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Accurate positioning of the nucleus is essential in many cellular contexts. Microtubules and their associated motors are important players in this process. Although nuclear migration in Drosophila oocytes is controlled by microtubule-generated forces, a role for microtubuleassociated molecular motors in nuclear positioning has yet to be reported. In this study, we first characterize novel landmarks that allow a precise description of the pre-migratory stages.

Using these newly defined stages, we report that, prior to migration, the nucleus moves from the anterior side of the oocyte toward the center and concomitantly the centrosomes cluster at the posterior of the nucleus. In absence of Kinesin-1, centrosome clustering is impaired and the nucleus fails to position and migrate properly. In addition, we show that maintaining a high level of Polo-kinase at centrosomes prevents centrosome clustering and impairs nuclear positioning, suggesting that Kinesin-1 associated defects result from a failure to reduce centrosome activity. Consistently, depleting centrosomes rescues the nuclear migration defects induced by Kinesin-1 inactivation. In summary, our results suggest that Kinesin-1 controls nuclear migration in the oocyte by modulating centrosome activity.

Introduction

The cytoskeleton plays a central role in nuclear positioning, which regulates many cellular and developmental systems, including zygote formation, cell division, cell polarity and motility, and in this process. Actin filaments, microtubules (MTs), as well as associated motor proteins are instrumental in the underlying mechanisms of this positioning. In many cases, MTs participate to localize the nucleus in close association with a centrosome, acting as MT organizing center.

The MT plus-end directed motor, Kinesin-1, plays an essential function in the nuclear positioning in several cellular contexts [START_REF] Duncan | The cytoplasmic dynein and kinesin motors have interdependent roles in patterning the Drosophila oocyte[END_REF][START_REF] Folker | Translocating myonuclei have distinct leading and lagging edges that require Kinesin and Dynein[END_REF][START_REF] Fridolfsson | Kinesin-1 and dynein at the nuclear envelope mediate the bidirectional migrations of nuclei[END_REF][START_REF] Januschke | Polar transport in the Drosophila oocyte requires Dynein and Kinesin I cooperation[END_REF][START_REF] Metzger | MAP and kinesin-dependent nuclear positioning is required for skeletal muscle function[END_REF][START_REF] Meyerzon | UNC-83 is a nuclear-specific cargo adaptor for kinesin-1-mediated nuclear migration[END_REF][START_REF] Roux | Nesprin 4 is an outer nuclear membrane protein that can induce kinesin-mediated cell polarization[END_REF][START_REF] Splinter | Bicaudal D2, dynein, and kinesin-1 associate with nuclear pore complexes and regulate centrosome and nuclear positioning during mitotic entry[END_REF][START_REF] Williams | The autoinhibitory domain and ATP-independent microtubulebinding region of Kinesin heavy chain are major functional domains for transport in the Drosophila germline[END_REF][START_REF] Wilson | Opposing microtubule motors drive robust nuclear dynamics in developing muscle cells[END_REF][START_REF] Wilson | Nesprins anchor kinesin-1 motors to the nucleus to drive nuclear distribution in muscle cells[END_REF]. Kinesin-1 is a hetero-tetramer, composed of a dimerized Kinesin heavy chains (Khc) and two regulatory Kinesin light chains (Klc) [START_REF] Verhey | Kinesin assembly and movement in cells[END_REF]. Kinesin-1 can affect nuclear positioning via different mechanisms. For example, Kinesin-1 can transport the nucleus as cargo and drive its displacement along MTs towards their plus ends via an interaction between Klc and nuclear envelope (NE) associated proteins (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

The copyright holder for this preprint this version posted February 18, 2022. ; https://doi.org/10.1101/2022.02.16.480671 doi: bioRxiv preprint 3 such as Nesprins [START_REF] Meyerzon | UNC-83 is a nuclear-specific cargo adaptor for kinesin-1-mediated nuclear migration[END_REF][START_REF] Roux | Nesprin 4 is an outer nuclear membrane protein that can induce kinesin-mediated cell polarization[END_REF]. Alternatively, Khc can control nuclear positioning independently of Klc by crosslinking MTs via a C-terminal MT binding site or indirectly through an association with the MT associated protein (MAP) Ensconsin/Map7 [START_REF] Metzger | MAP and kinesin-dependent nuclear positioning is required for skeletal muscle function[END_REF]. In the Drosophila oocyte, asymmetric positioning of the nucleus is crucial for the organization of MT-based transport which controls, among other things, the asymmetric localization of mRNAs that encode determinants of the polarity axes of the future embryo [START_REF] González-Reyes | Polarization of both major body axes in Drosophila by gurkentorpedo signalling[END_REF][START_REF] Guichet | Stable anterior anchoring of the oocyte nucleus is required to establish dorsoventral polarity of the drosophila egg[END_REF][START_REF] Januschke | The centrosome-nucleus complex and microtubule organization in the Drosophila oocyte[END_REF][START_REF] Roth | cornichon and the EGF receptor signaling process are necessary for both anterior-posterior and dorsal-ventral pattern formation in Drosophila[END_REF][START_REF] Swan | Drosophila Lissencephaly-1 functions with Bic-D and dynein in oocyte determination and nuclear positioning[END_REF].

During the 14-stage process of oogenesis, the oocyte is specified from a group of 16 interconnected germ cells, while the remaining 15 cells differentiate into nurse cells (NCs) [START_REF] Huynh | The origin of asymmetry: Early polarisation of the Drosophila germline cyst and oocyte[END_REF]. This germline cyst of 16 cells is surrounded by epithelial follicle cells forming an egg chamber. The oocyte is positioned at the posterior of the egg chamber in contact with the follicle cells. (Fig; 1B) [START_REF] Huynh | The origin of asymmetry: Early polarisation of the Drosophila germline cyst and oocyte[END_REF]. During development, MT organization evolves several times through complex and not yet fully understood mechanisms. In early oogenesis, MT minus-ends located at the posterior of the oocyte organize a network towards the ring canals [START_REF] Grieder | The fusome organizes the microtubule network during oocyte differentiation in Drosophila[END_REF][START_REF] Nashchekin | Symmetry breaking in the female germline cyst[END_REF]. Then, at mid-oogenesis, concomitantly with nuclear migration, the MT network is progressively reorganized to result in the formation of a dense network with a weak anterior to posterior bias of MT plus-ends. At stage 10, MTs are further reorganized as bundles that are parallel to the cell cortex and generate a cytoplasmic flow [START_REF] Drechsler | Optical flow analysis reveals that Kinesin-mediated advection impacts the orientation of microtubules in the Drosophila oocyte[END_REF][START_REF] Januschke | The centrosome-nucleus complex and microtubule organization in the Drosophila oocyte[END_REF][START_REF] Lu | Microtubule-microtubule sliding by kinesin-1 is essential for normal cytoplasmic streaming in Drosophila oocytes[END_REF][START_REF] Nashchekin | Patronin/Shot Cortical Foci Assemble the Noncentrosomal Microtubule Array that Specifies the Drosophila Anterior-Posterior Axis[END_REF][START_REF] Parton | A PAR-1-dependent orientation gradient of dynamic microtubules directs posterior cargo transport in the Drosophila oocyte[END_REF][START_REF] Theurkauf | A central role for microtubules in the differentiation of Drosophila oocytes[END_REF][START_REF] Trong | Cortical microtubule nucleation can organise the cytoskeleton of drosophila oocytes to define the anteroposterior axis[END_REF]. Throughout oocyte development, MT polymerization occurs from several sources [START_REF] Januschke | The centrosome-nucleus complex and microtubule organization in the Drosophila oocyte[END_REF][START_REF] Lu | Gatekeeper function for Short stop at the ring canals of the Drosophila ovary[END_REF][START_REF] Nashchekin | Patronin/Shot Cortical Foci Assemble the Noncentrosomal Microtubule Array that Specifies the Drosophila Anterior-Posterior Axis[END_REF][START_REF] Nashchekin | Symmetry breaking in the female germline cyst[END_REF] including the centrosomes that are active from the beginning of oogenesis until stage 11 [START_REF] Pimenta-Marques | A mechanism for the elimination of the female gamete centrosome in Drosophila melanogaster[END_REF].

The oocyte contains at least 16 centrosomes, as in early oogenesis the centrosomes of the 15 NCs migrate through the ring canals into the oocyte to eventually form a cluster located between the nucleus and the posterior plasma membrane of the oocyte [START_REF] Bolívar | Centrosome migration into the Drosophila oocyte is independent of BicD and egl, and of the organisation of the microtubule cytoskeleton[END_REF][START_REF] Mahowald | Intercellular migration of centrioles in the germarium of Drosophila melanogaster. An electron microscopic study[END_REF][START_REF] Nashchekin | Symmetry breaking in the female germline cyst[END_REF][START_REF] Pimenta-Marques | A mechanism for the elimination of the female gamete centrosome in Drosophila melanogaster[END_REF]. During mid-oogenesis, this cluster co-migrates with the nucleus and remains asymmetrically localized in close vicinity to the nucleus [START_REF] Januschke | The centrosome-nucleus complex and microtubule organization in the Drosophila oocyte[END_REF][START_REF] Tissot | Distinct molecular cues ensure a robust microtubule-dependent nuclear positioning in the Drosophila oocyte[END_REF][START_REF] Zhao | Growing Microtubules Push the Oocyte Nucleus to Polarize the Drosophila Dorsal-Ventral Axis[END_REF]. Then, the centrosomes gradually lose their pericentriolar materials (PCM), leading to their elimination during late oogenesis [START_REF] Pimenta-Marques | A mechanism for the elimination of the female gamete centrosome in Drosophila melanogaster[END_REF].

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. Pioneering studies have revealed that the movement of the Drosophila oocyte nucleus is mediated by MTs [START_REF] Koch | Multiple effects of colchicine on oogenesis in Drosophila: Induced sterility and switch of potential oocyte to nurse-cell developmental pathway[END_REF]. More recent work further showed that a dual relationship exists between the nucleus and the MTs within the oocyte. Nuclear positioning influences the MT network organization in the oocyte. Additionally, the MTs are instrumental in the nuclear migration [START_REF] Januschke | The centrosome-nucleus complex and microtubule organization in the Drosophila oocyte[END_REF][START_REF] Tissot | Distinct molecular cues ensure a robust microtubule-dependent nuclear positioning in the Drosophila oocyte[END_REF][START_REF] Zhao | Growing Microtubules Push the Oocyte Nucleus to Polarize the Drosophila Dorsal-Ventral Axis[END_REF].

Between stages 6 to 7, the oocyte nucleus migrates from the center to the anterior side of the oocyte and is subsequently maintained at the boundary between the plasma membrane of the anterior margin and the lateral membrane [START_REF] Bernard | Nucleus positioning within Drosophila egg chamber[END_REF]. This asymmetric nuclear positioning will subsequently specify the identity of the dorsal cortex and initiates the establishment of dorsal-ventral polarity of the egg chamber and the future embryo [START_REF] González-Reyes | Polarization of both major body axes in Drosophila by gurkentorpedo signalling[END_REF][START_REF] Guichet | Stable anterior anchoring of the oocyte nucleus is required to establish dorsoventral polarity of the drosophila egg[END_REF][START_REF] Roth | cornichon and the EGF receptor signaling process are necessary for both anterior-posterior and dorsal-ventral pattern formation in Drosophila[END_REF]. Then, as the oocyte size increases, a MT-dependent process maintains the nucleus at that position until completion of oogenesis [START_REF] Roth | Symmetry breaking during Drosophila oogenesis. Cold (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission[END_REF]. Migration of the nucleus is achieved by MTs pushing forces exerted on the NE [START_REF] Tissot | Distinct molecular cues ensure a robust microtubule-dependent nuclear positioning in the Drosophila oocyte[END_REF][START_REF] Zhao | Growing Microtubules Push the Oocyte Nucleus to Polarize the Drosophila Dorsal-Ventral Axis[END_REF]. We have further reported that distinct molecular cues act in complementary fashion during this process [START_REF] Tissot | Distinct molecular cues ensure a robust microtubule-dependent nuclear positioning in the Drosophila oocyte[END_REF]. One is associated with the MAP Mushroom-body defect (Mud), which is asymmetrically located at the NE of oocyte nucleus. The second cue corresponds to the centrosomes. However, the mechanisms ensuring the nuclear migration onset remain unknown. Furthermore, although MT involvement has been clearly demonstrated, the potential involvement of MT-associated motors, particularly Kinesin-1 has not been identified in the oocyte nuclear migration. Kinesin-1 has been reported to be necessary only for the positioning maintenance of the nucleus after its asymmetric migration. Moreover, only Khc but not Klc is required for this process [START_REF] Duncan | The cytoplasmic dynein and kinesin motors have interdependent roles in patterning the Drosophila oocyte[END_REF][START_REF] Januschke | Polar transport in the Drosophila oocyte requires Dynein and Kinesin I cooperation[END_REF][START_REF] Loiseau | Drosophila PAT1 is required for Kinesin-1 to transport cargo and to maximize its motility[END_REF][START_REF] Palacios | Kinesin light chain-independent function of the Kinesin heavy chain in cytoplasmic streaming and posterior localisation in the Drosophila oocyte[END_REF][START_REF] Williams | The autoinhibitory domain and ATP-independent microtubulebinding region of Kinesin heavy chain are major functional domains for transport in the Drosophila germline[END_REF].

In this study, by improving our ability to identify the developmental stages preceding the migration of the nucleus in the Drosophila oocyte, we have further characterized the mechanisms controlling the onset of nuclear migration and reveal a role for Kinesin-1. We found, despite differences in function, that both subunits of Kinesin-1, Khc and Klc, are involved for nuclear positioning and migration. We further show that Kinesin-1 is required for centrosome clustering at the onset of the nuclear migration and that the two processes are correlated. We propose that Kinesin-1 controls oocyte nuclear migration by modulating MT organizing activity of centrosomes.
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Results

Novel landmarks to define nuclear positioning prior to migration

The nature of mechanisms ensuring nuclear migration onset remain unknown, particularly because of the lack of precise description of pre-migratory stages independently of the nuclear positioning itself. Therefore, we sought to better characterize the development of the oocyte and egg chamber from stages 5 to 7, which precede and overlap with nuclear migration, respectively. In a first attempt, we took advantage of a cell cycle switch that occurs in the surrounding follicular epithelium [START_REF] Rowe | Analysis of the Temporal Patterning of Notch Downstream Targets during Drosophila melanogaster Egg Chamber Development[END_REF] simultaneously to the nuclear migration in the oocyte. Cut and Hindsight (Hnt) are two transcription factors typically used as specific markers of the mitotic and endocycle cycles, respectively [START_REF] Sun | Notch-dependent downregulation of the homeodomain gene cut is required for the mitotic cycle/endocycle switch and cell differentiation in Drosophila follicle cells[END_REF][START_REF] Sun | Hindsight Mediates the Role of Notch in Suppressing Hedgehog Signaling and Cell Proliferation[END_REF]. Accordingly, before oocyte nuclear migration (stage 6), the follicular cells express Cut, and after completion of nuclear migration (stage 7) they express Hnt (Sup Fig 1).

However, there are intermediate cases where Cut and Hnt are not expressed, therefore these criteria are not sufficient to define nuclear migration onset in the oocyte. Furthermore, staging the egg chambers by assessing the level of Cut and Hnt expression requires immunodetection in follicular cells and is consequently not compatible with live imaging.

More recently the Bilder lab reported that NC diameter provides another landmark of egg chamber development [START_REF] Chen | Extracellular matrix stiffness cues junctional remodeling for 3D tissue elongation[END_REF]. We found that applying this criterion to two NCs in contact with the oocyte allowed us to better describe the period of nuclear premigration (Fig. 1A,B). The measurement of the NC diameter (Fig. 1 C,D) together with the egg chamber aspect ratio and the oocyte shape (see methods) allowed us to distinguish four steps, refining this developmental phase through the stages 5, 6A, 6B and 7.

At stage 5 the nucleus is always anteriorly positioned in the oocyte, in contact with or in close vicinity of the anterior membrane of the oocyte. At stage 6A, most of oocytes exhibit a nucleus in the anterior part of the oocyte, even if there are some instances of central positioning. At stage 6B, the nucleus is mostly found in a central position and at stage 7 the migration is complete, and the nucleus is in contact with both the anterior and the lateral plasma membranes of the oocyte (Fig. 1 E,F).

Khc and Klc subunits are differentially required for nuclear positioning

Using these criteria to stage the egg chambers, we looked for factors that are required for nuclear migration onset. We found that RNAi mediated inactivation of Khc in the oocyte impairs the position of the nucleus. In this context, the nucleus remains anteriorly positioned at stages 6A and 6B and subsequently fails to migrate at stage 7 (Fig. 2A-B were obtained with a second RNAi line directed against Khc (Fig. 2C). We confirm our results by generating germline mitotic clones. Induction of GFP/FRT clones of the Khc 27 mutant allele, a Khc null allele [START_REF] Januschke | Polar transport in the Drosophila oocyte requires Dynein and Kinesin I cooperation[END_REF], revealed similar phenotypes to the RNAi knockdown conditions, thus confirming that Khc is necessary for nuclear migration and that its loss results in non-centered nucleus at stage 6B (Fig. 2 D,E). Subsequently, we decided to test the role of Klc, the non-motor subunit of Kinesin-1 in nuclear positioning and migration. Similarly to Khc down-regulation, RNAi mediated knockdown of Klc in the oocyte leads to mispositioned nuclei that remain at the anterior of the oocyte at stages 6A and 6B. In this genetic background, stage 7 egg chambers display non-migrated nuclei (Fig. 3 A-C). This indicates that Klc is involved in early nucleus positioning but also required for the nuclear migration. Furthermore, a GFP/FRT-mediated clonal analysis with two distinct Klc alleles confirmed these results (Fig. 3 D-F). However, in mutant contexts for Klc, we noted that the nuclei eventually migrate, as we can detect some correctly positioned nuclei at stage 9 and beyond (Sup. Fig. 2 C-E), consistent with previously published studies [START_REF] Palacios | Kinesin light chain-independent function of the Kinesin heavy chain in cytoplasmic streaming and posterior localisation in the Drosophila oocyte[END_REF]. The latter result contrasts with Khc mutant oocytes that still display nuclear positioning defects at stage 9 and beyond (Sup. Fig. 2 A, B). This difference underlines different requirements for both subunits that could reflect different subcellular distributions of Khc and Klc. Indeed, when we assessed their respective intracellular location using GFP-fusion proteins, we found that both subunits are evenly distributed in the oocyte cytoplasm but Khc is additionally enriched around the nucleus, while Klc is not (Sup Fig. 3 A,B).

Altogether, these results show that both Kinesin-1 subunits are required for migration onset between stages 6 and 7, but then at stage 9 and beyond, only Khc is required to maintain the nucleus position in an asymmetric manner. This further indicates that in absence of Klc, a Khc-dependent process, although less efficient, is sufficient to ensure the nuclear migration and lead to delayed asymmetric positioning.

Khc and Klc subunits differentially affect the MTs

Kinesin-1 has been shown to interfere directly with MT organization [START_REF] Daire | Kinesin-1 regulates microtubule dynamics via a c-Jun Nterminal kinase-dependent mechanism[END_REF][START_REF] Drechsler | Optical flow analysis reveals that Kinesin-mediated advection impacts the orientation of microtubules in the Drosophila oocyte[END_REF][START_REF] Nieuwburg | Localised dynactin protects growing microtubules to deliver oskar mRNA to the posterior cortex of the Drosophila oocyte[END_REF], especially through its ability to crosslink MTs [START_REF] Lu | Microtubule-microtubule sliding by kinesin-1 is essential for normal cytoplasmic streaming in Drosophila oocytes[END_REF][START_REF] Metzger | MAP and kinesin-dependent nuclear positioning is required for skeletal muscle function[END_REF]. Hence, we wondered if the nuclear migration defects observed in absence of Khc and Klc could be explained by defects in MT organization. We therefore decided to quantify MT density from stage 5 to 7, in Khc and Klc knockdown contexts. To do so, we assessed MT organization by quantifying the signal of (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

The copyright holder for this preprint this version posted February 18, 2022. ; https://doi.org/10.1101/2022.02.16.480671 doi: bioRxiv preprint Jupiter-GFP, a MAP along the length of MTs [START_REF] Baffet | Drosophila tubulin-binding cofactor B is required for microtubule network formation and for cell polarity[END_REF]. In the control condition, we noticed that the density of MTs in the oocyte decreases from stage 5 to 7 (Fig. 4 A-B).

Furthermore, in Khc RNAi-mediated depletion, the MT density is significantly smaller than the control at stages 6B and 7. However, no significant difference could be detected between the control condition and the Klc RNAi-mediated depletion at any stage (Fig. 4 A-B). These results indicate that Khc, but not Klc, is required for proper MT stability. The effect of Khc upon MT organization at stages 6B and 7 may explain the failure of the nucleus to properly migrate in absence of Khc. However, this would not explain the requirement of Klc for nuclear migration onset prior to stage 7, as MT density is not affected by the absence of Klc.

Therefore, it is unlikely that the role of Kinesin-1 in nuclear migration is limited to its effect on MT stability.

Khc and Klc subunit are required for centrosomes clustering

Since we have previously reported two different and complementary cues involved in the migration of the Drosophila oocyte nucleus, i.e the MAP Mud and the centrosomes [START_REF] Tissot | Distinct molecular cues ensure a robust microtubule-dependent nuclear positioning in the Drosophila oocyte[END_REF], we wondered whether Kinesin-1 affects either of these elements. When we quantified Mud asymmetry at the NE, we did not find any difference between the control condition and RNAi-mediated depletion of either Khc or Klc (Sup. Fig. 4). We next investigated a putative effect of Kinesin-1 on centrosomes. After oocyte specification, the centrosomes of the 15 NCs migrate through the ring canals into the oocyte, forming a cluster of at least 16 centrosomes [START_REF] Pimenta-Marques | A mechanism for the elimination of the female gamete centrosome in Drosophila melanogaster[END_REF]. Prior to nuclear migration, this cluster frequently coalesces in a compact structure in proximity of the nuclear side facing the oocyte posterior [START_REF] Tissot | Distinct molecular cues ensure a robust microtubule-dependent nuclear positioning in the Drosophila oocyte[END_REF][START_REF] Zhao | Growing Microtubules Push the Oocyte Nucleus to Polarize the Drosophila Dorsal-Ventral Axis[END_REF]. We first monitored centrosome distribution by following the centrosomal protein Asterless (Asl) fused to RFP which allowed live imaging of the centrosomes in the developing oocyte [START_REF] Tissot | Distinct molecular cues ensure a robust microtubule-dependent nuclear positioning in the Drosophila oocyte[END_REF]. A precise analysis in control oocytes, using our newly defined stages, revealed a switch in centrosome dispersion between stages 6A and 6B, when the nucleus centers itself in the oocyte. Whereas most centrosomes are scattered at stages 5 and 6A, most are clustered at stages 6B and 7 (Fig

5 A-A').
Live imaging experiments confirmed that the centrosomes, although in the vicinity of the nucleus, are dynamic and dispersed at early stages (Movies 1, 2). Then, while the nucleus centers itself in the oocyte, the centrosomes aggregate and remain clustered during migration (Movies 3, 4). We next investigated the requirement for Khc and Klc subunits in centrosome clustering and found that both Khc and Klc RNAi-mediated depletions, impair centrosome clustering at stage 6B compared to control (Fig 5 B-B' and Sup. Fig. 5). These (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

The copyright holder for this preprint this version posted February 18, 2022. ; https://doi.org/10.1101/2022.02.16.480671 doi: bioRxiv preprint results indicate that both subunits are required for centrosome clustering. Interestingly, a previous study has also reported this lack of clustering in absence of Klc [START_REF] Hayashi | A genetic screen based on in vivo RNA imaging reveals centrosome-independent mechanisms for localizing gurken transcripts in Drosophila. G3 Genes[END_REF]. This Kinesin-1 effect upon centrosome clustering result is surprising, since plus-end directed MT-associated motors are involved in centrosome separation [START_REF] Métivier | Dual control of Kinesin-1 recruitment to microtubules by Ensconsin in Drosophila neuroblasts and oocytes[END_REF], whereas centrosome clustering is usually ensured by minus-end directed MT-associated motors [START_REF] Basto | Centrosome amplification can initiate tumorigenesis in flies[END_REF][START_REF] Robinson | Cytoplasmic dynein is required for the nuclear attachment and migration of centrosomes during mitosis in Drosophila[END_REF]. As Kinesin-1 often functions cooperatively with Dynein and as both motors are known to have interdependent functions [START_REF] Duncan | The cytoplasmic dynein and kinesin motors have interdependent roles in patterning the Drosophila oocyte[END_REF][START_REF] Januschke | Polar transport in the Drosophila oocyte requires Dynein and Kinesin I cooperation[END_REF][START_REF] Splinter | Bicaudal D2, dynein, and kinesin-1 associate with nuclear pore complexes and regulate centrosome and nuclear positioning during mitotic entry[END_REF], we then investigated if Kinesin-1 was required for Dynein localization at the centrosome. However, Khc RNAi-mediated depletion did not affect Dynein location at the centrosomes (Sup. Fig 6). This indicates that Kinesin-1 involvement in centrosome clustering is not connected to the Dynein transport towards the centrosomes.

Kinesin-1 mediated centrosome clustering is needed for nuclear migration

As centrosome clustering and nuclear centration occur concomitantly and in addition both processes are affected by the loss of function of Kinesin-1, we wondered if the two processes were linked. Previous studies have reported that during the stages 5 to 7, all centrosomes, scattered or aggregated, are surrounded by pericentriolar material (PCM) and are therefore considered active i.e. they can organize microtubules [START_REF] Januschke | The centrosome-nucleus complex and microtubule organization in the Drosophila oocyte[END_REF][START_REF] Pimenta-Marques | A mechanism for the elimination of the female gamete centrosome in Drosophila melanogaster[END_REF][START_REF] Tissot | Distinct molecular cues ensure a robust microtubule-dependent nuclear positioning in the Drosophila oocyte[END_REF][START_REF] Zhao | Growing Microtubules Push the Oocyte Nucleus to Polarize the Drosophila Dorsal-Ventral Axis[END_REF]. Moreover, it has been shown that centrosome elimination is a progressive process that starts at stage 6-7 with a decrease in PCM -centrosome association [START_REF] Pimenta-Marques | A mechanism for the elimination of the female gamete centrosome in Drosophila melanogaster[END_REF]. Furthermore, it has been demonstrated that PCM decline is the consequence of Polo-like kinase 1 (Polo) decay from the centrosome. Hence, the ectopic tethering of an active form of Polo to centrioles, with a Pericentrin -AKAP450 Centrosomal Targeting (PACT) domain, is sufficient to prevent PCM loss and maintain active centrosomes (Pimenta-Marques et al.,

2016).

We hypothesized that centrosome clustering observed in stage 6B could be a result of decreased centrosomal activity. Accordingly, we found that Polo-PACT expression reduces the level of centrosome clustering, particularly at stage 7 (Fig 6 A,B). Interestingly, these defects are similar to those observed when both Klc and Khc are inactivated by RNAi at the stages 6B and 7 (Fig 5B'). To further investigate if nucleus position defects observed in Kinesin-1 mutant background are a consequence of defects in centrosome clustering, we assessed oocyte nucleus positioning when expressing Polo-PACT. In this context, we found (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

The copyright holder for this preprint this version posted February 18, 2022. ; https://doi.org/10.1101/2022.02.16.480671 doi: bioRxiv preprint that nuclear migration is significantly reduced compared to control at stage 7 (Fig. 6 C,D). This result points to a link between the persistence of centrosome scattering and a defect in nuclear migration. These results further suggest that a function of the Kinesin-1, with its two subunits Khc and Klc, is to promote centrosome clustering by promoting PCM removal but also that clustered centrosomes with reduced activity are needed to allow the migration of the nucleus

Centrosome suppression and Kinesin-1 inactivation restore nuclear migration

Since nuclear migration defects in Kinesin-1 inactivation context may be related to excessive centrosome activity, we next asked whether the inactivation of Kinesin-1 together with centrosome inactivation could restore the migratory capacity of the nucleus. In order to test this possibility, we induced inactivation through RNAi-mediated depletion of Asl or Sas-4, two essential components for centrosome biogenesis [START_REF] Blachon | Drosophila asterless and vertebrate Cep152 are orthologs essential for centriole duplication[END_REF][START_REF] Stevens | From Stem Cell to Embryo without Centrioles[END_REF], and analyzed the effect in combination with the inactivation of Klc. In Klc-RNAi ; asl-RNAi double knockdown, as well as, Klc-RNAi ; sas4-RNAi double knockdown, the positioning of the nucleus prior to its migration is shifted to the center and the posterior in comparison to the Klc-RNAi knockdown. In addition, the nuclear migration, although delayed, is significantly rescued at stage 8 (Fig. 7 A-C). Similarly, in Khc-RNAi ; asl-RNAi double knockdown, the positioning of the nucleus at stage 6 is shifted to the center and the posterior compared to Khc-RNAi knockdown. Nuclear migration is also significantly rescued at stage 7 (Fig. 7 D-E). Altogether, these results indicate that centrosome inactivation restores the ability of the nucleus to center and to migrate when Kinesin-1 is inactivated. This further indicates, that the Kinesin-1, with the involvement of its two subunits Klc and Khc, is essential for the migration of the nucleus by controlling the level of centrosome activity and clustering.

Discussion

The Drosophila oocyte is a valuable model system to study the molecular mechanisms required for MT-dependent asymmetric nuclear positioning. In this developmental context, MTs are the main cytoskeletal elements required. In Drosophila oocyte, the MTs exert pushing forces required for nuclear migration [START_REF] Tissot | Distinct molecular cues ensure a robust microtubule-dependent nuclear positioning in the Drosophila oocyte[END_REF][START_REF] Zhao | Growing Microtubules Push the Oocyte Nucleus to Polarize the Drosophila Dorsal-Ventral Axis[END_REF].

Previously, it was proposed that Kinesin-1 is not required for the nuclear migration in the oocyte but only for its maintenance in an asymmetrical position [START_REF] Duncan | The cytoplasmic dynein and kinesin motors have interdependent roles in patterning the Drosophila oocyte[END_REF][START_REF] Januschke | Polar transport in the Drosophila oocyte requires Dynein and Kinesin I cooperation[END_REF][START_REF] Palacios | Kinesin light chain-independent function of the Kinesin heavy chain in cytoplasmic streaming and posterior localisation in the Drosophila oocyte[END_REF]. In this study, we clearly show that Kinesin-1 is required for nuclear migration. All previous studies that reported that Khc and Klc are dispensable for nuclear migration did so on the basis of ovoD/FRT-mediated clonal analysis that did not show any positional defect of the nucleus at stages 6/7. We believe that it is possible that the ovoD dominant effect triggering oocyte degeneration [START_REF] Chou | The autosomal FLP-DFS technique for generating germline mosaics in Drosophila melanogaster[END_REF], is not fully penetrant at stage 6/7 and thus the potential involvement of Khc and Klc subunits for nuclear migration has been overlooked [START_REF] Duncan | The cytoplasmic dynein and kinesin motors have interdependent roles in patterning the Drosophila oocyte[END_REF][START_REF] Januschke | Polar transport in the Drosophila oocyte requires Dynein and Kinesin I cooperation[END_REF][START_REF] Palacios | Kinesin light chain-independent function of the Kinesin heavy chain in cytoplasmic streaming and posterior localisation in the Drosophila oocyte[END_REF]. Importantly, with our RNAi-mediated analysis, as well as our GFP/FRT-mediated clonal analysis we have similar results to those previously published at stage 9 and beyond (Sup. Fig. 2).

Our results indicate that prior to its migration the nucleus moves from an anterior position to the center of the oocyte between the stages 5 and 6B. This suggests that, to migrate, the nucleus has to be centered in the oocyte. In addition, we report that Kinesin-1 controls this nuclear displacement, at least in part, by promoting centrosome clustering. This effect was not expected based on existing literature, as Kinesins and plus-end directed motors are generally involved in centrosome separation [START_REF] Métivier | Dual control of Kinesin-1 recruitment to microtubules by Ensconsin in Drosophila neuroblasts and oocytes[END_REF] and instead minus-end directed motors bring the centrosomes closer [START_REF] Robinson | Cytoplasmic dynein is required for the nuclear attachment and migration of centrosomes during mitosis in Drosophila[END_REF]. We ruled out the possibility of an indirect effect on the location of Dynein, therefore a direct role of Kinesin-1 could be considered. In this regard, we also observed that in the Drosophila oocyte, increasing centrosome activity by over-expression of Polo kinase led to an impairment of centrosome clustering, hence suggesting that Kinesin-1 could have a role in PCM removal.

Indeed, it has been previously shown that the decrease in Polo at the centrosome is responsible for the loss of PCM and the subsequent decrease in centrosome activity and disappearance [START_REF] Pimenta-Marques | A mechanism for the elimination of the female gamete centrosome in Drosophila melanogaster[END_REF]. Accordingly, Kinesin-1 could either transport Polo or some PCM components away from active centrosomes. In this regard and interestingly, a recent work has reported that in Drosophila neuroblasts and squamous epithelial cells, Khc interacts directly with the PCM organizer Pericentrin-like protein (Plp) but also that Kinesin-1 is required for a differential distribution of Polo between the two centrosomes of a mitotic spindle [START_REF] Hannaford | Pericentrin is a Kinesin-1 Activator that Drives Centriole Motility[END_REF]). An attractive model would be that the PCM removed by Kinesin at the centrosomes is recycled to the previously described noncentrosomal MT sources in the oocyte, i.e the nucleus [START_REF] Tissot | Distinct molecular cues ensure a robust microtubule-dependent nuclear positioning in the Drosophila oocyte[END_REF] and the anterior cortex [START_REF] Nashchekin | Patronin/Shot Cortical Foci Assemble the Noncentrosomal Microtubule Array that Specifies the Drosophila Anterior-Posterior Axis[END_REF]. It is also interesting to note that the link between Kinesin-1 and centrosome activity has been previously suggested in the early Drosophila embryo where Kinesin-1 reduces centrosome motility [START_REF] Winkler | Fluctuation Analysis of Centrosomes Reveals a Cortical Function of Kinesin-1[END_REF] and in the C. elegans zygote where Kinesin-1 prevents premature centrosome maturation [START_REF] Mcnally | Kinesin-1 Prevents Capture of the Oocyte Meiotic Spindle by the Sperm Aster[END_REF].
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In addition, our data revealed different requirements for the two Kinesin-1 subunits, Khc and Klc. While both proteins are required for nuclear centering and centrosome clustering, the nuclear positioning defect observed in the absence of Klc, but not Khc, is rescued at stage 9. This indicates that Khc independently of Klc can fulfill an additional function for nuclear positioning. It is quite striking that the delay for nuclear migration does not gradually appear after stage 7, as we would expect from a simple slowing down of the process, but is sharply occurring at stage 9. We and others have previously shown that the MT network in the oocyte undergoes dramatic rearrangement at stage 9 to organize bundles at the cell cortex [START_REF] Drechsler | Optical flow analysis reveals that Kinesin-mediated advection impacts the orientation of microtubules in the Drosophila oocyte[END_REF][START_REF] Januschke | The centrosome-nucleus complex and microtubule organization in the Drosophila oocyte[END_REF][START_REF] Lu | Microtubule-microtubule sliding by kinesin-1 is essential for normal cytoplasmic streaming in Drosophila oocytes[END_REF][START_REF] Nashchekin | Patronin/Shot Cortical Foci Assemble the Noncentrosomal Microtubule Array that Specifies the Drosophila Anterior-Posterior Axis[END_REF][START_REF] Parton | A PAR-1-dependent orientation gradient of dynamic microtubules directs posterior cargo transport in the Drosophila oocyte[END_REF][START_REF] Trong | Cortical microtubule nucleation can organise the cytoskeleton of drosophila oocytes to define the anteroposterior axis[END_REF]. At this stage, the MTs generate a cytoplasmic flow which sustains an advection-based transport corresponding to an active transport induced by fluid flow [START_REF] Drechsler | Active diffusion and advection in Drosophila oocytes result from the interplay of actin and microtubules[END_REF][START_REF] Drechsler | Optical flow analysis reveals that Kinesin-mediated advection impacts the orientation of microtubules in the Drosophila oocyte[END_REF][START_REF] Ganguly | Cytoplasmic streaming in Drosophila oocytes varies with kinesin activity and correlates with the microtubule cytoskeleton architecture[END_REF][START_REF] Loiseau | Drosophila PAT1 is required for Kinesin-1 to transport cargo and to maximize its motility[END_REF][START_REF] Williams | The autoinhibitory domain and ATP-independent microtubulebinding region of Kinesin heavy chain are major functional domains for transport in the Drosophila germline[END_REF]. This process requires Khc activity, but not Klc, as in absence of Klc the cytoplasmic streaming is unaffected [START_REF] Loiseau | Drosophila PAT1 is required for Kinesin-1 to transport cargo and to maximize its motility[END_REF][START_REF] Palacios | Kinesin light chain-independent function of the Kinesin heavy chain in cytoplasmic streaming and posterior localisation in the Drosophila oocyte[END_REF][START_REF] Williams | The autoinhibitory domain and ATP-independent microtubulebinding region of Kinesin heavy chain are major functional domains for transport in the Drosophila germline[END_REF]. More recently, it has been identified that the origin of the cytoplasmic flow is generated by sliding of MT bundles against each other. Khc triggers the sliding by binding one MT with a C-terminal MT-binding site while walking along a second MT using its motor domain [START_REF] Lu | Microtubule-microtubule sliding by kinesin-1 is essential for normal cytoplasmic streaming in Drosophila oocytes[END_REF]. This hypothesis does not exclude the alternative possibility that Khc has a different partner to perform its roles at a later stage, including the maintenance of the asymmetric position of the nucleus. Notably it was observed that the nucleus of egg chambers mutant for ensconsin, was not maintained in an asymmetric position [START_REF] Metzger | MAP and kinesin-dependent nuclear positioning is required for skeletal muscle function[END_REF][START_REF] Sung | Drosophila Ensconsin Promotes Productive Recruitment of Kinesin-1 to Microtubules[END_REF].

Previous works have highlighted the role of centrosomes as a cue to sustain the nuclear migration in the oocyte [START_REF] Tissot | Distinct molecular cues ensure a robust microtubule-dependent nuclear positioning in the Drosophila oocyte[END_REF][START_REF] Zhao | Growing Microtubules Push the Oocyte Nucleus to Polarize the Drosophila Dorsal-Ventral Axis[END_REF], even if centrosome inhibition does not prevent it [START_REF] Stevens | From Stem Cell to Embryo without Centrioles[END_REF]. Here, our results suggest that very active and scattered centrosomes do not allow the oocyte nuclear migration, meaning that centrosomes would negatively regulate the nucleus migration. The seemingly contradiction of this results may simply underline the necessity of fine-tuning centrosome activity for nucleus migration. One possibility is that scattered centrosomes may exert uncoordinated forces on the nucleus that results to prevent nucleus migration. Therefore, a decrease in their activity would allow the centrosomes to cluster at the posterior of the NE and participate to the MT associated pushing forces required for nuclear migration.
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Materials and Methods

Drosophila stocks and culture conditions

Drosophila stocks and crosses were maintained under standard conditions at 25°C.

The following fly strains were used : w 1118 BL#3605, CantonS, mat-αtub-Gal4 BL#7062, Fs(2)Ket-GFP [START_REF] Villányi | Long persistence of importin-β explains extended survival of cells and zygotes that lack the encoding gene[END_REF], ubi-PH-RFP [START_REF] Claret | PI(4,5)P2 Produced by the PI4P5K SKTL Controls Apical Size by Tethering PAR-3 in Drosophila Epithelial Cells[END_REF], ubi-asl td-Tomato [START_REF] Gopalakrishnan | Sas-4 provides a scaffold for cytoplasmic complexes and tethers them in a centrosome[END_REF], ubi-Khc-GFP [START_REF] Sung | Drosophila Ensconsin Promotes Productive Recruitment of Kinesin-1 to Microtubules[END_REF], Klc-GFP [START_REF] Sarov | A genome-wide resource for the analysis of protein localisation in Drosophila[END_REF], UASp-polo WT -PACT (Pimenta-Marques et al., 2016), ubi-DLic-GFP [START_REF] Baumbach | Dissecting the Function and Assembly of Acentriolar Microtubule Organizing Centers in Drosophila Cells In Vivo[END_REF], mat-αtub-GFP-Dmn [START_REF] Januschke | Polar transport in the Drosophila oocyte requires Dynein and Kinesin I cooperation[END_REF], hsp-flp ; FRT 42B ubi-GFP, hsp-flp ; FRT 79D ubi-GFP (gift from JR Huynh), FRT 42B Khc 27 [START_REF] Januschke | Polar transport in the Drosophila oocyte requires Dynein and Kinesin I cooperation[END_REF], FRT 79D Klc 8ex94 [START_REF] Gindhart | Kinesin light chains are essential for axonal transport in Drosophila[END_REF], FRT 79D Klc Saturn [START_REF] Hayashi | A genetic screen based on in vivo RNA imaging reveals centrosome-independent mechanisms for localizing gurken transcripts in Drosophila. G3 Genes[END_REF], Jupiter-GFP [START_REF] Baffet | Drosophila tubulin-binding cofactor B is required for microtubule network formation and for cell polarity[END_REF].

RNAi crosses

The following fly lines, generated from the TRIP project [START_REF] Perkins | The transgenic RNAi project at Harvard medical school: Resources and validation[END_REF] RNAi crosses were all performed using females from RNAi lines and maintained under standard conditions at 25°C. As control RNAi, we used lines expressing RNAi directed against genes not expressed in ovary, i.e CG12699, Apterous (Ap) and Holes in Muscle (Him) [START_REF] Brown | Diversity and dynamics of the Drosophila transcriptome[END_REF][START_REF] Parisi | A survey of ovary-, testis-, and soma-biased gene expression in Drosophila melanogaster adults[END_REF]. In addition the lines were selected and used regarding the Valium plasmid used as well as the insertion point in the genome (attP2 or attP40). Heat-shocks were carried out for 1 hr in a water bath at 37°C, 3 days in a row from L1 larvae.

Heat-Shock Treatment for clonal analysis

Immunostaining of the fly ovaries

1day old females were collected and put with fresh media for 30-48 hours at 25°C prior to dissection. Ovaries were dissected, fixed in PBS with 4% paraformaldehyde and incubated overnight at 4°C with primary antibodies in PBS with 0,1% Tween. Primary antibodies include : mouse α-Cut (DSHB #2B10, supernatant) at 1:50 ; mouse α-Hindsight (DSHB #1G9, supernatant) at 1:100 ; rabbit α-Mud [START_REF] Izumi | Drosophila Pinsbinding protein Mud regulates spindle-polarity coupling and centrosome organization[END_REF] at 1:1000. Ovaries were then incubated with secondary antibodies at room temperature for 2 hours. Secondary antibodies include : chicken α-mouse Alexa647 (Invitrogen, #A21463) at 1:100 and goat α-rabbit Alexa647 (Jackson Immunoresearch #111-605-144) at 1:200. For egg chambers that did not express a plasma membrane marker nor a nucleus marker, ovaries were respectively incubated with SiR-actin (Cytoskeleton TM) at 1:150 and with Wheat Germ Agglutinin (WGA) (Molecular Probes) at 1:200, at 4°C overnight.

After washes, ovaries were mounted in Citifluor TM (EMS). Images were captured using Zen software on a Zeiss 710 confocal microscope (488, 561, 640 nm lasers and the x40 or x63 objectives).

Live imaging of egg chambers

To assess nucleus position, 1day old females were collected and put with fresh media for 30-48 hours at 25°C prior to dissection. Ovaries were dissected in Schneider medium and directly mount in halocarbon oil (Voltalef 10S) on a coverslip.

For egg chambers that did not express a plasma membrane marker, ovaries were first incubated with live-cell CellMask Deep Red (Invitrogen, #C10046) at 1:1000 diluted in Schneider medium room temperature for 10min.

To image the centrosome clustering, time-lapses of 4 hours (acquisition intervals of 5min) on living egg chambers have been performed, following previously described protocol [START_REF] Loh | Nuclear migration in the drosophila oocyte[END_REF].

Images were captured using Metamorph software on a Zeiss Axio Observer Z1 confocal microscope coupled with a spinning disk module CSU-X1 and a sCMOS camera PRIME 95 (488, 561, 640 nm lasers and a x63 oil immersion objective). In order to image the whole nucleus, 21 stacks along the z axis of a 1µm range were taken for each egg chamber.

Image analysis, quantification and statistical analysis

All images were processed using the software Fiji [START_REF] Schindelin | Fiji: An open-source platform for biological-image analysis[END_REF].

Egg chamber staging : To stage the egg chambers, we measured nucleus diameters of the two closest nurse cells of the oocyte, using the z-section corresponding to the larger diameter of the considered nurse cells. These diameters were measured using the « Straight, segmented lines » tool on Fiji. In case the two nurse cells show diameters that can be categorized in different stages, we then took in account the shape and the size of the oocyte and the egg chamber aspect ratio as suggested by [START_REF] Chen | Extracellular matrix stiffness cues junctional remodeling for 3D tissue elongation[END_REF].

Distribution of the centrosomes :

To determine the distribution of the centrosome, we relied our qualitative analysis on two parameters : the number and the general spatial spreading in the oocyte. Centrosomes were considered as dispersed when either 10 centrosomes at least were clearly distinct or were spread over more than 5 µm.

Measure of MT density :

The MT signal intensity of the entire oocyte was measured on a Sum slices -projection and the contour of the oocyte was delimited with the tool « Freehand selections ».

Statistics : Bar plots as well as statistical tests were carried out with GraphPad Prism6. mutant egg chambers revealed by the absence of GFP in germline nuclei (E). Nuclei and plasma membranes are revealed by WGA and SiR-actin staining, respectively. See Sup Table 1 for detailed values of the quantifications.

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. UASp-asl-RNAi Val20 (E) using the mat-αtub-Gal4 driver combined with Fs(2)Ket-GFP to label nuclei (green) and ubi-PH PLC∂1 -RFP to label plasma membrane (red). See Sup Table 1 for detailed values of the quantifications. ubi-asl-tdTomato to label centrosomes (red). The centrosomes aggregate at the posterior of the centered nucleus, and follow the nucleus during its migration from the center of the oocyte to the cortex antero-lateral of the oocyte. Scale bar : 10µm. Time is indicated (h :min).

Movie 4. Crop of Movie 3 focusing on the oocyte region of the egg chamber. Scale bar : 10µm. Time is indicated (h :min).
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  and obtained from the BDSC, have been used in this study : UASp-Khc RNAi Val20 (attP2, Valium 20) BL #35770, UASp-Khc RNAi Val22 (attP2, Valium 22) BL #35409, UASp-Klc RNAi Val20-attP2 (attP2, Valium 20) BL #33934, UASp Klc RNAi Val22 (attP40, Valium 22) BL #36795, UASp-Klc RNAi Val20-attP40 (attP40, Valium 20) BL #42957, UASp-Ap RNAi Val20 (attP2, Valium 20) BL #41673, UASp-Him RNAi Val22 (attP2, Valium 22) BL #42809, UASp-CG12699 RNAi Val20 (attP40, Valium20) BL#44111, UASp-asl RNAi Val20 (attP2, Valium 20) BL #35039, UASp-asl RNAi Val22 (attP40, Valium 22) BL #38220, UASp-sas4 RNAi Val20 (attP2, Valium 20) BL#35049

  Figure legends

Figure 2 .

 2 Figure 2. Khc is required for nucleus positioning and migration. Representative image of stage 7 egg-chambers and distribution of nucleus positions at the different stages. Positions have been categorized and color-coded as anterior in pale blue, center in pale green, posterior in dark green and migrated in purple. n indicates the number of analyzed egg chambers. (A-C) RNAi mediated analysis of nucleus positions where control RNAi (UASp-CG12699-RNAi -See Methods) (A) Khc-RNAi Val20 (B) and Khc-RNAi Val22 (C) have been expressed using the mat-αtub-Gal4 driver combined with Fs(2)Ket-GFP to label nuclei (green) and ubi-PH PLC∂1 -RFP to label plasma membrane (red). (D-E) GFP/FRT clonal analysis of nucleus positions in control egg chambers (Khc 27 heterozygous) (D) and Khc 27

Figure 3 .

 3 Figure 3. Klc is required for the nucleus positioning and efficient migration. Representative image of stage 7 egg-chambers and distribution of nucleus positions at the different stages. Positions have been categorized and color-coded as anterior in pale blue, center in pale green, posterior in dark green and migrated in purple. n indicates the number of analyzed egg chambers. (A-C) RNAi mediated analysis of nucleus positions where control RNAi (UASp-CG12699-RNAi -See Methods, identical panel to Figure 2A) (A) Klc-RNAi Val20 (B) and Klc-RNAi Val22 (C) have been expressed using the mat-αtub-Gal4 driver combined with Fs(2)Ket-GFP to label nuclei (green) and ubi-PH PLC∂1 -RFP to label plasma membrane (red). (D-F) GFP/FRT clonal analysis of nucleus positions in control egg chambers (Klc heterozygous) (D), Klc 8ex94 (E) and Klc Saturn (F) mutant egg chambers revealed by the absence of GFP in germline nuclei. Nuclei and plasma membranes are revealed by WGA and SiRactin staining, respectively. See Sup Table1for detailed values of the quantifications.

Figure 4 .

 4 Figure 4. Khc and Klc impact differently the MTs. (A) Representative examples of oocytes of stage 5 to 7 egg chambers expressing Jupiter-GFP, to label the MTs, and control RNAi (UASp-CG12699 RNAi -See Methods) (top row), Khc RNAi Val20 (middle row) and Klc RNAi val22 (bottom row) under the control of the matαtub-Gal4 driver. The oocytes are oriented with anterior (A) at the top and posterior (P) at the bottom. Scale bar : 10µm. (B) Quantification of MT density in oocytes of the indicated stages and genotypes. Mann-Whitney test, *p < 0.05. n indicates the number of analyzed egg chambers. See Sup Table1for detailed values of the quantifications.

Figure 5 .

 5 Figure 5. Khc and Klc are required for centrosome clustering at stage 6B. (A-B) (Top row) Representative Z-projection images of stage 5 to 7 egg chambers (A) and stage 6B (B), expressing Fs(2)Ket-GFP to label nuclei (green), ubi-asl-tdTomato to label centrosomes (red) and control RNAi (UASp-CG12699 RNAi -See Methods) (A) or the indicated RNAi (B) under the control of the mat-αtub-Gal4 driver. The oocytes are oriented with anterior (A) at the top and posterior (P) at the bottom. Scale bar : 10µm. (Bottom row) Schematic diagrams of the image above, with oocyte centrosomes in red and follicular cell centrosomes in blue. (A'-B') Quantification of oocytes categorized as scattered (black) and aggregate (gray) depending on centrosome distributions, at the different stages and for the different genotypes. n indicates the number of analyzed egg chambers. See Sup Table1 for

Figure 6 .

 6 Figure 6. Preventing centrosome decay affects their clustering and nucleus positioning. (A-B) Quantification of oocytes categorized as scattered (black) and aggregate (gray) depending on centrosome distributions, at the different stages of control (identical panel to Figure 5A) and Polo WT -PACT over-expressing egg chambers under the control of the matαtub-Gal4 driver. (C-D) Distribution of nucleus positions at the different stages has been quantified in the egg chambers quantified in A and B. Positions have been categorized and color-coded as anterior in pale blue, center in pale green, posterior in dark green and migrated in purple. n indicates the number of analyzed egg chambers. Chi2 test, *p < 0.05, **p = 0,005 compared to the control condition (per stage). See SupTable 1 for detailed values of the quantifications.

Figure 7 .

 7 Figure 7. Centrosome inhibition and Kinesin-1 inactivation restore nuclear migration Representative image of stage 7 and 8 egg-chambers and distribution of nucleus positions at the different stages. Positions have been categorized and color-coded as anterior in pale blue, center in pale green, posterior in dark green and migrated in purple. n indicates the number of analyzed egg chambers. (A-E) Expression of Klc-RNAi Val20 (A-C) in combination with control RNAi (UASp-Ap-RNAi -See Methods) (A) UASp-asl-RNAi Val20 (B) and UASp-sas4-RNAi Val20 (C) or Khc-RNAi Val20 in combination with control RNAi (UASp-Ap-RNAi -See Methods) (D)

Movie 1 .

 1 Time-lapse movie of developing egg chamber from stage 5 to 6A expressing Fs(2)Ket-GFP to label nuclei (green), ubi-PH PLC∂1 -RFP to label plasma membrane (red) and ubi-asl-tdTomato to label centrosomes (red). The nucleus is anteriorly positioned in the oocyte and the centrosomes are scattered between the nucleus and the posterior membrane of the oocyte. Scale bar : 10µm. Time is indicated (h :min) Movie 2. Crop of Movie 1 focusing on the oocyte region of the egg chamber. Scale bar : 10µm. Time is indicated (h :min). Movie 3. Time-lapse movie of developing egg chamber from stage 6B to 7 expressing Fs(2)Ket-GFP to label nuclei (green), ubi-PH PLC∂1 -RFP to label plasma membrane (red) and

Figure 2 (Figure 5 (
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