk-N, possesses a direct RNA binding activity. Point mutation analysis impli-
cated three specific Arg residues within Osk-C in RNA binding, which all reside on a positively charged ridge that can
accommodate RNA. Several other residues present in this ridge and/or spatially proximate to these Arg residues have
been implicated by mutation in Osk-dependent developmental functions (Ephrussi et al., 1991; Kim-Ha et al., 1991;
Lehmann & Niisslein-Volhard, 1986; Rongo, 1996; Yang et al., 2015).

The DEAD-box helicase Vas appears to be a cofactor for many functions of Osk, and as described above the two pro-
teins are often present in close association within RNPs. Osk interacts directly with Vas through an interaction between
the LOTUS domain and an alpha-helical region of Vas, with two phenylalanine residues of Vas (F504 and F508) essen-
tial for Osk binding (Jeske et al., 2015; Jeske, Miiller, & Ephrussi, 2017). Mutation of one of these residues (F504E)
blocks recruitment of Vas to the pole plasm. Vas also functions in piRNA biogenesis and localizes to the perinuclear
nuage in nurse cells, the structure where piRNA processing takes place (EIMaghraby et al., 2019; Zhang et al., 2012).
Two other LOTUS domain proteins, Tejas and Tapas, also interact with Vas and play roles in piRNA-mediated pro-
cesses (Jeske et al., 2017; Patil, Anand, Chakrabarti, & Kai, 2014; Patil & Kai, 2010).

4 | POLAR GRANULE FORMATION INVOLVES SPECIFIC MOLECULAR
ASSOCIATIONS AND NONSPECIFIC PHYSICAL PROCESSES

Key proteins and mRNAs involved in germ cell specification associate in polar granules, RNA-protein complexes that
are linked to germ cell development throughout the animal kingdom. Polar granules are one class of related particles
that are collectively called germ granules. Polar granules in early Drosophila melanogaster embryos are nonmembrane
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bound, electron-dense, approximately round particles with diameters ranging from 200 to 500 nm (Mahowald, 1962).
They are first seeded by localization of single RNA molecules, which subsequently recruit additional transcripts from
the same gene through homotypic interactions (Niepielko, Eagle, & Gavis, 2018). They later become associated with the
embryonic nuclei that are destined to become PGCs (Lerit & Gavis, 2011), and further grow in size and number through
the cellular blastoderm stage of development. During this period they are referred to as nuclear germ granules (Kistler
et al., 2018). Beginning in the 1980s, molecular genetic studies revealed numerous protein and RNA components of
polar granules, many of which have been described above. However, the mechanisms by which these particles assemble
only began to come to light in recent years, and important questions about this remain to be answered.

A critical insight was provided by work on P granules, structures analogous to polar granules in the nematode
Caenorhabditis elegans. This work showed that P granules exhibit physical properties similar to those of a liquid with a vis-
cosity comparable to that of glycerol (Brangwynne et al., 2009). Furthermore, it provided compelling evidence that accumu-
lation of P granules in the germ plasm is not dependent on active transport or on cytoplasmic flows. Rather, accumulation
comes about through establishment, by polarity proteins including MEX-5 and PAR-1, of a greater likelihood of condensa-
tion versus dissolution of P granule material into droplets at the posterior pole where the germ plasm forms.

4.1 | Homotypic RNA-RNA interactions underlie germ granule assembly

In contrast, evidence began to emerge in Drosophila that higher-order supramolecular assemblies arise in the pole
plasm through specific RNA-RNA and RNA-protein interactions. Much earlier work had already shown that Stau,
which is required for a late stage of bed localization, binds best to RNA when a base-paired structure involving two bed
RNA molecules is present (Ferrandon, Koch, Westhof, & Niisslein-Volhard, 1997). In a study of osk RNA in mid-oogen-
esis, Ephrussi and colleagues showed that polypyrimidine tract binding (PTB) protein can bind to several sites in its osk
3’ UTR, contributing to its translational repression prior to its posterior localization (Besse et al., 2009). PTB has four
RNA recognition motifs (RRMs), and the third and fourth of these domains are oriented in such a way that they can
bind to PTB binding sites on different RNA molecules, thus serving as a bridge and potentially serving as a basis for
assembly of higher-order structures. Interestingly, osk-containing RNPs in stage-9 oocytes that are precursors to polar
granules are smaller and more numerous in hephasteus mutants (hephasteus encodes PTB).

Subsequent advances in microscopy have enabled more detailed study of the molecular topography of polar gran-
ules and related RNPs, providing evidence for internal organization built around homotypic clustering of RNA mole-
cules. Super-resolution, single-molecule level imaging of polar granules in early embryos showed that while Osk, Vas,
Tud, and Aub proteins all occupy the same space within the granules, different RNA components of polar granules
have different distributions, suggesting that polar granules have internal structure (Trcek et al., 2015; Figure 5). cycB
and nos RNAs largely colocalized with the four proteins, while pgc and gcl RNA occupy more peripheral regions of the
polar granule. Despite its importance in seeding pole plasm assembly, osk RNA is ultimately excluded from polar gran-
ules. However, it is present in other particles, one type including only Vas and another type including only pgc among
the molecules examined. Exclusion of osk from embryonic polar granules was also reported in other studies (Herpers,
Xanthakis, & Rabouille, 2010; Little et al., 2015).

4.2 | Pole plasm RNPs fall into several classes that assemble by different mechanisms

Such a highly organized internal structure argues against a model of Drosophila polar granule formation proceeding
simply by liquid droplet condensation, although concentration-dependent biophysical processes surely have an impor-
tant role. Importantly, internal structure has also been reported in C. elegans P granules using a similar approach
(Wang et al., 2014).

Another study used high-resolution fluorescent in situ hybridization (FISH) to follow the assembly of germ plasm
RNPs during oogenesis and early embryogenesis (Little et al., 2015). From this work it was concluded that germ gran-
ules share a common set of proteins including Osk, Vas, and Tud, but are heterogeneous in terms of their RNA compo-
sition. Germ granules with different RNAs assemble by different mechanisms. RNPs containing single copies of nos
RNA assemble into granules containing an average of 10-20 nos RNA molecules at the posterior oocyte cortex. Con-
versely, osk RNA already resides within multi-copy RNPs during its transport, and assembles into large granules often
containing >100 RNA molecules that are compositionally distinct from nos particles. This work was further extended
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FIGURE 5 Cartoon illustrating
the structured and heterogeneous
nature of polar granules. Osk, Vas,
Aub, and Tud proteins accumulate in
the core region of polar granules
along with cycB and nos mRNAs. pgc
and gcl mRNAs accumulate in more

gcl

gcl pgc
Osk cycB pgc
PIE"  1osVas nos

Aub nos
Tud

peripheral regions (Trcek e
et al., 2015). Some polar granules

contain only one species of mRNA

while others accumulate several
(Little, Sinsimer, Lee, Wieschaus, &
Gavis, 2015)

(Niepielko et al., 2018) to show that single-copy nos and pgc RNPs can first populate the same granule, and then gran-
ules grow by self-recruitment of additional RNA molecules into homotypic clusters, a process that requires simulta-
neous acquisition of Osk protein. Polar granule targeting and assembly into homotypic clusters appears to involve
different 3’ UTR elements, at least for pgc RNA (Eagle, Yeboah-Kordieh, Niepielko, & Gavis, 2018). A more recent study
indicates that two polar granule proteins, Aub and Tud, also form distinct clusters within the granules (Vo et al., 2019).

4.3 | Many RNAs associate with germ granules by base-pairing with Aub-associated
piRNAs

All of the studies discussed above looked at a few canonical polar granule RNAs (osk, nos, pgc, cycB) but well over 100 other
mRNAs accumulate in pole plasm (Frise, Hammonds, & Celniker, 2010; Jambor et al., 2015; Lécuyer et al., 2007; Rangan
et al., 2009). These do not include extra-mitochondrial mtrRNA, which was reported based on electron microscopy evi-
dence to be present in the pole plasm (Akiyama & Okada, 1992; Amikura, Kashikawa, Nakamura, & Kobayashi, 2001; lida
& Kobayashi, 1998; Kobayashi, Amikura, & Okada, 1993). Colocalization analysis using quantitative single-molecule RNA
FISH showed essentially complete overlap between mtlrRNA and EYFP-labeled mitochondria in the pole plasm (Hurd
et al., 2016). Localization of other pole plasm RNAs is abrogated in osk mutants, suggesting a mechanism in common with
their better characterized counterparts. How then are all these different RNAs targeted? Vourekas, Alexiou, Vrettos, Mar-
agkakis, and Mourelatos (2016) demonstrated a central role for Aub and piwi-interacting RNAs (piRNAs) in this process.
Aub interacts with piRNAs, many of which have complementary sequences to transposon-encoded mRNAs, to form
piRNPs, which interact with target mRNAs through base pairing and silence their expression (Siomi, Sato, Pezic, &
Aravin, 2011). However, Aub-loaded piRNAs are highly diverse and more than half are derived from mRNA, not transpo-
son, sequences (Barckmann et al., 2015; Vourekas et al., 2016). Consistent with the high concentration of Aub in polar
granules, Aub-associated mRNAs from wild-type embryos, but not from embryos produced by tud mutant females, are
highly enriched for those that are localized to the posterior of the embryo and/or to germ cells (Barckmann et al., 2015;
Vourekas et al., 2016). This suggests that Aub-associated piRNAs recognize and play a role in posterior accumulation of
germ plasm mRNAs. Transcriptome-wide prediction of targets for Aub-associated piRNAs shows that sites with modest
complementarity are present essentially at random. However, posterior-localized mRNAs are generally longer than average,
therefore they tend to contain more such sites, and thus a random process becomes biased toward specific mRNAs
(Vourekas et al., 2016). Stabilization of posterior-localized mRNAs is further accomplished through Aub-mediated recruit-
ment of the poly(A) polymerase Wispy (Dufourt et al., 2017).

4.4 | Short Osk nucleates germ granules in pole cell nuclei, which promote their
proliferation

After fertilization, particles containing Vas and nos are recruited by dynein-dependent transport along centrosome-asso-
ciated astral microtubules to become associated with posterior nuclei (Lerit & Gavis, 2011). These particles are similar
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in size and shape to polar granules. However, as soon as pole cells form, nuclear Osk- and Vas-containing particles
increase in size and number, becoming prominent in germ cells by the cellular blastoderm stage of development
(Kistler et al., 2018). Nuclear germ granules behave as phase-transitioned condensates, with both liquid-like and hydro-
gel-like properties (Kistler et al., 2018). They are seeded by Short Osk and, like polar granules, are nonmembrane bound
RNPs. While they contain Vas, they do not accumulate several other polar granule components including Aub and Tud
proteins nor nos, pgc, or gcl RNAs. Nuclear germ granules are not completely liquid-like and labile, because they do not
fuse with one another; however, they are dynamic in that they can exchange Osk and Vas from particle to particle.
When formation of nuclear germ granules is prevented by deleting the Osk nuclear localization signal, the number of
pole cells, but not of pole buds, is reduced, indicating a role for nuclear Osk and potentially these granules in promoting
germ cell division (Kistler et al., 2018). Each pole bud normally forms two pole cells (Pae, Cinalli, Marzio, Pagano, &
Lehmann, 2017) but in OskANLS embryos the division that accomplishes this often fails to occur, and subsequent divi-
sions occur even less frequently (Kistler et al., 2018).

5 | CONCLUSION

Despite all that has been learned important questions about the structure and function of polar granules remain unre-
solved. Some of these are specific, for instance more needs to be learned about how bcd RNA anchoring is maintained
at the anterior cortex, and about how bcd translation is repressed until egg activation. We also lack understanding about
how translation from the two initiation codons that produce the long and short isoforms of Osk is properly balanced.
Other open questions are wider in scope. For instance, is there a functional importance of the restricted structural
domains within polar granules? Since the position of an RNA within a granule does not specify the onset of its transla-
tion, and granules do not reorganize as some RNAs become translationally active (Trcek et al., 2015), perhaps there is
none. Related to this, it is unclear how the translational machinery can gain access to RNAs embedded within polar
granules, as association into large RNPs like polar granules more typically masks RNAs from translation. Finally, it has
long been known that polar granules in different Drosophilid species have different characteristic shapes and sizes
(Counce, 1963; Mahowald, 1968). In some manner Osk controls these species-specific differences, as D. immigrans Osk
expressed in D. melanogaster oocytes lacking endogenous osk produces D. immigrans-type polar granules, which per-
haps surprisingly are functional, rescuing the osk mutant phenotype (Jones & Macdonald, 2007). How any of the mech-
anisms described above can influence higher-order structure at the scale of nearly a micron remains to be determined.
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