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Cell polarity is a pre-requirement for many fundamental processes in animal cells, such as asymmetric cell division, axon specification, morphogenesis and epithelial tissue formation. For all these different processes, polarization is established by the same set of proteins, called partitioning defective (Par) proteins. During development in Drosophila melanogaster, decision making on the cellular and organism level is achieved with temporally controlled cell polarization events. The initial polarization of Par proteins occurs as early as in the germline cyst, when one of the 16 cells becomes the oocyte. Another marked event occurs when the anterior–posterior axis of the future organism is defined by Par redistribution in the oocyte, requiring external signaling from somatic cells. Here, we review the current literature on cell polarity events that constitute the oogenesis from the stem cell to the mature egg.
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INTRODUCTION
Cell polarization is the canonical process of distributing cellular components—from molecules to organelles—unevenly, leading to intracellular and morphological asymmetry. The acquisition and definition of cell functions are often linked to this asymmetry. In broader terms, cell polarization can be viewed as cellular decision-making process generating spatial information. A well-studied example is apicobasal axis formation in epithelial cells. The apical membrane faces the outside of the cell, while the basal membrane contacts the inside. This polarization is the foundation for compartmentalization, organ formation and physical separation of the vertebrate body from the environment (Cereijido et al., 2004; Roignot et al., 2013; Rodriguez-Boulan and Macara, 2014). Another example is the distinction of the differentiating cell from the stemness maintaining cell during asymmetric stem cell division (Knoblich, 2008; Venkei and Yamashita, 2018).
A subclass of metazoans, called bilaterians, define two body axes during embryonic development, the anterior-posterior (AP) axis being the first and the dorsal-ventral (DV) axis following as second symmetry break (Kimelman and Martin, 2012; Anlas and Trivedi, 2021). For most species the AP axis defines head and tail. Some bilaterians, including humans, define a third (left-right) body axis and show, for example, asymmetric organ position (Capdevila et al., 2000). Different animals utilize a range of mechanisms to achieve the symmetry breaks. Vertebrates define these main body axes during embryogenesis (Meinhardt, 2006; Kimelman and Martin, 2012; Bénazéraf and Pourquié, 2013) while invertebrate body axis formation occurs prior or at fertilization (Kimelman and Martin, 2012). Dipterans define the first two body axes prior to fertilization, during late oogenesis.
In the fruit fly Drosophila melanogaster oogenesis occurs inside ovarioles, structures composed of the germarium at the anterior tip, and sequentially more mature egg chambers towards the posterior (Figure 1). The germarium hosts germline and somatic stem cells, which divide to give rise to a variety of cell types composing the egg chamber. Germline stem cells derive nurse cells and the oocyte, while follicle stem cells produce somatic follicle cells. Each egg chamber contains one oocyte and 15 nurse cells, surrounded by a layer of follicle cells.
[image: Figure 1]FIGURE 1 | Overview of polarity events during oogenesis. A first polarity event happens in the germarium, when one of the cells in the germline cyst (grey) is selected to become the oocyte (blue). Next, the oocyte moves to the posterior of the germline cyst, and the egg chamber buds from the germarium, marking stage 1 of oogenesis. Around the same time, the oocyte cytoplasm becomes temporarily polarized, with defined anterior (yellow) and posterior (red) domain. At stage 6, the oocyte signals to the follicle cells at the posterior (brown), which causes them to adopt posterior follicle cell fate (magenta). At stage 7, posterior follicle cells (PFCs) signal back to the oocyte. This signal causes migration of the oocyte nucleus to the anterior of the oocyte at stage 7 and triggers a sequence of events that define anterior-posterior polarization of the oocyte between stages 7 and 10.
Several polarization events occur during oogenesis for a mature egg to have properly specified axes (Figure 1). If one of these events fails, the system loses one or both axes of asymmetry (Roth and Lynch, 2009). The first symmetry breaking step of oogenesis happens in the germarium, when one of the cells in the germline cyst becomes the oocyte, while others become nurse cells. In the more anterior region of the germarium, follicle cells start surrounding the cyst and play an important role in the subsequent polarization event: the positioning of the oocyte to the posterior of the egg chamber. Positioning of the oocyte is accompanied by budding of the egg chamber from the germarium and the first anterior-posterior polarization of the oocyte. The following two polarization events happen during mid-oogenesis and require communication between the oocyte and follicle cells. First, the oocyte sends a signal to follicle cells at the posterior to induce posterior fate. Next, these cells send a signal back to the oocyte to induce the establishment of the two body axes. Establishment of the anterior-posterior body axis is achieved through polarization of the Par protein network. Par network asymmetry will repolarize the microtubule cytoskeleton, which will enable proper localization of oskar and bicoid mRNAs. Additionally, the signal from posterior follicle cells leads to the migration of the oocyte nucleus, which defines dorsal-ventral axis of the future embryo.
In this review, we highlight and discuss the current body of knowledge of oocyte polarization in the fruit fly, the molecular players defining events of asymmetry, and we outline the most critical open questions on this topic.
THE FIRST SYMMETRY BREAKING EVENT AND OOCYTE SELECTION
The most anterior tip of the germarium (region 1) hosts a number of germline stem cells (GSC). These cells divide asymmetrically to produce another stem cell and a differentiating daughter cell called cystoblast. This cystoblast undergoes four rounds of incomplete cell divisions giving rise to a cyst of 16 cells, which are called cystocytes. Due to these cell divisions being incomplete, the cystocytes remain connected through cytoplasmic bridges called ring canals. The cystoblast divides into two cystocytes, which go through three more rounds of division and, thus, have four ring canals. Due to the history of divisions, two of the sixteen cystocytes have three, four have two, and eight have only one ring canal (Figure 2, bottom). The two cells with four ring canals are called pro-oocytes, and one of them will differentiate into the oocyte. The other 15 cells in the cyst become nurse cells, which transport mRNAs, proteins, and nutrients to the oocyte through the ring canals (Figure 2) (De Cuevas et al., 1997).
[image: Figure 2]FIGURE 2 | Schematic of a germarium illustrating cellular configurations and polarity events in regions 1–3. Germline stem cells divide asymmetrically and generate a cystoblast. Subsequent divisions occur with incomplete cytokinesis, leaving the cystocytes connected by ring canals. The two cystocytes with most connections become pro-oocytes. Both pro-oocytes, as well as several cells with three ring canals enter meiosis I and accumulate synaptonemal complex in region 2a. By the end of region 2b, only the oocyte remains in meiosis, while all other cells in the cyst start endoreplication and become nurse cells. Germline stem cells and cystoblasts contain spectrosome which develops into the fusome, connecting cells inside the cyst. At region 2a, the Shot/Patronin complex starts accumulating along the fusome, and acts as microtubule-organizing center (MTOC). The cell with most fusome accumulates most Shot/Patronin complex and the largest number of microtubule minus-ends. Oocyte determinants, including centrosomes and mRNAs, are preferentially delivered to this cell, causing it to adopt oocyte fate. In region 2b, oocyte determinants accumulate at the anterior of the oocyte and form the Balbiani body. At stage 3, MTOC and Balbiani body migrate from the anterior to the posterior of the oocyte to define the posterior cortical domain. Around the same time, the oocyte adheres to the follicle cells at the posterior of the germarium, which positions it to the posterior of the germline cyst.
The identity of the oocyte is established following two distinct events. In the nucleus, the oocyte arrests in the prophase of meiosis I, while the other cytocytes exit meiosis I and start the endoreplication cycle. In the cytoplasm, the microtubule network is organised such that, while passing the ring canals, the microtubule minus-ends predominantly accumulate in one of the two pro-oocytes and form a non-centrosomal microtubule organizing centre (ncMTOC) (Theurkauf et al., 1993; Huynh and St Johnston, 2004). This leads to the accumulation of oocyte specific components in this pro-oocyte by means of dynein dependent transport from the other cystocytes (Suter and Steward, 1991; Mach and Lehmann, 1997; McGrail and Hays, 1997; Bolívar et al., 2001; Navarro et al., 2004; Nashchekin et al., 2021). Since all subsequent steps of oocyte polarization can be traced back to cytoskeletal polarization, the selection of one of the two pro-oocytes to become the oocyte is considered the symmetry breaking step of oogenesis (Roth and Lynch, 2009).
It has long been assumed that both pro-oocytes are equally competent to become the oocyte. This assumption was based on the naïve observation that the early transitions of the cell cycle in the two pro-oocytes are indistinguishable. Both pro-oocytes, as well as several cells with three ring canals, enter meiosis I and form synaptonemal complexes between homologous chromosomes (Figure 2). Only as the cyst develops, further progression through meiosis is first restricted to the two pro-oocytes in region 2b, and finally to the oocyte in region 3 of the germarium. All other cells start endocycling, thus becoming nurse cells (Carpenter, 1975; Carpenter, 1994; Röper and Brown, 2004; Nashchekin et al., 2021). However, increasing evidence suggests that the symmetry breaking event of oogenesis occurs already during the first mitotic division of the cystoblast in region 1 of the germarium. The evidence supporting this notion comes from the analysis of assembly and distribution of the “fusome” (de Cuevas and Spradling 1998). The fusome is a germline specific, membranous, branched intracellular structure that runs through the ring canals and connects all cystocytes (Lin et al., 1994). The cystoblast inherits the fusome from the germline stem cell. The inherited fusome then serves to orient the cell division of the cystoblast by anchoring one pole of the spindle. After division, only one cell inherits the fusome while the other cell initially lacks it. During interphase, a new fusome forms in the ring canal. The fusomes from both daughter cells migrate to each other and fuse, which ultimately results in an asymmetric distribution with one cell having the original fusome inherited from the germline stem cell plus half of the newly formed fusome, while the other cell has only half of the newly formed fusome. This asymmetric distribution continues to occur during the next three divisions. As a result, the cell that inherited the original fusome in the first division will end up having the largest amount of fusome (Lin and Spradling, 1995; Deng and Lin, 1997; De Cuevas and Spradling, 1998; Villa-Fombuena et al., 2021).
Following the observation that microtubules form along the fusome, the hypothesis was put forward that polarization of the microtubule network is a direct consequence of fusome polarity (Grieder et al., 2000). In agreement with this idea was the observation that the Drosophila homologue of Spectraplakin, Short Stop (Shot), a component of the fusome, is necessary for oocyte specification, and appears to stabilize microtubules and link them to the fusome (Röper and Brown, 2004). Recent data further supported this model by showing that Shot stabilizes microtubules by recruiting microtubule minus end stabilizing protein Patronin to the fusome, and that Patronin is necessary for oocyte specification (Nashchekin et al., 2021). Patronin stabilizes microtubule minus-ends in the cell with the largest portion of fusome, thereby establishing a weakly polarized microtubule network. This initial asymmetry is reinforced through positive feedback since dynein transports Patronin bound microtubules from neighboring cells to the cell that already contains most Patronin. Finally, a now highly polarized microtubule network is utilized by dynein to transport oocyte determinants into this cell (Figure 2) (Nashchekin et al., 2021).
If this model of oocyte specification is correct, then the cell that inherits the original fusome in the cystoblast division also accumulates most of the expressed Patronin and eventually becomes the oocyte. Indeed, two studies showed that centrosomes, oskar and orb mRNAs preferentially accumulate in the cell with the most fusome (Grieder et al., 2000; Cox and Spradling, 2003).
POSITIONING OF THE OOCYTE TO THE POSTERIOR OF THE EGG CHAMBER
As the cyst moves through region 2 of the germarium, it is surrounded by a layer of somatic follicle cells. These cells arise from asymmetric divisions of follicle stem cells that reside in the middle of the germarium. Follicle cells further differentiate into either main body follicle cells, or the precursors of stalk or polar cells (reviewed in Rust and Nystul, 2020). Oocyte determination and initial steps of follicle cell differentiation seem to be independent. However, many subsequent steps of polarization of both the oocyte and the layer of follicle cells depend on their mutual communication (see Merkle et al., 2020 for a recent review on signaling between soma and germline throughout oogenesis).
The first round of signaling from the germline cyst to the soma activates Notch and JAK/STAT pathways to induce differentiation of polar and stalk follicle cells (Figure 3). These cells are in turn required to position the oocyte to the posterior of the egg chamber. Before this round of signaling, undifferentiated precursors of stalk/polar follicle cells separate the younger cyst in region 2b from the older cyst in region 3 (Tworoger et al., 1999). The older cyst expresses Notch ligand Delta, which activates Notch in the surrounding follicle cells. This causes precursors of stalk/polar cells that are in direct contact with the anterior of the older cyst to differentiate into polar cells (Figure 3A) (Grammont and Irvine, 2001; López-Schier and St Johnston, 2001). These polar cells will then express Unpaired which will activate JAK-STAT signaling in more anterior stalk/polar precursors, leading to their differentiation into stalk cells (Figure 3B) (McGregor et al., 2002; Torres et al., 2003). Unpaired is unable to activate JAK-STAT in cells which previously underwent high activation of Notch. Thus, it will not act on polar cells themselves, or on follicle cells surrounding older cyst (Assa-Kunik et al., 2007). Newly differentiated stalk cells form a stalk which directly contacts the younger germline cyst in region 2b. Both stalk cells and the oocyte express high levels of DE-cadherin, which causes the oocyte to adhere to follicle cells at the posterior, thereby positioning the oocyte to the posterior of the egg chamber (Figure 3C) (Godt and Tepass, 1998; González-Reyes and St Johnston, 1998a). Thus, in this round of signaling information is transferred from the older to the younger cyst through a relay mechanism to correctly differentiate polar and stalk cells, and to position the oocyte at the posterior of the egg chamber (Torres et al., 2003). It is not known how the oocyte in the first cyst, which does not have a leading older cyst, is positioned to the posterior. Stalk cells will also contribute to the establishment of the polar cells at the posterior pole of the oocyte (Torres et al., 2003; Assa-Kunik et al., 2007). These posterior polar cells, as well as the correct positioning of the oocyte, will be crucial in later stages of oogenesis when the new round of signaling between the oocyte and posterior follicle cells (PFCs) takes place to establish both AP and DV axis (González-Reyes and St Johnston, 1994; Grammont and Irvine, 2002).
[image: Figure 3]FIGURE 3 | Schematics of signaling events and cell-cell interactions required for positioning of the oocyte to the posterior of the egg chamber. (A) Germline cyst in region 3 expresses Notch ligand Delta to induce differentiation of the anterior polar cells (green). (B) The polar cells express Unpaired, leading to differentiation of stalk cells (yellow). (C) Both follicle cells and the oocyte upregulate DE-cadherin to increase mutual adhesion and position the oocyte to the posterior of the egg chamber. Adapted from Torres et al. (2003).
FIRST ROUND OF OOCYTE ANTERIOR-POSTERIOR POLARIZATION
Positioning of the oocyte to the posterior of the egg chamber is accompanied by changes in the oocyte cytoplasm. Components that were transported to the oocyte during the selection phase, such as centrosomes, Orb, BicD and Egl protein, oskar and orb mRNAs, are initially located at the anterior of the oocyte and form a structure called Balbiani body (Cox and Spradling, 2003). Minus–ends of microtubules, which facilitated the transport of Balbiani body components to the oocyte, are also accumulated at the anterior. When the oocyte moves through region 3, the microtubule network is reorganized so that minus–ends are more frequently found at the posterior (Grieder et al., 2000). This is followed by relocalisation of Balbiani body components to the posterior of the oocyte where they form a tight crescent to define the posterior oocyte cortex (Figure 4). If this step fails, the oocyte loses its fate and becomes a nurse cell by exiting meiosis and becoming polyploid (Huynh et al., 2001a). Mechanisms involved in early oocyte polarization are not well understood. However, a collection of experimental evidence suggests that it depends on all Drosophila homologues of par genes, as well as polarity proteins aPKC and Cdc42. When any of these genes are lacking, the oocyte de-differentiates into a nurse cell (Cox et al., 2001a; Cox et al., 2001b; Huynh et al., 2001a; Huynh et al., 2001b; Benton et al., 2002; Vaccari and Ephrussi, 2002; Martin and St Johnston, 2003; Leibfried et al., 2013). Par proteins are a highly conserved group of polarity proteins originally identified in Caenorhabditis elegans. In the C. elegans zygote, Par-1 and Par-2 localize to the posterior membrane, while Par-3 and Par-6 form a complex with aPKC and localize to the anterior. Polarity is maintained through mutual phosphorylation of Par proteins. Par-1 excludes Par-3 from the posterior, while aPKC excludes Par-1 from the anterior. Another highly conserved polarity protein, small GTPase Cdc-42, is also required at the anterior where it activates aPKC (reviewed in Lang and Munro, 2017; St Johnston, 2018).
[image: Figure 4]FIGURE 4 | Schematics of the first polarity event in the oocyte. The microtubule cytoskeleton reorganizes in the transition from Region 2b to Region 3 so that their nucleation sites (Shot/Patronin) are now at the posterior end. This causes the Balbiani body to reposition from the anterior to the posterior. Similarly, Par-1 localization changes from anterior to posterior, while Bazooka (Par-3) shows antagonistic localization in Region 3 (Vaccari and Ephrussi, 2002).
Initial efforts to determine the localization of Par proteins during early oogenesis showed that Bazooka (the Drosophila homologue of Par-3) and aPKC localize to adherens junctions that form around the ring canals (Cox et al., 2001b), while Par-1 localizes to the fusome (Cox et al., 2001a; Huynh et al., 2001a; Shulman et al., 2000). This work also suggested that Bazooka, aPKC and Par-1 do not depend on each other for their localization (Cox et al., 2001b; Huynh et al., 2001b). However, using isoform specific antibodies, Vaccari and Ephrussi (2002) detected Bazooka at the anterior, and Par-1 at the posterior pole of the oocyte (Figure 4). They also showed that Bazooka extends to the posterior in par-1 mutants, while Par-1 remains anterior in baz mutants. This suggests that Par polarity in the early oocyte could be maintained by mutual antagonism between the Baz/Par6/aPKC complex and Par-1. Cdc42 localizes to the anterior of early oocytes, and in cdc42 mutant egg chambers Bazooka localization is lost. Inversely, anterior localization of Cdc42 is lost in baz and apkc mutants (Leibfried et al., 2013).
It is unclear what triggers the polarization of the Par network in early oogenesis. But, since this event coincides with cadherin-mediated interactions between follicle cells and the oocyte, it has been suggested that a signal from follicle cells might play a role (Huynh and St Johnston, 2004; Roth and Lynch, 2009). This view has been supported by the finding that extracellular matrix receptor dystroglycan is required in the germline to polarize the oocyte at this stage (Deng et al., 2003). In addition, signaling between follicle cells and the oocyte is required for polarization of the Par network in later stages of oogenesis (Doerflinger et al., 2006).
At this stage of oogenesis, a number of open questions are eminent. It is not clear how par genes maintain oocyte fate, or how they are involved in relocalisation of the Balbiani body. It is also not clear if the Par network needs to be polarized at this stage to maintain oocyte fate. The microtubule network is likely a downstream target of Par polarity. This is based on the finding that microtubule minus–ends do not relocalise to the posterior cortex in any of the par mutants (Cox et al., 2001b; Huynh et al., 2001a; Benton et al., 2002; Vaccari and Ephrussi, 2002; Martin and St Johnston, 2003; Leibfried et al., 2013). However, Par-1 was later shown to inhibit microtubule nucleation at the posterior in later stages of oogenesis (Parton et al., 2011; Nashchekin et al., 2016). Therefore, it is not clear how Par-1 localization at the posterior could induce localization of minus ends at the posterior in earlier stages. In addition, posterior localization of Par-1 at this stage requires an intact microtubule network, suggesting that microtubule polarity and Par protein localization are interdependent (Vaccari and Ephrussi, 2002).
Another possible target of the Par network is the actin cytoskeleton; cdc42, apkc and baz mutants show disrupted actin cytoskeleton, while treatment with Latrunculin A abolishes translocation of Orb from anterior to posterior of the oocyte (Leibfried et al., 2013). Additionally, components of the dynein/dynactin complex could also be targets of Par proteins (Huynh and St Johnston, 2004). This idea grew from the observation that translocation of proteins and centrosomes does not occur correctly in Dhc, BicD or egl mutants (Huynh and St Johnston, 2000; Bolívar et al., 2001; Vaccari and Ephrussi, 2002).
SIGNAL FROM THE OOCYTE SPECIFIES POSTERIOR FOLLICLE CELLS
A second round of signaling between the oocyte and follicle cells involves Notch, JAK-STAT and EGF pathways, and occurs during stages 6 and 7 of oogenesis. At this point, Delta is once again upregulated in the germline and activates Notch signaling in the surrounding follicle cells (López-Schier and St Johnston, 2001). The activation of Notch signaling has two main effects on follicle cells. First, it initiates a switch from the mitotic cycle to the endoreplication cycle, which inhibits the proliferation of follicle cells (Deng et al., 2001; López-Schier and St Johnston, 2001). Second, it provides competency to respond to JAK-STAT signaling, which is activated by secretion of Unpaired from polar cells at the anterior and posterior ends of the egg chamber (Figure 5). This leads to specification of terminal cell fate in surrounding epithelial cells at both the anterior and the posterior end of the egg chamber. At the anterior, Unpaired functions as a morphogen to specify three types of anterior follicle cells as a function of distance from the polar cells: 1) border cells, 2) stretched cells, and 3) centripetal cells. Border cells receive the highest, and centripetal cells the lowest levels of Unpaired (Xi et al., 2003). Proper differentiation of anterior follicle cells is not necessary for establishment of the anterior-posterior (AP) axis but is important for other aspects of egg chamber development (Wu et al., 2008).
[image: Figure 5]FIGURE 5 | Schematics of signaling events required for differentiation of anterior and posterior follicle cells. At stage 6, the germline expresses Delta, which causes the surrounding layer of follicle cells to become competent to respond to JAK-STAT signaling. At stage 7, polar cells secrete Unpaired to activate JAK-STAT pathway in surrounding follicle cells. At the anterior, Unpaired acts as morphogen to specify three types of anterior follicle cells. At the posterior, the oocyte secretes Gurken to activate EGF pathway in adjacent follicle cells. Activation of both JAK-STAT and EGF pathway causes these follicle cells to adopt posterior fate.
For posterior follicle cells to differentiate correctly, the EGF signaling pathway needs to be activated. If that does not happen, follicle cells at the posterior pole of the egg chamber will differentiate into the three types of anterior follicle cells mentioned earlier (González-Reyes et al., 1995; Roth et al., 1995; González-Reyes and St Johnston, 1998b). EGFR in the follicle cells is activated by TGFɑ-like ligand Gurken (Neuman-Silberberg and Schüpbach, 1993). Gurken is secreted by the adjacent oocyte and activates EGFR in around 200 follicle cells (Neuman-Silberberg and Schüpbach, 1993; González-Reyes and St Johnston, 1998b). This leads to transcription of several target genes of EGF signaling such as pointed (Morimoto et al., 1996), midline and H15 (Fregoso Lomas et al., 2013), determinants of posterior follicle cell fate. Importantly, Gurken can activate EGFR only in follicle cells that have previously received Notch and JAK-STAT signaling (Xi et al., 2003). Thus, all three pathways are needed for posterior follicle cells (PFCs) to correctly differentiate and to signal back to the oocyte, which establishes the AP and DV body axes.
POSTERIOR FOLLICLE CELLS SIGNAL BACK TO THE OOCYTE
The role of the follicle cells in establishing anterior-posterior polarity of the oocyte has first been proposed in the early 1990s, based on the finding that Notch and Delta genes are required in follicle cells for proper localization of bicoid mRNA in the oocyte (Ruohola et al., 1991; Ruohola-Baker et al., 1994). González-Reyes and St Johnston (1994) showed that in a mutant in which the oocyte is mispositioned to the centre of the egg chamber, posterior follicle cells adopt anterior fate. This led them to propose a model according to which the oocyte signals to the follicle cells at the posterior to induce posterior fate, which in turn signal back to the oocyte to promote reorganization of the microtubule cytoskeleton. Soon after this finding, it was determined that the signal coming from the oocyte is Gurken, which activates the EGF signaling pathway in the PFCs. This work also confirmed the need for a signal coming from the posterior follicle cells, by showing that components of the EGFR network in follicle cells were necessary for proper localization of oskar and bicoid mRNA, organization of the microtubule cytoskeleton, and positioning of the nucleus (González-Reyes et al., 1995; Roth et al., 1995). However, more than 25 years after the signal coming from the oocyte has been elucidated, the molecular nature of the returning signal from the follicle cells that polarizes the oocyte remains unknown.
In order to identify the returning signal, several forward genetic screens for downstream targets of Notch, JAK/STAT and EGFR in follicle cells have been performed. However, they have not been successful in identifying the gene that encodes the signal molecule (Pai et al., 2000; Chen and Schüpbach, 2006; Sun et al., 2011; Wittes and Schüpbach, 2019). Evidence coming from mosaic analysis of mutants in EGF and JAK-STAT signaling components suggests that the signal is transmitted in a local fashion. These studies looked at localization of oskar mRNA and Staufen protein [an RNA-binding protein that can be used as a proxy for oskar mRNA localization (St Johnston et al., 1991)] in egg chambers in which mutant cell clones encompass only a subset of the PFCs. Both oskar mRNA and Staufen protein localize normally at the regions of the oocyte cortex that face wildtype PFCs, while mislocalisation is observed only in regions facing mutant follicle cells (Frydman and Spradling, 2001; Xi et al., 2003).
It is also unknown what the immediate target of the PFC signal is once it reaches the oocyte. The first sign of AP polarity identified to date is activation of non-muscle Myosin II at the posterior of the oocyte, and this does not happen in grk mutants, in which PFCs do not differentiate correctly (Doerflinger et al., 2022). However, it is unclear if this change is the direct target of the signal. On the other hand, the oocyte nucleus has to migrate from the posterior to the anterior of the oocyte to define the dorsal side of the egg chamber. In grk mutants, the oocyte is not released from the posterior anchor and cannot migrate (Zhao et al., 2012). All the evidence suggests that a PFC signal is necessary to establish both the AP and DV axis of the oocyte. However, the establishment of the two axes seems to be independent since the nucleus migrates normally in par-1 mutants, which do not properly establish the AP axis (Zhao et al., 2012). This also raises the possibility that the PFCs send two different signals to polarize the two main body axes.
MIGRATION OF THE OOCYTE NUCLEUS AND DORSAL-VENTRAL AXIS FORMATION
One of the downstream targets of the unidentified PFC signal is the movement of the nucleus from the posterior pole to the anterior at stage 7. Once it reaches the anterior, the nucleus is anchored to the oocyte membrane in contact with follicle cells. When the migration is completed, the nucleus accumulates high levels of grk mRNA and protein, and one more round of EGF signaling follows inducing dorsal fate in adjacent follicle cells (Neuman-Silberberg and Schüpbach, 1993; Roth et al., 1995; Schüpbach, 1987, see Merkle et al., 2020 for recent review on downstream targets of EGFR activation in dorsal follicle cells).
In the mutants producing bi-nucleated oocytes due to a defect in cystoblast cytokinesis, both nuclei move to the anterior and induce dorsal fate in adjacent follicle cells. Additionally, both nuclei choose the position randomly with regard to each other (Roth et al., 1999). Thus, the nucleus can be localized at any position of the oocyte anterior margin, meaning that, prior to nuclear movement, the oocyte lacks any dorsal-ventral asymmetry. This attributes the migration of the nucleus to the specific point of the margin a symmetry breaking event.
The movement of the nucleus across the oocyte has been well characterized using live imaging (Zhao et al., 2012; Tissot et al., 2017, reviewed in; Bernard et al., 2018). Studies have shown that microtubules nucleating at the posterior pole of the oocyte push the nucleus to the anterior. First, Zhao et al. (2012) showed that centrosomes, which are transported to the posterior at stage 1 of oogenesis, are the main nucleators of microtubules. However, detailed 3D analysis of migratory paths revealed that there are complementary mechanisms driving nuclear movement. While centrosomes control one migratory path, microtubule-associated protein Mud/NuMA, promotes a separate route (Tissot et al., 2017). This mechanistic redundancy provides robustness to the process of nuclear migration. In addition, it explains why centrosomes are not necessary for the correct positioning of the nucleus (Stevens et al., 2007). In the absence of centrosomes, nucleus movement is mediated either by the Mud/NuMA pathway (Tissot et al., 2017), or by acentrosomal microtubule organizing centers that form behind the nucleus and provide the pushing force for nuclear migration (Zhao et al., 2012).
Although migration of the nucleus has been well described, it is not clear how the PFC signal triggers the movement of the nucleus. It has been suggested that the signal releases the nucleus from the posterior anchor (Zhao et al., 2012). This is based on the observation that active centrosomes are localized behind the nucleus already at the stage 5 of oogenesis. These centrosomes nucleate microtubules, inducing indentation of the nucleus at the posterior. However, the nucleus is set in motion only following the PFC signal at stage 7. In grk mutants, the nucleus still maintains posterior indentation, but fails to migrate since the pushing force remains countered by an anchor that keeps the nucleus in place (Zhao et al., 2012). Once the nucleus has reached its final position, it needs to be anchored (Guichet et al., 2001). If anchoring is omitted, the nucleus is found in the middle of the oocyte, which has been referred to as a floating phenotype (Bernard et al., 2018). Not much is known about the mechanisms of the nucleus anchoring. However, microtubules play a role since a floating phenotype is observed when microtubules are depolymerized after the migration is completed (Januschke et al., 2006).
SECOND ROUND OF OOCYTE ANTERIOR-POSTERIOR POLARIZATION
The final goal of establishing anterior-posterior polarity of the oocyte is the robust and precise delivery of anterior and posterior determinants, which will specify the poles of the future embryo. The anterior region will develop into the head while the posterior region will become the abdomen of the fly. The main posterior determinant is oskar mRNA (Lehmann and Nüsslein-Volhard, 1986), and the anterior determinant is bicoid mRNA (Frohnhöfer and Nüsslein-Volhard, 1986). The process of anterior-posterior polarization of the oocyte occurs from stage 7 to stage 10 and can be divided into three steps (Figure 6). First, an asymmetry of the Par network is established, with Par-1 at the posterior and Bazooka/Par6/aPKC complex at the anterior cortex. Next, Par-1 inhibits microtubule nucleation at the posterior, which polarizes the microtubule cytoskeleton. Finally, motor protein-based transport of mRNAs on a polarized microtubule network leads to asymmetric mRNA localization.
[image: Figure 6]FIGURE 6 | Top: overview of anterior-posterior polarization of the oocyte in mid-oogenesis. Signal from PFCs (grey) induces establishment of posterior (magenta) and anterolateral (yellow) Par domains. Par polarity induces polarization of microtubule cytoskeleton (green) by inhibiting microtubule nucleation at the posterior. Polarized microtubule cytoskeleton directs delivery of bicoid mRNAs (blue) to the anterior and oskar mRNA (brown) to the posterior. Bottom: Detailed schematics showing three processes necessary for the oocyte polarization. Par network polarity: at the anterior, Bazooka/Par-6/aPKC complex binds to the membrane through interaction between Bazooka and membrane lipids. aPKC phosphorylates both Par-1 and Lgl to exclude them from the anterolateral membrane. At the posterior, Par-1 phosphorylates Bazooka, which is excluded from the posterior membrane following the binding by Par-5. In addition, Lgl and Slmb exclude aPKC/Par-6 complex from the posterior through not well defined mechanisms. Microtubule organization: at the anterior, Shot binds to actin and recruits Patronin. Patronin binds minus ends of existing microtubules, which template growth of new microtubules. At the posterior, Par-1 excludes Shot/Patronin through unknown mechanism to inhibit posterior nucleation of microtubules. mRNA transport and localization: at the anterior, dynein delivers bicoid mRNA to the cortex by moving towards the minus ends of the microtubules. bicoid is anchored only at the anterior of the oocyte by an unidentified linker. Kinesin-1 removes oskar mRNA from the anterolateral cortex by moving towards the plus ends of the microtubules. At the posterior, myosin-V anchors oskar mRNA to the cortical actin at the posterior of the oocyte, where the microtubule nucleation is inhibited.
Polarization of the Par Protein Network
The first sign of Par polarity is the appearance of a Par-1 crescent at the posterior of the oocyte at stage 7 of oogenesis (Shulman et al., 2000; Tomancak et al., 2000). Interestingly, at this stage Bazooka and Par-6 are also detected at the posterior, where they colocalize with Par-1. During stages 8 and 9, the Par-1 crescent intensifies and expands, while Bazooka and Par-6 gradually disappear from the posterior, and re-localise to the anterolateral cortex during stage 9 (Doerflinger et al., 2010; Jouette et al., 2019). Two other Par proteins, Par-4/LKB1 and Par-5/14-3-3, do not show any polarized distribution. Par-4 is uniformly distributed around the cortex (Martin and St Johnston, 2003), while Par-5 is detected in the cytoplasm (Benton et al., 2002). In addition to Par proteins, tumour suppressor Lethal (2) giant larvae (Lgl) is required for the polarization of the oocyte. Lgl also shows a polarized distribution and localizes to the posterior of the oocyte (Figure 6) (Tian and Deng, 2008; Doerflinger et al., 2010).
According to the current model, the Par polarity in the oocyte is maintained by mutual phosphorylation of posterior and anterior Par proteins. At the posterior, the main kinase is Par-1, which phosphorylates Bazooka to reduce its affinity for, and to exclude it from, the membrane. Since Bazooka is a scaffold protein that recruits Par-6 and aPKC to the membrane, exclusion of Bazooka also removes Par-6 and aPKC from the posterior. Additionally, Lgl binds to aPKC/Par-6 complex and inhibits aPKC activity. At the anterolateral cortex, aPKC phosphorylates both Par-1 and Lgl to exclude them from this domain (St Johnston and Ahringer, 2010). However, while evidence for some parts of this mechanism is strong, some have been inferred from other organisms and lack strong support in experiments using the Drosophila oocyte.
Evidence that Par-1 is required for Bazooka exclusion from the posterior is convincing. Phosphorylation of Bazooka by Par-1 has been shown both in vitro, by using biochemical assays; as well as in vivo, in both epithelia and the oocyte. Par-1 phosphorylates Bazooka on two conserved serines to generate a 14-3-3 binding site. Binding of 14-3-3/Par-5 to Bazooka disrupts its oligomerization and interaction with aPKC (Benton and St Johnston, 2003). In addition, in par-1 mutants Bazooka is localized all around the oocyte cortex; and a non-phosphorylatable form of Bazooka also shows uniform localization (Benton and St Johnston, 2003; Doerflinger et al., 2010). However, while phosphorylation of Bazooka by Par-1 is essential for its exclusion, it might not be sufficient. At stages 7 and 8, Par-1 and Bazooka co-localize at the posterior, and Bazooka exclusion is only observed at late stage 9 (Doerflinger et al., 2010; Jouette et al., 2019). Recent work has suggested the role of membrane trafficking and dynein-mediated transport in maintenance of Bazooka asymmetry (Jouette et al., 2019).
While the requirement of Par-1 for Bazooka localization is clear, contradicting observations concerning how Bazooka influences Par-1 cortical recruitment have been made. One study reported a baz mutant in which Par-1 cortical localization is lost (Becalska and Gavis, 2010). Another study reported that Par-1 localizes all around the cortex in baz mutant (Doerflinger et al., 2010). When the conserved aPKC phosphorylation site is mutated, Par-1 localizes all around the cortex (Doerflinger et al., 2006, Doerflinger et al., 2010). Additionally, aPKC, as well as its binding partner Par-6, is excluded from posterior in mid-oogenesis (Doerflinger et al., 2010; Morais-de-Sá et al., 2014). From this, it has been inferred that aPKC phosphorylates Par-1 to exclude it from the anterolateral cortex (Doerflinger et al., 2010). However, direct evidence for the requirement of aPKC and Par-6 in oocyte polarization is still missing. The reasoning behind is that most of the oocytes which are mutant for apkc and par-6 lose their fate and revert to that of nurse cells. This problem has been partially circumvented by studying escapers—egg chambers that overcome the early defects and develop to stage 9–10. By analysing escapers of a strong apkc mutant, Tian and Deng (2008) found mislocalization of Staufen in half of the oocytes. Conversely, Doerflinger et al. (2006) reported that these escapers develop normal anterior-posterior axis at stage 9. Similarly, hypomorphic aPKC alleles, which lack either kinase activity or Par-6 binding site, do not cause polarity defects (Kim et al., 2009). Additionally, Huynh et al. (2001b) reported that par-6 escapers produce normal eggs. More recently, it has been reported that Slmb, the substrate specificity subunit of the SCF E3 ubiquitin ligase, excludes Par-6 and aPKC from the posterior by targeting them for degradation (Morais-de-Sá et al., 2014).
Polarization of Microtubule Cytoskeleton
While exact mechanisms of Par asymmetry establishment in mid-oogenesis remain unclear, much more is known about the downstream polarity event: the organization of the microtubule cytoskeleton. Initially, microtubule organization in the oocyte was inferred from final distributions of cargoes and motor proteins. This has led to a view that microtubules are highly polarized along the anterior-posterior axis, with minus ends at the anterior, and plus ends at the posterior (Clark et al., 1994; Clark et al., 1997). Immunostaining of microtubules has led to the model of microtubules being nucleated at the anterior and lateral cortex of the oocyte, but not at the posterior (Theurkauf et al., 1992; Cha et al., 2002; Serbus et al., 2005), while Januschke et al. (2006) proposed that nucleation occurs predominantly from the oocyte nucleus.
Our current understanding of microtubule organization greatly benefited from the use of high-resolution live imaging. Visualization of oskar mRNA particles showed that they are transported in all directions, with only a small bias towards the posterior (Zimyanin et al., 2008). This suggested that the microtubule network is only marginally polarized. Parton et al. used live imaging of microtubule plus end marker EB1-GFP to show that the microtubule network is highly dynamic, and only subtly polarized; around 60% of the microtubules grow towards the posterior, and 40% towards the anterior (Parton et al., 2011). At the anterolateral cortex of the oocyte, microtubules are organized by non-centrosomal microtubule organizing centers (ncMTOCs). These ncMTOCs are composed of spectraplakin, Shot and a microtubule minus end–binding protein, Patronin. Shot binds to the cortical f-actin, and recruits Patronin to form cortical ncMTOC (Figure 6). The Shot/Patronin complex does not nucleate microtubules but captures existing microtubule minus ends, which template growth of new microtubules (Nashchekin et al., 2016). A line of studies showed that Par-1 is a major effector of microtubule organization in the oocyte. In par-1 mutants, the exclusion of Shot and Patronin from the posterior cortex is lost (Nashchekin et al., 2016), as is the suppression of microtubule nucleation at the posterior (Shulman et al., 2000; Parton et al., 2011). In contrast, expression of the non-phosphorylatable form of Par-1, which localizes all around the cortex, causes loss of all cortex-associated microtubules (Doerflinger et al., 2010). Whether Par-1 interacts directly with the Shot/Patronin complex to exclude it from the membrane, or whether it blocks its cortical recruitment through indirect mechanism, remains to be determined.
Localization of mRNAs
The final step of anterior-posterior polarization of the oocyte is the delivery of oskar mRNA to the posterior, and of bicoid mRNA to the anterior of the oocyte. It has been known for a long time that the localization of both mRNAs depends on microtubules (Pokrywka and Stephenson, 1991; Clark et al., 1994). These early results led to the model of mRNAs being transported towards the opposite poles by motor proteins moving in opposite directions on a highly polarized microtubule cytoskeleton (Figure 6, bottom). This idea was corroborated with the finding that correct oskar mRNA localization requires plus-end directed motor protein kinesin-1 (Brendza et al., 2000), while localization of bicoid mRNA is affected when the Dynein/Dynactin complex is disrupted (Duncan and Warrior, 2002; Januschke et al., 2002). However, as it became clear that the microtubule cytoskeleton is not as polarized as was initially assumed, novel mechanisms of mRNA transport and localization have been considered.
Once again, live imaging was essential for our current understanding of this process. As mentioned previously, high-resolution time-lapse imaging and image analysis revealed that oskar mRNA localizes by biased random walk along a weakly polarized microtubule cytoskeleton (Zimyanin et al., 2008). Similarly, Trovisco et al. (2016) found that bicoid is randomly transported by dynein walking toward the minus-ends of the microtubules. Computer simulations suggested that the existence of an anterior-posterior gradient of cortical microtubule nucleation is already sufficient to account for the localization of mRNAs (Khuc Trong et al., 2015). However, recent experiments suggested that dynactin is necessary to protect growing plus–ends of MTs from depolymerization, making them long enough for oskar to be delivered to the posterior (Nieuwburg et al., 2017). In addition, both bicoid and oskar mRNAs seem to require anchoring for stable localization. FRAP and photo-conversion experiments of fluorescently labelled bicoid mRNA showed slow turnover kinetics of these particles suggesting that they are stably anchored (Trovisco et al., 2016). These observations led the authors to propose that dynein delivers bicoid mRNA to a broader anterolateral region by walking towards the minus end of the microtubules. bicoid is anchored by an unknown mechanism, which is active only at the anterior, but not at the lateral cortex. The molecular nature of this mechanism is unknown, but it is independent of microtubule dynamics and polarization (Trovisco et al., 2016). Interestingly, bicoid mRNA that is injected into the oocyte localizes to the nearest region of anterolateral cortex. When treated with the nurse cell cytoplasm prior to the injection, it properly localizes only at the anterior (Cha et al., 2001). A nurse cell specific factor could bind to mRNA-protein complexes rendering it competent for anterior anchoring (Trovisco et al., 2016). A model that includes anchoring specifically at the anterior can explain why bicoid is not found at the lateral cortex. This model also predicts that the microtubule cytoskeleton does not need to be polarized for correct bicoid localization. Indeed, bicoid localizes correctly in the shot mutants, in which the microtubule cytoskeleton is not polarized (Trovisco et al., 2016). However, defects in bicoid mRNA localization occur in other mutants in which cytoskeleton polarization is compromised, such as par-1, baz and grk (González-Reyes et al., 1995; Benton et al., 2002; Doerflinger et al., 2010).
The mechanism of oskar mRNA anchoring is far better understood. First, cortical localization of oskar is reduced upon F-actin fragmentation (Cha et al., 2002) and depends on the actin-based motor, myosin-V (didum in Drosophila) (Krauss et al., 2009). This suggested that myosin-V could be part of an anchoring machinery. However, since both myosin-V and actin are uniformly distributed throughout the oocyte cortex, it was unclear how they can anchor oskar mRNA specifically at the posterior. To elucidate the mechanism of oskar mRNA transport and anchoring, Lu et al. (2020) analysed the localization of Staufen in different kinesin-1 and myosin-V mutants. According to the model proposed by Lu et al. (2020) (Figure 6, bottom), oskar mRNA is transported by kinesin-1 towards the plus–ends of microtubules, followed by anchoring at the posterior by myosin-V. A stochastic competition between kinesin dependent removal of oskar mRNA from the cortex along microtubules and myosin-V anchoring leads to differential steady-states along the oocyte cortex. While the density of microtubules is high at the anterolateral cortex, kinesin removal wins in that region. At the posterior, where nucleation of microtubules is suppressed, anchoring by myosin-V is predominant (Lu et al., 2020). This model explains why posterior localization of oskar can be achieved by myosin dependent anchoring, although myosin localization is not polarized. Furthermore, it explains why oskar localization critically depends on the polarization of the microtubule cytoskeleton.
FUTURE PERSPECTIVES AND FOCUS POINTS
In Drosophila, the development from stem cell to mature oocyte is critically determined by a series of spatial decision-making processes. These processes go back to canonical cell polarity events governed by the Par protein network. Despite recent advances in our understanding of cell polarity and the downstream processes leading to cell selection and differentiation, intracellular reorganisation of the oocyte, and body axes formation, several major gaps of knowledge persist. In our view the most critical open questions relate to the interplay between follicle cells and the oocyte. Unlike in other species, for example in C. elegans, where polarization of the zygote and first body axis determination occurs cell autonomously, an intimate mechanistic relationship between soma and germline has been retained in Drosophila. Most importantly, the identification of the follicle cell signal that determines the second polarity event and body axis formation is long overdue, but all the past studies so far suggest that this would require analyses beyond genetic screens and knockout studies. Biophysical approaches that test the cell-cell interface between oocyte and posterior follicle cells could give new insight.
AUTHOR CONTRIBUTIONS
AM and IAT created the figures and wrote the manuscript.
FUNDING
Fundação para a Ciência e Tecnologia (FCT) awarded an individual PhD fellowship 2020.04666.BD to AM, Human Frontiers Science Program (HFSP) awarded grant RGY0083/2016 to IAT supporting AM, and Fundação Calouste Gulbenkian provided core funding support.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
We thank Funding agencies and the host institute (IGC) for their financial support.
REFERENCES
 Anlas, K., and Trivedi, V. (2021). Studying Evolution of the Primary Body axis In Vivo and In Vitro. Elife 10, e69066. doi:10.7554/elife.69066
 Assa-Kunik, E., Torres, I. L., Schejter, E. D., Johnston, D. S., and Shilo, B.-Z. (2007). Drosophilafollicle Cells are Patterned by Multiple Levels of Notch Signaling and Antagonism Between the Notch and JAK/STAT Pathways. Development 134, 1161–1169. doi:10.1242/dev.02800
 Becalska, A. N., and Gavis, E. R. (2010). Bazooka Regulates Microtubule Organization and Spatial Restriction of Germ Plasm Assembly in the Drosophila Oocyte. Develop. Biol. 340, 528–538. doi:10.1016/j.ydbio.2010.02.006
 Bénazéraf, B., and Pourquié, O. (2013). Formation and Segmentation of the Vertebrate Body axis. Annu. Rev. Cell Dev. Biol. 29, 1–26. doi:10.1146/annurev-cellbio-101011-155703
 Benton, R., and Johnston, D. S. (2003). Drosophila PAR-1 and 14-3-3 Inhibit Bazooka/PAR-3 to Establish Complementary Cortical Domains in Polarized Cells. Cell 115, 691–704. doi:10.1016/s0092-8674(03)00938-3
 Benton, R., Palacios, I. M., and Johnston, D. S. (2002). Drosophila 14-3-3/PAR-5 Is an Essential Mediator of PAR-1 Function in Axis Formation. Dev. Cell 3, 659–671. doi:10.1016/s1534-5807(02)00320-9
 Bernard, F., Lepesant, J.-A., and Guichet, A. (2018). Nucleus Positioning within Drosophila Egg Chamber. Semin. Cell Dev. Biol. 82, 25–33. doi:10.1016/j.semcdb.2017.10.013
 Bolívar, J., Huynh, J. R., López-Schier, H., González, C., St Johnston, D., and González-Reyes, A. (2001). Centrosome Migration into the Drosophila Oocyte Is Independent of BicD and Egl, and of the Organisation of the Microtubule Cytoskeleton. Development 128, 1889–1897.
 Brendza, R. P., Serbus, L. R., Duffy, J. B., and Saxton, W. M. (2000). A Function for Kinesin I in the Posterior Transport of Oskar mRNA and Staufen Protein. Science 289, 2120–2122. doi:10.1126/science.289.5487.2120
 Capdevila, J., Vogan, K. J., Tabin, C. J., and Izpisúa Belmonte, J. C. (2000). Mechanisms of Left-Right Determination in Vertebrates. Cell 101, 9–21. doi:10.1016/s0092-8674(00)80619-4
 Carpenter, A. T. (1994). Egalitarian and the Choice of Cell Fates in Drosophila melanogaster Oogenesis. Ciba Found. Symp. 182, 223–254.
 Carpenter, A. T. C. (1975). Electron Microscopy of Meiosis in Drosophila melanogaster Females. Chromosoma 51, 157–182. doi:10.1007/bf00319833
 Cereijido, M., Contreras, R. G., and Shoshani, L. (2004). Cell Adhesion, Polarity, and Epithelia in the Dawn of Metazoans. Physiol. Rev. 84, 1229–1262. doi:10.1152/physrev.00001.2004
 Cha, B.-J., Koppetsch, B. S., and Theurkauf, W. E. (2001). In Vivo analysis of Drosophila Bicoid mRNA Localization Reveals a Novel Microtubule-dependent axis Specification Pathway. Cell 106, 35–46. doi:10.1016/s0092-8674(01)00419-6
 Cha, B.-J., Serbus, L. R., Koppetsch, B. S., and Theurkauf, W. E. (2002). Kinesin I-dependent Cortical Exclusion Restricts Pole Plasm to the Oocyte Posterior. Nat. Cell Biol. 4, 592–598. doi:10.1038/ncb832
 Chen, Y., and Schüpbach, T. (2006). The Role of Brinker in Eggshell Patterning. Mech. Dev. 123, 395–406. doi:10.1016/j.mod.2006.03.007
 Clark, I. E., Jan, L. Y., and Jan, Y. N. (1997). Reciprocal Localization of Nod and Kinesin Fusion Proteins Indicates Microtubule Polarity in the Drosophila Oocyte, Epithelium, Neuron and Muscle. Development 124, 461–470. doi:10.1242/dev.124.2.461
 Clark, I., Giniger, E., Ruohola-Baker, H., Jan, L. Y., and Jan, Y. N. (1994). Transient Posterior Localization of a Kinesin Fusion Protein Reflects Anteroposterior Polarity of the Drosophila Oocyte. Curr. Biol. 4, 289–300. doi:10.1016/s0960-9822(00)00068-3
 Cox, D. N., Lu, B., Sun, T.-Q., Williams, L. T., and Jan, Y. N. (2001a). Drosophila Par-1 Is Required for Oocyte Differentiation and Microtubule Organization. Curr. Biol. 11, 75–87. doi:10.1016/s0960-9822(01)00027-6
 Cox, D. N., Seyfried, S. A., Jan, L. Y., and Jan, Y. N. (2001b). Bazooka and Atypical Protein Kinase C Are Required to Regulate Oocyte Differentiation in the Drosophila Ovary. Proc. Natl. Acad. Sci. U.S.A. 98, 14475–14480. doi:10.1073/pnas.261565198
 Cox, R. T., and Spradling, A. C. (2003). A Balbiani Body and the Fusome Mediate Mitochondrial Inheritance duringDrosophilaoogenesis. Development 130, 1579–1590. doi:10.1242/dev.00365
 De Cuevas, M., Lilly, M., and Spradling, A. (1997). Germline Cyst Formation in Drosophila. Annu. Rev. Genet. 31, 405–428. doi:10.1146/annurev.genet.31.1.405
 De Cuevas, M., and Spradling, A. C. (1998). Morphogenesis of the Drosophila Fusome and its Implications for Oocyte Specification. Development 125, 2781–2789. doi:10.1242/dev.125.15.2781
 Deng, W.-M., Althauser, C., and Ruohola-Baker, H. (2001). Notch-Delta Signaling Induces a Transition from Mitotic Cell Cycle to Endocycle inDrosophilafollicle Cells. Development 128, 4737–4746. doi:10.1242/dev.128.23.4737
 Deng, W.-M., Schneider, M., Frock, R., Castillejo-Lopez, C., Gaman, E. A., Baumgartner, S., et al. (2003). Dystroglycan Is Required for Polarizing the Epithelial Cells and the Oocyte inDrosophila. Development 130, 173–184. doi:10.1242/dev.00199
 Deng, W., and Lin, H. (1997). Spectrosomes and Fusomes Anchor Mitotic Spindles During Asymmetric Germ Cell Divisions and Facilitate the Formation of a Polarized Microtubule Array for Oocyte Specification in Drosophila. Develop. Biol. 189, 79–94. doi:10.1006/dbio.1997.8669
 Doerflinger, H., Benton, R., Torres, I. L., Zwart, M. F., and St Johnston, D. (2006). Drosophila Anterior-Posterior Polarity Requires Actin-dependent PAR-1 Recruitment to the Oocyte Posterior. Curr. Biol. 16, 1090–1095. doi:10.1016/j.cub.2006.04.001
 Doerflinger, H., Vogt, N., Torres, I. L., Mirouse, V., Koch, I., Nüsslein-Volhard, C., et al. (2010). Bazooka Is Required for Polarisation of the Drosophila Anterior-Posterior axis. Development 137, 1765–1773. doi:10.1242/dev.045807
 Doerflinger, H., Zimyanin, V., and St Johnston, D. (2022). The Drosophila Anterior-Posterior axis Is Polarized by Asymmetric Myosin Activation. Curr. Biol. 32, 374–385.e4. doi:10.1016/j.cub.2021.11.024
 Duncan, J. E., and Warrior, R. (2002). The Cytoplasmic Dynein and Kinesin Motors Have Interdependent Roles in Patterning the Drosophila Oocyte. Curr. Biol. 12, 1982–1991. doi:10.1016/s0960-9822(02)01303-9
 Fregoso Lomas, M., Hails, F., Lachance, J. F., and Nilson, L. A. (2013). Response to the Dorsal Anterior Gradient of EGFR Signaling in Drosophila Oogenesis is Prepatterned by Earlier Posterior EGFR Activation. Cell Rep 4, 791–802. doi:10.1016/j.celrep.2013.07.038
 Frohnhöfer, H. G., and Nüsslein-Volhard, C. (1986). Organization of Anterior Pattern in the Drosophila Embryo by the Maternal Gene Bicoid. Nature 324, 120–125. doi:10.1038/324120a0
 Frydman, H. M., and Spradling, A. C. (2001). The Receptor-Like Tyrosine Phosphatase Lar is Required for Epithelial Planar Polarity and for Axis Determination with Drosophila Ovarian Follicles. Development 128, 3209–3220. doi:10.1242/dev.128.16.3209
 Godt, D., and Tepass, U. (1998). Drosophila Oocyte Localization is Mediated by Differential Cadherin-Based Adhesion. Nature 395, 387–391. doi:10.1038/26493
 González-Reyes, A., Elliott, H., and St Johnston, D. (1995). Polarization of Both Major Body Axes in Drosophila by Gurken-torpedo Signalling. Nature 375, 654–658. doi:10.1038/375654a0
 González-Reyes, A., and St Johnston, D. (1998b). Patterning of the Follicle Cell Epithelium along the Anterior-Posterior axis during Drosophila Oogenesis. Development 125, 2837–2846. doi:10.1242/dev.125.15.2837
 González-Reyes, A., and St Johnston, D. (1994). Role of Oocyte Position in Establishment of Anterior-Posterior Polarity in Drosophila. Science 266, 639–642. doi:10.1126/science.7939717
 González-Reyes, A., and St Johnston, D. (1998a). The Drosophila AP axis Is Polarised by the Cadherin-Mediated Positioning of the Oocyte. Development 125, 3635–3644. doi:10.1242/dev.125.18.3635
 Grammont, M., and Irvine, K. D. (2001). fringe and Notch Specify Polar Cell Fate During Drosophila oogenesis. Development 128, 2243–2253. doi:10.1242/dev.128.12.2243
 Grammont, M., and Irvine, K. D. (2002). Organizer Activity of the Polar Cells During Drosophila oogenesis. Development 129, 5131–5140. doi:10.1242/dev.129.22.5131
 Grieder, N. C., de Cuevas, M., and Spradling, A. C. (2000). The Fusome Organizes the Microtubule Network During Oocyte Differentiation in Drosophila. Development 127, 4253–4264. doi:10.1242/dev.127.19.4253
 Guichet, A., Peri, F., and Roth, S. (2001). Stable Anterior Anchoring of the Oocyte Nucleus Is Required to Establish Dorsoventral Polarity of the Drosophila Egg. Develop. Biol. 237, 93–106. doi:10.1006/dbio.2001.0354
 Huynh, J.-R., Petronczki, M., Knoblich, J. A., and Johnston, D. S. (2001b). Bazooka and PAR-6 Are Required with PAR-1 for the Maintenance of Oocyte Fate in Drosophila. Curr. Biol. 11, 901–906. doi:10.1016/s0960-9822(01)00244-5
 Huynh, J.-R., and St Johnston, D. (2004). The Origin of Asymmetry : Early Polarisation of the Drosophila Germline Cyst and Oocyte. Curr. Biol. 14, 438–449. doi:10.1016/j.cub.2004.05.040
 Huynh, J. R., Shulman, J. M., Benton, R., and St Johnston, D. (2001a). PAR-1 Is Required for the Maintenance of Oocyte Fate in Drosophila. Development 128, 1201–1209. doi:10.1242/dev.128.7.1201
 Huynh, J., and St Johnston, D. (2000). The Role of BicD, Egl, Orb and the Microtubules in the Restriction of Meiosis to the Drosophila Oocyte. Development 127, 2785–2794. doi:10.1242/dev.127.13.2785
 Januschke, J., Gervais, L., Dass, S., Kaltschmidt, J. A., Lopez-Schier, H., Johnston, D. S., et al. (2002). Polar Transport in the Drosophila Oocyte Requires Dynein and Kinesin I Cooperation. Curr. Biol. 12, 1971–1981. doi:10.1016/s0960-9822(02)01302-7
 Januschke, J., Gervais, L., Gillet, L., Keryer, G., Bornens, M., and Guichet, A. (2006). The Centrosome-Nucleus Complex and Microtubule Organization in the Drosophila Oocyte. Development 133, 129–139. doi:10.1242/dev.02179
 Jouette, J., Guichet, A., and Claret, S. B. (2019). Dynein-mediated Transport and Membrane Trafficking Control PAR3 Polarised Distribution. Elife 8, e402128. doi:10.7554/eLife.40212
 Khuc Trong, P., Doerflinger, H., Dunkel, J., St Johnston, D., and Goldstein, R. E. (2015). Cortical Microtubule Nucleation Can Organise the Cytoskeleton of Drosophila Oocytes to Define the Anteroposterior Axis. Elife 4, e06088. doi:10.7554/eLife.06088
 Kim, S., Gailite, I., Moussian, B., Luschnig, S., Goette, M., Fricke, K., et al. (2009). Kinase-activity-independent Functions of Atypical Protein Kinase C in Drosophila. J. Cell Sci. 122, 3759–3771. doi:10.1242/jcs.052514
 Kimelman, D., and Martin, B. L. (2012). Anterior-posterior Patterning in Early Development: Three Strategies. Wiley Interdiscip. Rev. Dev. Biol. 1 (253–266), 253–266. doi:10.1002/wdev.25
 Knoblich, J. A. (2008). Mechanisms of Asymmetric Stem Cell Division. Cell 132, 583–597. doi:10.1016/j.cell.2008.02.007
 Krauss, J., López de Quinto, S., Nüsslein-Volhard, C., and Ephrussi, A. (2009). Myosin-V Regulates Oskar mRNA Localization in the Drosophila Oocyte. Curr. Biol. 19, 1058–1063. doi:10.1016/j.cub.2009.04.062
 Lang, C. F., and Munro, E. (2017). The PAR Proteins: from Molecular Circuits to Dynamic Self-Stabilizing Cell Polarity. Development 144, 3405–3416. doi:10.1242/dev.139063
 Lehmann, R., and Nüsslein-Volhard, C. (1986). Abdominal Segmentation, Pole Cell Formation, and Embryonic Polarity Require the Localized Activity of Oskar, a Maternal Gene in Drosophila. Cell 47, 141–152. doi:10.1016/0092-8674(86)90375-2
 Leibfried, A., Müller, S., and Ephrussi, A. (2013). A Cdc42-Regulated Actin Cytoskeleton Mediates Drosophila Oocyte Polarization. Development 140, 362–371. doi:10.1242/dev.089250
 Lin, H., and Spradling, A. C. (1995). Fusome Asymmetry and Oocyte Determination inDrosophila. Dev. Genet. 16, 6–12. doi:10.1002/dvg.1020160104
 Lin, H., Yue, L., and Spradling, A. C. (1994). The Drosophila Fusome, a Germline-specific Organelle, Contains Membrane Skeletal Proteins and Functions in Cyst Formation. Development 120, 947–956. doi:10.1242/dev.120.4.947
 López-Schier, H., and St Johnston, D. (2001). Delta Signaling from the Germ Line Drosophila Oogenesis of the Somatic Follicle Cells during Controls the Proliferation and Differentiation. Genes Dev. 15, 1393–1405.
 Lu, W., Lakonishok, M., Liu, R., Billington, N., Rich, A., Glotzer, M., et al. (2020). Competition between Kinesin-1 and Myosin-V Defines Drosophila Posterior Determination. Elife 9, e54216. doi:10.7554/eLife.54216
 Mach, J. M., and Lehmann, R. (1997). An Egalitarian-BicaudalD Complex Is Essential for Oocyte Specification and axis Determination in Drosophila. Genes Dev. 11, 423–435. doi:10.1101/gad.11.4.423
 Martin, S. G., and St Johnston, D. (2003). A Role for Drosophila LKB1 in Anterior-Posterior axis Formation and Epithelial Polarity. Nature 421, 379–384. doi:10.1038/nature01296
 McGrail, M., and Hays, T. S. (1997). The Microtubule Motor Cytoplasmic Dynein Is Required for Spindle Orientation during Germline Cell Divisions and Oocyte Differentiation in Drosophila. Development 124, 2409–2419. doi:10.1242/dev.124.12.2409
 McGregor, J. R., Xi, R., and Harrison, D. A. (2002). JAK Signaling is Somatically Required for Follicle Cell Differentiation in Drosophila. Development 129, 705–717. doi:10.1242/dev.129.3.705
 Meinhardt, H. (2006). Primary Body Axes of Vertebrates: Generation of a Near-Cartesian Coordinate System and the Role of Spemann-Type Organizer. Dev. Dyn. 235, 2907–2919. doi:10.1002/dvdy.20952
 Merkle, J. A., Wittes, J., and Schüpbach, T. (2020). Signaling Between Somatic Follicle Cells and the Germline Patterns the Egg and Embryo of Drosophila. Curr. Top. Develop. Biol. 140, 55–86. doi:10.1016/bs.ctdb.2019.10.004
 Morais-de-Sá, E., Mukherjee, A., Lowe, N., and St Johnston, D. (2014). Slmb Antagonises the aPKC/Par-6 Complex to Control Oocyte and Epithelial Polarity. Development 141, 2984–2992. doi:10.1242/dev.109827
 Morimoto, A. M., Jordan, K. C., Tietze, K., Britton, J. S., O'Neill, E. M., and Ruohola-Baker, H. (1996). Pointed, an ETS Domain Transcription Factor, Negatively Regulates the EGF Receptor Pathway in Drosophila Oogenesis. Development 122, 3745–3754. doi:10.1242/dev.122.12.3745
 Nashchekin, D., Busby, L., Jakobs, M., Squires, I., and St. Johnston, D. (2021). Symmetry Breaking in the Female Germline Cyst. Science 374, 874–879. doi:10.1126/science.abj3125
 Nashchekin, D., Fernandes, A. R., and St Johnston, D. (2016). Patronin/Shot Cortical Foci Assemble the Noncentrosomal Microtubule Array that Specifies the Drosophila Anterior-Posterior Axis. Dev. Cell 38, 61–72. doi:10.1016/j.devcel.2016.06.010
 Navarro, C., Puthalakath, H., Adams, J. M., Strasser, A., and Lehmann, R. (2004). Egalitarian Binds Dynein Light Chain to Establish Oocyte Polarity and Maintain Oocyte Fate. Nat. Cell Biol. 6, 427–435. doi:10.1038/ncb1122
 Neuman-Silberberg, F. S., and Schüpbach, T. (1993). The drosophila Dorsoventral Patterning Gene Gurken Produces a Dorsally Localized RNA and Encodes a TGFα-Like Protein. Cell 75, 165–174. doi:10.1016/s0092-8674(05)80093-5
 Nieuwburg, R., Nashchekin, D., Jakobs, M., Carter, A. P., Khuc Trong, P., Goldstein, R. E., et al. (2017). Localised Dynactin Protects Growing Microtubules to Deliver Oskar mRNA to the Posterior Cortex of the Drosophila Oocyte. Elife 6, e27237. doi:10.7554/eLife.27237
 Pai, L.-M., Barcelo, G., and Schüpbach, T. (2000). D-cbl, a Negative Regulator of the Egfr Pathway, is Required for Dorsoventral Patterning in Drosophila Oogenesis. Cell 103, 51–61. doi:10.1016/s0092-8674(00)00104-5
 Parton, R. M., Hamilton, R. S., Ball, G., Yang, L., Cullen, C. F., Lu, W., et al. (2011). A PAR-1-dependent Orientation Gradient of Dynamic Microtubules Directs Posterior Cargo Transport in the Drosophila Oocyte. J. Cell Biol. 194, 121–135. doi:10.1083/jcb.201103160
 Pokrywka, N. J., and Stephenson, E. C. (1991). Microtubules Mediate the Localization of Bicoid RNA during Drosophila Oogenesis. Development 113, 55–66. doi:10.1242/dev.113.1.55
 Rodriguez-Boulan, E., and Macara, I. G. (2014). Organization and Execution of the Epithelial Polarity Programme. Nat. Rev. Mol. Cell Biol. 15, 225–242. doi:10.1038/nrm3775
 Roignot, J., Peng, X., and Mostov, K. (2013). Polarity in Mammalian Epithelial Morphogenesis. Cold Spring Harb. Perspect. Biol. 5, 1–16. doi:10.1101/cshperspect.a013789
 Röper, K., and Brown, N. H. (2004). A Spectraplakin is Enriched on the Fusome and Organizes Microtubules during Oocyte Specification in Drosophila. Curr. Biol. 14, 99–110. doi:10.1016/j.cub.2003.12.056
 Roth, S., Jordan, P., and Karess, R. (1999). Binuclear Drosophila Oocytes: Consequences and Implications for Dorsal-Ventral Patterning in Oogenesis and Embryogenesis. Development 126, 927–934. doi:10.1242/dev.126.5.927
 Roth, S., and Lynch, J. A. (2009). Symmetry Breaking during Drosophila Oogenesis. Cold Spring Harbor Perspect. Biol. 1, a001891. doi:10.1101/cshperspect.a001891
 Roth, S., Shira Neuman-Silberberg, F., Barcelo, G., and Schüpbach, T. (1995). Cornichon and the EGF Receptor Signaling Process Are Necessary for Both Anterior-Posterior and Dorsal-Ventral Pattern Formation in Drosophila. Cell 81, 967–978. doi:10.1016/0092-8674(95)90016-0
 Ruohola, H., Bremer, K. A., Baker, D., Swedlow, J. R., Jan, L. Y., and Jan, Y. N. (1991). Role of Neurogenic Genes in Establishment of Follicle Cell Fate and Oocyte Polarity during Oogenesis in Drosophila. Cell 66, 433–449. doi:10.1016/0092-8674(81)90008-8
 Ruohola-Baker, H., Jan, L. Y., and Jan, Y. N. (1994). The Role of Gene Cassettes in axis Formation during Drosophila Oogenesis. Trends Genet. 10, 89–94. doi:10.1016/0168-9525(94)90231-3
 Rust, K., and Nystul, T. (2020). Signal Transduction in the Early Drosophila Follicle Stem Cell Lineage. Curr. Opin. Insect Sci. 37, 39–48. doi:10.1016/j.cois.2019.11.005
 Schüpbach, T. (1987). Germ Line and Soma Cooperate during Oogenesis to Establish the Dorsoventral Pattern of Egg Shell and Embryo in Drosophila melanogaster. Cell 49, 699–707. doi:10.1016/0092-8674(87)90546-0
 Serbus, L. R., Cha, B.-J., Theurkauf, W. E., and Saxton, W. M. (2005). Dynein and the Actin Cytoskeleton Control Kinesin-Driven Cytoplasmic Streaming inDrosophilaoocytes. Development 132, 3743–3752. doi:10.1242/dev.01956
 Shulman, J. M., Benton, R., and St Johnston, D. (2000). The Drosophila Homolog of C. elegans PAR-1 Organizes the Oocyte Cytoskeleton and Directs Oskar mRNA Localization to the Posterior Pole. Cell 101, 377–388. doi:10.1016/s0092-8674(00)80848-x
 St Johnston, D., and Ahringer, J. (2010). Cell Polarity in Eggs and Epithelia: Parallels and Diversity. Cell 141, 757–774. doi:10.1016/j.cell.2010.05.011
 St Johnston, D., Beuchle, D., and Nüsslein-Volhard, C. (1991). Staufen, a Gene Required to Localize Maternal RNAs in the Drosophila Egg. Cell 66, 51–63. doi:10.1016/0092-8674(91)90138-o
 St Johnston, D. (2018). Establishing and Transducing Cell Polarity: Common Themes and Variations. Curr. Opin. Cel Biol. 51, 33–41. doi:10.1016/j.ceb.2017.10.007
 Stevens, N. R., Raposo, A. A. S. F., Basto, R., St Johnston, D., and Raff, J. W. (2007). From Stem Cell to Embryo without Centrioles. Curr. Biol. 17, 1498–1503. doi:10.1016/j.cub.2007.07.060
 Sun, Y., Yan, Y., Denef, N., and Schüpbach, T. (2011). Regulation of Somatic Myosin Activity by Protein Phosphatase 1β Controls Drosophila Oocyte Polarization. Development 138, 1991–2001. doi:10.1242/dev.062190
 Suter, B., and Steward, R. (1991). Requirement for Phosphorylation and Localization of the Bicaudal-D Protein in Drosophila Oocyte Differentiation. Cell 67, 917–926. doi:10.1016/0092-8674(91)90365-6
 Theurkauf, W. E., Alberts, B. M., Jan, Y. N., and Jongens, T. A. (1993). A central Role for Microtubules in the Differentiation of Drosophila Oocytes. Development 118, 1169–1180. doi:10.1242/dev.118.4.1169
 Theurkauf, W. E., Smiley, S., Wong, M. L., and Alberts, B. M. (1992). Reorganization of the Cytoskeleton during Drosophila Oogenesis: Implications for axis Specification and Intercellular Transport. Development 115, 923–936. doi:10.1242/dev.115.4.923
 Tian, A.-G., and Deng, W.-M. (2008). Lgl and its Phosphorylation by aPKC Regulate Oocyte Polarity Formation in Drosophila. Development 135, 463–471. doi:10.1242/dev.016253
 Tissot, N., Lepesant, J.-A., Bernard, F., Legent, K., Bosveld, F., Martin, C., et al. (2017). Distinct Molecular Cues Ensure a Robust Microtubule-dependent Nuclear Positioning in the Drosophila Oocyte. Nat. Commun. 8, 15168. doi:10.1038/ncomms15168
 Tomancak, P., Piano, F., Riechmann, V., Gunsalus, K. C., Kemphues, K. J., and Ephrussi, A. (2000). A Drosophila melanogaster Homologue of Caenorhabditis elegans Par-1 Acts at an Early Step in Embryonic-axis Formation. Nat. Cel Biol. 2, 458–460. doi:10.1038/35017101
 Torres, I. L., López-Schier, H., and Johnston, D. S. (2003). A notch/delta-dependent Relay Mechanism Establishes Anterior-Posterior Polarity in Drosophila. Dev. Cell 5, 547–558. doi:10.1016/s1534-5807(03)00272-7
 Trovisco, V., Belaya, K., Nashchekin, D., Irion, U., Sirinakis, G., Butler, R., et al. (2016). Bicoid mRNA Localises to the Drosophila Oocyte Anterior by Random Dynein-Mediated Transport and Anchoring. Elife 5, e17537. doi:10.7554/eLife.17537
 Tworoger, M., Larkin, M. K., Bryant, Z., and Ruohola-Baker, H. (1999). Mosaic Analysis in the Drosophila Ovary Reveals a Common Hedgehog-Inducible Precursor Stage for Stalk and Polar Cells. Genetics 151, 739–748. doi:10.1093/genetics/151.2.739
 Vaccari, T., and Ephrussi, A. (2002). The Fusome and Microtubules Enrich Par-1 in the Oocyte, where it Effects Polarization in Conjunction with Par-3, BicD, Egl, and Dynein. Curr. Biol. 12, 1524–1528. doi:10.1016/s0960-9822(02)01079-5
 Venkei, Z. G., and Yamashita, Y. M. (2018). Emerging Mechanisms of Asymmetric Stem Cell Division. J. Cell Biol. 217, 3785–3795. doi:10.1083/jcb.201807037
 Villa-Fombuena, G., Lobo-Pecellı́n, M., Marı́n-Menguiano, M., Rojas-Rı́os, P., and González-Reyes, A. (2021). Live Imaging of the Drosophila Ovarian Niche Shows Spectrosome and Centrosome Dynamics during Asymmetric Germline Stem Cell Division. Development 48 (18), dev199716. doi:10.1242/dev.199716
 Wittes, J., and Schüpbach, T. (2019). A Gene Expression Screen in Drosophila melanogaster Identifies Novel JAK/STAT and EGFR Targets during Oogenesis. G3 9, 47–60. doi:10.1534/g3.118.200786
 Wu, X., Tanwar, P. S., and Raftery, L. A. (2008). Drosophila Follicle Cells: Morphogenesis in an Eggshell. Semin. Cel Develop. Biol. 19, 271–282. doi:10.1016/j.semcdb.2008.01.004
 Xi, R., McGregor, J. R., and Harrison, D. A. (2003). A Gradient of JAK Pathway Activity Patterns the Anterior-Posterior axis of the Follicular Epithelium. Dev. Cell 4, 167–177. doi:10.1016/s1534-5807(02)00412-4
 Zhao, T., Graham, O. S., Raposo, A., and St Johnston, D. (2012). Growing Microtubules Push the Oocyte Nucleus to Polarize the Drosophila Dorsal-Ventral Axis. Science 336, 999–1003. doi:10.1126/science.1219147
 Zimyanin, V. L., Belaya, K., Pecreaux, J., Gilchrist, M. J., Clark, A., Davis, I., et al. (2008). In Vivo Imaging of Oskar mRNA Transport Reveals the Mechanism of Posterior Localization. Cell 134, 843–853. doi:10.1016/j.cell.2008.06.053
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Milas and Telley. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fcell-10-895876-g005.gif





OPS/images/fcell-10-895876-g006.gif
Stage 104

network |
Micotubule
orgaization . 8k%
- i e
ansportand. K = "
Tocatzation |\ <= -
i





OPS/images/fcell-10-895876-g003.gif
Ecadberin






OPS/images/fcell-10-895876-g004.gif
P —
iy
&

@ Hoe






OPS/xhtml/nav.xhtml
Contents

		Cover

		Polarity Events in the Drosophila melanogaster Oocyte		Introduction

		The First Symmetry Breaking Event and Oocyte Selection

		Positioning of the Oocyte to the Posterior of the Egg Chamber

		First Round of Oocyte Anterior-Posterior Polarization

		Signal From the Oocyte Specifies Posterior Follicle Cells

		Posterior Follicle Cells Signal Back to the Oocyte

		Migration of the Oocyte Nucleus and Dorsal-Ventral Axis Formation

		Second Round of Oocyte Anterior-Posterior Polarization		Polarization of the Par Protein Network

		Polarization of Microtubule Cytoskeleton

		Localization of mRNAs





		Future Perspectives and Focus Points

		Author Contributions

		Funding

		Publisher’s Note

		Acknowledgments

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Cell and Developmental Biology






OPS/images/fcell-10-895876-g001.gif





OPS/images/fcell-10-895876-g002.gif
buasl gl lnatd lnatal










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





