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1 ABSTRACT

2

3 Regulated recruitment and activity of motor proteins is essential for intracellular transport of

4  cargoes, including messenger ribonucleoprotein complexes (RNPs). Here we show that

5 orchestration of oskar RNP transport in the Drosophila germline relies on the interplay of two

6 double-stranded RNA binding proteins, Staufen and the dynein adaptor Egalitarian (Egl). We

7  find that Staufen antagonizes Egl-mediated transport of oskar mMRNA by dynein both in vitro

8 and in vivo. Following delivery of nurse cell-synthesized oskar mRNA into the oocyte by

9 dynein, recruitment of Staufen to the RNPs results in dissociation of Egl and a switch to
10 kinesin-1-mediated translocation of the mRNA to its final destination at the posterior pole of
11 the oocyte. We additionally show that Egl associates with staufen (stau) mMRNA in the nurse
12  cells, mediating its enrichment and translation in the ooplasm. Our observations identify a
13  novel feed-forward mechanism, whereby dynein-dependent accumulation of stau mRNA,
14  and thus protein, in the oocyte enables motor switching on oskar RNPs by downregulating
15 dynein activity.

16 INTRODUCTION

18 Proper execution of the genetic program relies on regulatory mechanisms that act at multiple
19 levels of gene expression, from transcription to post-translational events. In many cell types,
20 including neurons, early embryos and oocytes, a key process that regulates genetic output
21  at the subcellular level is RNA localization, which is often driven by cytoskeletal motors (St
22 Johnston, 2005; Gaspar, 2011; Marchand et al. 2012; Glock et al. 2017; Mofatteh and
23 Bullock, 2017). The kinesin-1 and cytoplasmic dynein-1 (dynein) motors, which move RNPs
24 towards the plus end and minus end of microtubules, respectively, play a central role in
25  mRNA trafficking in several systems (Gaspar, 2011; Mofatteh and Bullock, 2017).

26

27 A paradigm for the study of microtubule-based RNP transport is oskar mRNA, the protein
28  product of which induces abdomen and germline formation in the embryo (Ephrussi and
29 Lehmann, 1992). oskar mRNA is produced in the nurse cells of the Drosophila germline
30 syncytium in the early stages of oogenesis and transported by dynein into the developing
31 oocyte where microtubule minus ends are enriched (Ephrussi et al. 1991; Januschke et al.,
32  2002; Clark et al. 2007; Sanghavi et al., 2013; Jambor et al., 2014; Vazquez-Pianzola et al.,
33  2017). mRNA trafficking from the nurse cells to the oocyte is dependent on the Egl protein,
34  which binds specialized stem-loop structures in localizing mRNAs and links them together
35 with its coiled-coil binding partner Bicaudal-D (BicD) to dynein and the dynein activating
36 complex dynactin (Navarro et al., 2004; Dienstbier et al., 2009; Dix et al., 2013). In vitro
37  reconstitution studies have shown that Egl and BicD also play a key role in switching on
38 dynein motility (McClintock et al., 2018; Sladewski et al., 2018).

39

40 During mid-oogenesis, when the microtubule cytoskeleton is reorganized, most of Egl's
41  mRNA targets localize to the anterior of the oocyte, where microtubule minus ends are now
42  concentrated (Gaspar, 2011; Lasko, 2012). In contrast, oskar mRNA is transported to the
43  posterior pole, where the microtubule plus ends are focused (Parton et al., 2011); (Sanghavi
44 et al., 2013), by the Kinesin-1 heavy chain (Khc) (Brendza et al., 2000; Palacios and St
45  Johnston, 2002; Zimyanin et al., 2008; Williams et al., 2014). Khc is associated with nascent
46  oskar RNPs in the nurse cell cytoplasm (Gaspar et al., 2017), raising the question of how the
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47  activity of the motor is coordinated with that of dynein during delivery of oskar mRNA from
48  the nurse cells to the oocyte posterior.

49

50 Another double-stranded RNA binding protein (dsRBP), Staufen, is necessary for the Khc-
51 mediated localization of oskar to the posterior pole (Ephrussi et al. 1991; St Johnston et al.
52  1991; Januschke et al., 2002; Sanghavi et al., 2013; Jambor et al., 2014; Vazquez-Pianzola
53 et al,, 2017; St Johnston et al., 1992; Zimyanin et al., 2008), as well as for production of
54  Oskar protein at this site (St Johnston et al. 1991; Ephrussi and Lehmann, 1992; Schuldt et
55 al., 1998; Micklem et al., 2000). Staufen is also involved in trafficking of other mRNAs, such
56 as bicoid in the oocyte and prospero in dividing neuroblasts (Ferrandon et al., 1994; Schuldt
57 etal., 1998). Mammalian orthologues of Drosophila Staufen, mStaul and mStau2, play roles
58 in the bidirectional transport of CaMKlla and Rgs4 mRNAs in dendrites (Heraud-Farlow et
59 al., 2013; Bauer et al., 2019) and Xenopus Staufen is a component of Vgl transport RNPs in
60 the oocyte (Yoon and Mowry, 2004). These observations indicate that Staufen’s function as
61 a regulator of RNP transport is evolutionarily conserved. However, it is unclear how Staufen
62  proteins orchestrate mRNA trafficking processes.

63

64  Here, we show that Staufen antagonizes dynein-based transport of oskar RNPs within the
65 Drosophila oocyte and thus favors kinesin-1-driven translocation of the mRNA to the
66  posterior pole. Recombinant Staufen can inhibit dynein-based transport of oskar mRNPs that
67 are reconstituted in vitro with purified components, showing that it is a direct regulator of the
68 transport machinery. Staufen displaces Egl from oskar RNPs after they have reached the
69  oocyte. Staufen does not, however, perturb dynein and dynactin association with the RNPs,
70 revealing that proteins in addition to Egl contribute to motor linkage in this system. These
71  data suggest that Staufen interferes with dynein activation by promoting dissociation of Egl
72  from RNPs. We also provide evidence that Staufen’s inhibition of dynein is restricted to the
73  oocyte by Egl- and dynein-mediated concentration of nurse cell-synthesized stau mMRNA
74  within the ooplasm. Thus, Egl delivers its own negative regulator into the oocyte, constituting
75 a feed-forward regulatory mechanism that spatially and temporally controls dynein activity
76  and thus oskar mRNA localization during oogenesis.

77

78 RESULTS
79

80 Staufen suppresses minus end-directed transport of oskar RNPs in ooplasmic
81 extracts

82

83 oskar mRNA is localized at the posterior pole of the oocyte during mid-oogenesis (Ephrussi
84 etal 1991; Kim-Ha et al. 1991). In stau mutant oocytes, enrichment of oskar mRNA at the
85  posterior pole is greatly reduced, and a considerable amount of oskar remains at the anterior
86  margin (Fig 1A’; (Ephrussi et al. 1991; St Johnston et al. 1991). To assess the effect of stau
87  depletion on the balance of oskar directionality on microtubules, we evaluated the movement
88  of individual MCP-GFP-labeled oskar-MS2 RNPs in control and stau RNAi ooplasmic
89 extracts by TIRF microscopy (Gaspar and Ephrussi, 2017; Gaspar et al., 2017). This
90 analysis revealed that the normal ~ 2:1 dominance of microtubule plus end- versus minus
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91 end-directed oskar RNP runs (Gaspar and Ephrussi, 2017; Gaspéar et al., 2017) was lost,

92  such that there was no overt bias in the directionality of motility (Fig 1B).

93

94  While analyzing the motility, we noticed that the relative GFP intensity of the motile fraction

95 of oskar RNPs in the stau RNAI extracts was lower than in the control RNAI condition,

96 indicating fewer mMRNA molecules on average. This observation might explain the paucity of

97 oskar mRNA transport detected in live stau mutant oocytes when using the less sensitive

98 confocal live-cell imaging technique (compare Videos S1-S4; (Zimyanin et al., 2008)).

99 However, loss of Staufen does not seem to affect the overall RNA content of oskar RNPs in
100 the oocyte as revealed by single-molecule fluorescent in situ hybridization (smFISH) (Fig
101  S5B), indicating a selective effect on the size of motile RNPs.
102
103 Since differences in cargo size and/or composition could confound the analysis, we
104  compared motility of oskar RNPs of similar sizes by stratifying the GFP intensity of RNPs
105 into ‘relative’ RNA units (see Methods and Fig 1C). This approach confirmed that motile
106  oskar RNPs contained fewer RNA molecules on average in the stau RNAI condition (Fig 1C)
107 and additionally showed that the loss of plus-end dominance could be observed for motile
108 RNPs with 1 or 2 relative units of oskar RNA, which make up the majority of the motile
109 population (Fig 1B). These data show that Staufen is needed for the plus-end dominance
110 that localizes oskar to the posterior pole.
111
112  The distribution of oskar mMRNA and the directionality of RNP transport in stau mutants differ
113  from what is observed in other mutants affecting oskar localization: in Tm1% (Fig 1A” and
114  (Géaspér et al., 2017) and Khc™" (Brendza et al., 2000; Zimyanin et al., 2008; Williams et al.,
115 2014; Gaspar et al., 2017) mutants, oskar mMRNA does not localize at the posterior of the
116  oocyte, and minus-end-directed transport predominates as a failure of Khc mediated
117  posterior-ward transport (Gaspar et al., 2017). To explore the basis of the directionality
118 defect in stau mutants, we quantified the colocalization in egg chambers of functional,
119 endogenously tagged fluorescent Khc molecules and oskar mRNA detected by smFISH.
120 This method was previously used to show that Tm1l mutations reduce the association of
121  oskar RNPs with the motor (Gaspar et al., 2017). When Staufen was depleted, there was no
122  reduction in Khc colocalization with oskar mRNA in either the nurse cells or the oocyte (Fig
123 1D), indicating that the observed loss of plus-end-directed bias (Fig 1B) is not due to
124  reduced association of Khc with oskar RNPs.
125
126 To assess whether there is a change in motor activity when Staufen is disrupted, we
127 analyzed the speed and run lengths of GFP-labeled oskar-MS2 RNPs towards both
128  microtubule ends in stau RNAi and control ooplasmic extracts. The velocity of oskar RNP
129 movement appears to be influenced by their RNA content, as larger RNPs moved more
130 slowly in either direction (Fig 1E). When Staufen was depleted, there was a substantial and
131  statistically significant increase in minus-end-directed run lengths and velocities of RNPs
132  containing 1 or 2 relative units of oskar RNA (Fig 1D). In contrast, features of plus-end-
133 directed motion were generally not affected in the stau RNAI condition with the exception of
134  a modest, but significant, increase in plus end velocity for RNPs with 2 oskar RNA units (Fig
135 1E). These data indicate that the loss of plus-end-directed dominance of oskar RNPs when
136  Staufen is depleted is predominantly associated with hyperactivity of the minus end-directed
137 dynein transport machinery. Previous work with gain-of-function mutations in the dynein
138 activator BicD showed that increased dynein activity leads to ectopic anterior accumulation
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139  of oskar RNA (Navarro et al., 2004; Liu et al., 2013), as is observed in stau mutant oocytes
140  (Fig 1A',(St Johnston et al., 1991)). Altogether, these findings point to a role of Staufen in
141  suppression of minus end-directed transport of oskar RNA by dynein.

142

143

144  Staufen antagonizes dynein-mediated oskar mRNA transport by purified components
145

146  To test if Staufen has a direct inhibitory effect on minus-end directed oskar RNP transport,
147 we made use of an in vitro motility assay that involves reconstitution of a minimal RNP
148 assembled from purified Egl, BicD, dynactin, dynein and in vitro transcribed RNA
149  (McClintock et al., 2018). Motility of this RNP along immobilized, fluorescent microtubules
150 can be visualized by TIRF microscopy using fluorophores on the mRNA and dynein.

151

152 In these experiments we used a ~529 nt fragment of the oskar 3'UTR that is sufficient for
153 nurse cell-to-oocyte transport (Jambor et al., 2014). In the presence of Egl, BicD and
154  dynactin, oskar mRNA frequently underwent long-distance transport in association with
155 dynein (Fig. 2A and Fig S2A). No transport of oskar was detected when Egl and BicD were
156 omitted from the mix (Fig. S2A); in this condition, association of oskar mRNA with
157  microtubules or processive movement of microtubule-bound dynein complexes was almost
158 never observed (Fig. S2A-C). These observations corroborate the conclusion that Egl and
159  BicD link mRNAs to dynein-dynactin and activate movement of the motor along microtubules
160 (Dienstbier et al., 2009; McClintock et al., 2018; Sladewski et al., 2018).

161

162  Addition of recombinant Staufen to the Egl, BicD, dynein and dynactin assembly mix
163  significantly reduced the number of oskar mRNA transport events (Fig. 2A and B). This
164  effect was associated with fewer mRNAs being recruited to the microtubules (Fig. 2C).
165 However, those mRNAs that interacted with the microtubule were just as likely to undergo
166 long-distance transport as those incubated without Staufen (Fig. 2D). The presence of
167  Staufen also reduced the number of processive dynein complexes and the proportion of
168  microtubule-associated dyneins that underwent processive movement (Fig. 2E-G). We
169 conclude from these experiments that Staufen directly inhibits transport of oskar by Egl,
170  BicD, dynactin and dynein and that this effect is associated with impaired activation of motor
171  movement.

172

173  Dynein movement during mRNA transport is switched on by the N-terminal coiled-coil region
174  of BicD, which recruits dynactin (and thereby its activating functions) to the motor complex
175 (Dienstbier et al., 2009; McKenney et al., 2010, 2014; Schlager et al., 2014; Hoogenraad
176  and Akhmanova, 2016). These events are triggered by docking of RNA-bound Egl to the C-
177  terminal region of BicD, which frees the N-terminal region from an autoinhibitory interaction
178  (McClintock et al., 2018; Sladewski et al., 2018). To better resolve how dynein activity is
179 impaired by Staufen, we assessed its effect on dynein activation by the N-terminal coiled-coll
180 of the mouse BicD orthologue BicD2 (BicD2N), which is constitutively active in the absence
181  of cargo (Hoogenraad et al., 2003; Dienstbier et al., 2009; McKenney et al., 2010, 2014;
182  Schlager et al., 2014; Hoogenraad and Akhmanova, 2016). In the presence of dynactin and
183  BicD2N, Staufen partially reduced the number of processive dynein movements and the
184  proportion of processive dyneins (Fig. 2H, | and Fig. S3). However, Staufen’s inhibitory effect
185 on the motor was proportionally much stronger in the presence of oskar, Egl, full-length BicD
186 and dynactin (Fig. 2H, | and Fig S3). These data suggest that Staufen inhibits both the
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187  activation of dynein-dynactin motility by BicD proteins, as well as stimulation of this event by

188 Egl and RNA.
189

%8% A balance of Staufen and Egl is required for oskar mRNA localization in vivo

193  We next explored the interplay between Egl and Staufen function in vivo by manipulating the
194  dosage of these proteins and determining the effects on oskar mRNA localization in mid-
195 oogenesis. We evaluated mRNA distributions qualitatively (Fig 3) and confirmed our
196 conclusions through an established, unbiased statistical averaging method (Ghosh et al.,
197 2012; Gaspar et al., 2014) (Fig S4). Similar to the situation in stau mutant egg-chambers
198 (Fig 3A, B and Figs S1A, B, E, S4A and B), UAS/Gal4-mediated overexpression of Egl in the
199 germline resulted in a strong oskar signal at the anterior of the oocyte cortex, and a weaker
200 enrichment of the mRNA at the posterior (Fig 3C and S4C). This finding corroborates recent
201  observations in Egl-overexpressing egg-chambers by Mohr et al. (Mohr et al., 2021).

202

203  Altogether, these observations suggest that Staufen and Egl antagonize one another during
204  oskar mRNA localization in mid-oogenesis. To further test this idea, we overexpressed both
205  GFP-Staufen (using the maternal tubulin promoter (Micklem et al. 2000)) and Egl in the
206 germline and examined oskar localization. While GFP-Staufen overexpression in this
207  manner had no major effect on the localization of oskar (Fig S1F-I and (Heber et al., 2019)),
208 it suppressed the ectopic anterior localization of oskar mMRNA caused by elevated Egl levels
209 (Fig 3C, D and Fig S4C, D). This observation is consistent with mutual antagonism between
210 Egl and Staufen. Further supporting this notion, removal of a functional copy of egl partially
211  suppressed oskar mislocalization at the anterior of egg-chambers with reduced Staufen
212 levels (stau RNAI, egl'/+; Fig S3C-E). Furthermore, overexpression of Staufen suppressed
213 the ectopic anterior localization of oskar mRNA caused by two different dominant BicD
214  alleles (Fig 3E, F and Fig S4E-H). At least one of these mutations (BicD') appears to
215  suppress the autoinhibited state of BicD in which the dynein and Egl binding sites are folded
216  back on one another (Liu et al.,, 2013). Antagonism between BicD and Staufen is further
217  supported by the observation that reduced stau gene dosage enhances embryonic lethality
218 associated with the dominant BicD alleles (Navarro et al., 2004). Collectively, these genetic
219 interaction experiments indicate a mutually antagonistic relationship between Staufen and
220  Egl, as well as the latter protein’s binding partner, BicD, during the localization of oskar
221  mRNA in mid-oogenesis.

222
223  Staufen dissociates Egl from oskar RNPs in the oocyte
224

225 To shed light on how Staufen and Egl influence each other in vivo, we examined the
226  association of each protein with oskar mRNA using smFISH in combination with
227  transgenically-expressed, fluorescently-tagged proteins (Gaspar et al., 2017; Heber et al.,
228  2019).

229

230 Distribution of transgenic Staufen-GFP, expressed by the stau promoter at close to
231 endogenous levels (Fig S1l) resembles that of the endogenous protein (St Johnston et al.
232 1991), and this molecule is functional during oskar localization (Fig S1D, E and G). In the
233  oocyte, Staufen-GFP and oskar mRNA frequently overlapped. In the nurse cells, there was
234  little overlap between Staufen-GFP and oskar, as previously reported (Little et al., 2015),
235 and only low levels of Staufen-GFP signal were observed, regardless of the developmental
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236  stage of the egg-chamber (Fig 4A, A’ and B). In the oocyte, the fraction of Staufen-
237 associated oskar RNPs increased as a function of their oskar mRNA content (which was
238 determined by calibration of smFISH signals (see Materials and Methods and (Little et al.,
239 2015)); Fig S4A). This increase was substantially more pronounced during stage 9, when
240 there is a strong enrichment of oskar at the oocyte posterior, than in earlier stages of
241  oogenesis (Fig 4B). During stage 9, not only the likelihood of Staufen association with oskar
242  RNPs increased but also the relative levels of Staufen per RNP (Fig 4B’). We previously
243  observed the same behavior for overexpressed GFP-Staufen and mammalian GFP-Stau2
244  (Heber et al., 2019). Notably, however, no or greatly reduced scaling of the Staufen signal
245  with oskar mRNA content of the RNPs was observed in the oocyte prior to the onset of oskar
246 localization to the posterior (Fig 4B’). This is likely due to limited availability of the protein, as
247  suggested by the relatively low fluorescent signal in early stage Staufen-GFP oocytes (Fig
248  S5G). Collectively, our analysis shows that Staufen preferentially associates with oskar RNA
249 in the oocyte and that this association is largely governed by the RNA content of the RNPs
250 and the enrichment of the pool of Staufen protein in the ooplasm.

251

252  During the same stages of oogenesis, Egl-GFP (which was mildly overexpressed with the a-
253  tubulin84B promoter (Fig S5I, (Dienstbier et al., 2009)) was abundant in both the nurse cells
254  and the oocyte (Fig 4C and C’). This pattern matches the distribution of endogenous Egl
255  protein, as revealed by immunostaining (Mach and Lehmann, 1997). Colocalization analysis
256  showed that, in contrast to Staufen-GFP, Egl-GFP was already associated with oskar RNPs
257 in the nurse cells (Fig 4D) and maintained its association with oskar in the oocyte until the
258 onset of posterior localization. However, from stage 9 onward, we detected no significant
259  colocalization between Egl and RNPs containing four or more copies of oskar mRNA (Fig
260 4D). The amount of Egl signal associated with the RNPs increased proportionately with
261 oskar mRNA content during early oogenesis but reduced by about two-fold and became
262 independent of oskar mMRNA copy number during stage 9 (Fig S5D’). As this loss of Egl from
263  oskar RNPs was an unexpected finding, we wondered if it was caused by the dilution of Egl-
264  GFP by endogenous, untagged Egl. However, this was not the case as the reduction of Egl
265  association with oskar RNPs was robust to changes in the dosage of the Egl-GFP transgene
266 or endogenous unlabeled Egl and was also observed when no unlabeled Egl (egl*/egl?
267 rescued by the Egl-GFP transgene) was present in the oocyte (Fig S5F’). Collectively, these
268 results indicate that whereas Staufen levels increase on oskar RNPs as posterior-ward
269 movement in the oocyte is initiated, there is a concomitant decrease in Egl levels on these
270  complexes.

271

272  The opposing trends of Staufen and Egl association with oskar RNPs in the nurse cells and
273  the oocyte (Fig 4B,B’ and D,D’), together with the increasing concentrations of Staufen in the
274  ooplasm prior to the onset of oskar localization (Fig S5G), are consistent with Staufen
275 inhibiting Egl association with oskar RNPs in the oocyte. To test this notion, we analyzed the
276  association of Egl-GFP with oskar RNPs in stau mutants. When Staufen protein was absent
277  or greatly reduced, Egl remained associated with oskar RNPs in stage 9 oocytes, and the
278  relative amount of Egl signal that colocalized with the RNPs increased with oskar mRNA
279  content (Fig 4E, E’ and Fig S5 E, E’). Conversely, when Staufen was mildly overexpressed
280 using an RFP-Staufen transgene (Zimyanin et al., 2008), the amount of Egl associated with
281  oskar RNPs in the oocyte (in particular with those containing 4+ copies of RNA) decreased
282  (Fig 4F, F).

283


https://doi.org/10.1101/2021.04.24.441269
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.24.441269; this version posted January 26, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

284  To test biochemically whether Staufen impairs the association of Egl with oskar RNPs in
285  vivo, we performed UV crosslinking and GFP immunoprecipitation followed by quantitative
286 RT-PCR on egg-chambers co-expressing Egl-GFP and either stau RNAI or a control RNAI in
287  the germline (Fig 4G, Fig S5H). Substantially more oskar mRNA was co-immunoprecipitated
288  with Egl-GFP from extracts of egg-chambers expressing stau RNAi compared to the control
289  (Fig 4G). We conclude from these experiments that Staufen antagonizes the association of
290  Egl with oskar mRNA in vivo.

291
292
293 Aberrant anterior localization of oskar mRNA correlates with increased Egl

294  association

295

296  As described above, BicD is a direct binding partner of Egl, and contacts the dynein and
297  dynactin complexes (Dienstbier et al., 2009; Liu et al., 2013; Vazquez-Pianzola et al., 2017;
298 McClintock et al., 2018; Sladewski et al., 2018). To gain further insight into how the
299 association of Egl influences trafficking of oskar mRNA, we examined the effect of the two
300 gain-of-function BicD mutations in more detail. Both alleles caused an increase in the
301 association of Egl-GFP with mid- to large-sized (4-16 RNA copies) oskar RNPs in stage 9
302 oocytes when compared to the wild-type control (Fig 4E, E’ and Fig S5F, F’). Although the
303 magnitude of the effect differed between the two BicD alleles, in both cases the amount of
304  Egl signal on the RNPs scaled with oskar RNA copy number up to 32 copies, in contrast with
305 the low amount of Egl detected on oskar RNPs in wild-type stage 9 egg-chambers (Fig 4E’
306 and Fig S5F’). Thus, there is a correlation between the ability of the BicD gain-of-function
307 alleles to misdirect oskar RNPs to the anterior of the oocyte and their stimulation of Egl
308 association with these structures in the oocyte cytoplasm.

309

310 We reasoned that the anterior localization of oskar mRNA in the oocyte observed when
311 untagged Egl was strongly overexpressed (Fig 3C and S4C) might be due to an aberrant,
312  concentration-dependent retention of the protein on the RNPs. To test this idea, we
313 introduced the moderately overexpressed Egl-GFP transgene (Dienstbier et al., 2009) into
314  egg-chambers overexpressing untagged Egl under UAS-Gal4 control (Fig. S5I). We
315 observed numerous large RNP granules containing high amounts of Egl-GFP (which
316  presumably also contain unlabelled Egl) and oskar mRNA (Fig 5A and A") in the nurse cells
317 and at the anterior cortex of the oocyte. Such RNPs were seldom detected in the absence of
318 UAS/Gal4-mediated Egl overexpression (Fig 5A and E). Quantitative analysis revealed that
319 the relative Egl-GFP signal scaled with oskar RNA content in the RNPs when untagged Egl
320 was overexpressed (Fig 5C"). The effect was similar to that observed in the absence of
321  Staufen, as well as in egg-chambers with BicD gain-of-function alleles (Fig 4E’ and S4F’). In
322  contrast, we found no significant change in Staufen association with oskar RNPs in stage 9
323  oocytes strongly overexpressing Egl (Fig 5D and D’). This finding indicates that Egl does not
324  overtly interfere with the loading of Staufen on oskar RNPs. However, substantially more
325 high copy number oskar RNPs (containing 17+ copies of oskar) were localized at the
326  anterior pole when Egl was strongly overexpressed than in the wild type (Fig 5E), consistent
327 with our earlier finding that Egl antagonizes Staufen’s function in promoting posterior
328 localization of oskar mRNA.

329

330 Taken together, these data reveal that a shared feature of oskar mislocalization to the
331 anterior in the absence of Staufen, upon Egl overexpression, and in gain-of-function BicD
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332 mutants is the failure to release Egl from the RNPs during mid-oogenesis. Our data indicate
333 that this release is mediated by Staufen, which interferes with the association of Egl with
334  oskar RNPs, especially those with high oskar mMRNA content.

335

336

337 Dissociation of Egl does not prevent association of dynein with oskar RNPs

338 As described above, Egl functions as an adaptor molecule linking mRNA localization signals
339 to dynein-dynactin (Navarro et al., 2004; Dienstbier et al., 2009; Amrute-Nayak and Bullock,
340 2012). However, it has been proposed that Egl is not the only means to link the motor
341  complex to RNPs. In ex vivo experiments, both the K10 and hairy mRNAs recruit some
342  dynein-dynactin complexes through Egl-BicD, and others through an Egl-BicD independent
343  mechanism, which presumably involved other RBP linkers or direct interactions between the
344  RNA and the motor complex (Bullock et al., 2006; Amrute-Nayak and Bullock, 2012; Dix et
345 al., 2013; Soundararajan and Bullock, 2014). Only those dynein-dynactin complexes
346 interacting with Egl-BicD were capable of long-distance transport, explaining how these two
347  adaptors promote minus-end-directed trafficking of mRNAs. How Egl influences dynein’s
348  association with RNPs has not, however, been examined in vivo.

349 To address this question, we quantified the colocalization of oskar mMRNA (detected by
350 smFISH) with fluorescently tagged versions of p50/Dynamitin, a dynactin subunit, BicD and
351 Dynein heavy chain (Dhc) in the nurse cells and oocyte. We saw little difference in
352  association of each protein with oskar mMRNA between the stage 9 nurse cells and oocyte
353 (Fig. 6A-D). This contrasts with the situation for Egl, which showed a relative reduction in
354  association with oskar in the stage 9 oocyte (Fig. 4D and D’). The fraction of oskar RNPs
355 associated with BicD and the dynein-dynactin subunits also did not change as a function of
356 RNA content in the oocyte (Fig 6D). Notably, the relative amount of these proteins
357 associated with oskar RNPs in the oocyte was approximately double that in the nurse cells
358 (Fig 6E). The amount of BicD and p50 associated with the RNPs in the oocyte was
359 independent of oskar copy number, whereas Dhc association increased as a function of
360 oskar mRNA content (Fig 6E). This result indicates that Dhc and BicD/p50 are not recruited
361 to oskar RNPs by identical mechanisms.

362 Increased levels of Egl on oskar RNPs in the absence of Staufen (Fig 4E, E’ and S5E, E’) or
363 in the presence of excess Egl (Fig 5D, D) could in principle result in increased recruitment of
364  the dynein motor. However, when we analyzed GFP-Dhc association with oskar RNPs, we
365 found no major difference between stau RNAI, Egl-overexpressing, and control oocytes (Fig
366 6F and F'). These data indicate that Egl is not obligatory for recruitment of dynein-dynactin to
367 a native cargo in vivo. Intriguingly, stau RNAi and Egl overexpressing oocytes also did not
368 display an increase in the association of BicD with oskar RNPs (Fig 6G and G’). Thus, there
369 appears to be an Egl-independent mechanism for recruiting BicD to these structures.

370 The loss of Egl from larger oskar RNPs during stage 9 suggests that dynein — although
371 present — is not fully active. This notion is consistent with our earlier observation in control
372  ooplasmic extracts that RNPs with a greater RNA content, and which therefore have less Egl
373  bound (Fig 1B and 4D and D’), engaged in minus-end-directed motion less frequently than
374  those with a lower RNA content: there was an approximately 4-fold plus-end dominance
375  (77.9% vs 22.1% of plus vs minus-end directed runs) for oskar RNPs with more than two
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376 relative RNA units, versus an approximately 2-fold plus-end dominance (~65% vs ~35%) for
377 smaller RNPs (Fig 1B). In summary, in stage 9 oocytes, oskar RNPs lacking Egl maintain
378 their association with the dynein machinery but are defective in minus-end-directed motion.

379

380 Staufen activity is controlled by Egl-mediated delivery of its mMRNA into the oocyte

381

382  As shown above, proper oskar localization to the posterior pole depends on availability of
383  Staufen protein in stage 9 oocytes. However, it is unclear how this spatio-temporal restriction
384  of Staufen is brought about. We noticed that only trace amounts of endogenous Staufen (Fig
385  7C and D) or Staufen-GFP (Fig S7C) accumulated in the early arrested oocyte primordium in
386 egl RNAIi egg-chambers. This observation raised the possibility that Egl mediates the
387 enrichment of Staufen in the ooplasm of wild-type egg-chambers. The normal ooplasmic
388 accumulation of Staufen could in principle result from its transport in association with target
389 mRNAs from the nurse cells into the oocyte. However, this seems unlikely, as we detected
390 no association of Staufen-GFP with its main target, oskar mRNA, in the nurse cells (Fig 4A-
391 B, and both Staufen and Staufen-GFP signal accumulated in the oocyte even in the
392  absence of oskar mRNA (Fig S7A-C). Alternatively, stau mRNA could be transported by Egl-
393  BicD-dynein-dynactin into the oocyte, leading to accumulation of Staufen protein at this site.
394  Supporting this notion, whereas stau mMRNA and protein were strongly enriched in oocytes of
395 early-stage egg chambers expressing control RNAI, we observed little or no such enrichment
396 in egg-chambers in which egl was knocked down by RNAi (Fig 7B and D). Furthermore,
397  while stau mRNA did not display any specific localization pattern in the ooplasm of wild-type
398 oocytes at mid-oogenesis (Fig 7E), upon Egl overexpression the transcript was enriched at
399 the anterior pole of the oocyte (Fig 7E’). This observation suggests that, similar to other
400 oocyte-enriched transcripts, such as oskar, gurken and bicoid (Ephrussi et al., 1991; Berleth
401 et al., 1988; Neuman-Silberberg and Schipbach, 1993; Theurkauf et al., 1993; Clark et al.
402  2007), stau mRNA is a target of Egl-dependent transport from the nurse cells by dynein.

403

404  Providing further support for this notion, colocalization analysis revealed that stau mRNA
405 and Egl-GFP were associated in the germline, and that this association was significantly
406 lower in the oocyte than in the nurse cells (Fig 7F). We also detected Staufen protein in
407  association with stau RNPs in stage 9 oocytes (Fig 7G), as we previously observed for oskar
408 RNPs (Fig 4).

409

410  Additional experiments provided evidence that the restriction of Staufen activity to the oocyte
411 s critical for proper RNA localization and oogenesis. In contrast to the direct expression of
412 GFP-Staufen from the maternal tubulin promoter, which results in nurse cell accumulation of
413  the protein only from mid-oogenesis onwards (Fig S7I), strong overexpression of GFP-
414  Staufen with highly active maternal Gal4 drivers results in high levels and aggregation of the
415  protein in the nurse cells of early egg-chambers (Fig S7E-H). Ectopic GFP-Staufen
416  expression in this manner resulted in failure of oskar, as well as bicoid, mMRNA enrichment in
417  the oocyte (Fig S7E-F”). These egg-chambers also displayed oocyte polarity defects and
418 fragmentation of the karyosome (Fig S7G and H), which are hallmarks of defects in
419 localization of mMRNA cargoes for dynein (Neuman-Silberberg and Schipbach, 1993; Jenny
420 et al., 2006).

421
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422  Taken together, these data indicate that the Egl-dependent transport of stau mRNA into the
423  oocyte by dynein underlies ooplasmic enrichment of Staufen protein, which in turn
424  inactivates the machinery for minus end-directed transport of oskar RNPs in the stage 9
425  oocytes. This constitutes a feed-forward mode of regulation, whereby the dynein transporter
426  system ensures the localized production of its inhibitor, leading to its own inactivation. This
427  predefined program thereby allows kinesin-1-dependent delivery of oskar mRNA to the
428  oocyte posterior.

429

430

431 DISCUSSION

432

433  The activity of motor molecules is essential for establishing proper localization of mRNA
434  molecules, which in turn underlies spatiotemporal restriction of protein function (St Johnston,
435  2005; Martin and Ephrussi, 2009; Mofatteh and Bullock, 2017; Abouward and Schiavo,
436  2021). The dynein and kinesin microtubule motors play key roles in positioning of mMRNAS in
437  many systems, including by acting sequentially on the same RNP species (Baumann et al.,
438 2012; Gagnon et al., 2013; Mofatteh and Bullock, 2017; Turner-Bridger et al., 2018).
439  However, it is unclear how the opposing activities of these motors are coordinated during
440  RNP trafficking.

441

442 Here we use the tractable Drosophila egg-chamber to reveal a mechanism for
443  spatiotemporal control of dynein and kinesin-1 activity. Central to this system are two
444  dsRBPs, Staufen and Egl. Several genetic interaction studies have shown previously that
445  these proteins have opposing activities in the context of oskar mRNA localization in the
446  oocyte and anteroposterior patterning (Mohler and Wieschaus, 1986; Navarro et al., 2004)
447  and both proteins were shown to form a complex with oskar (Laver et al., 2013; Sanghavi et
448  al., 2016). Recent work by Mohr and colleagues (Mohr et al., 2021), which was published
449  while this manuscript was in preparation, further corroborated the ability of Egl to antagonize
450 localization of oskar to the posterior of the oocyte. Mohr et al. also investigated the potential
451  interplay of Staufen and Egl in vitro with RNA binding assays. It was shown that in vitro Egl
452  binds to a truncated version of stem-loop 2 in the oskar 3’ UTR (SL2, (Jambor et al., 2014)
453 that they termed the Transport and Anchoring Signal (TAS) (Mohr et al., 2021). The TAS
454  partially overlaps with one of the Staufen Recognized Structures (Laver et al., 2013) which
455  are important for Staufen binding in vitro and for proper oskar mRNA localization in vivo
456  (Mohr et al.,, 2021). These data suggest that Staufen could antagonize Egl function by
457  interfering with binding of the latter protein to oskar mRNA. However, Mohr et al. did not
458  directly test this possibility. We found that knocking down Staufen increases the association
459  of Egl with the mRNA, demonstrating a role for Staufen in antagonizing association of Egl
460  with oskar RNA. The results of our in vitro motility assays are also consistent with this
461  scenario, as RNA binding to Egl is a prerequisite for full dynein activity within this minimal
462 RNP (McClintock et al., 2018; Sladewski et al., 2018). It is conceivable that the transport and
463  anchoring functions ascribed to TAS are two facets of the same underlying molecular
464  mechanism, as increased dynein activity in the absence of Staufen would drive enrichment
465  of oskar RNPs at microtubule minus ends that are nucleated at the anterior cortex
466  (Januschke et al., 2006).

467

468 Our study additionally reveals through smFISH-based colocalization analysis in egg-
469 chambers how the interactions of Staufen and Egl with oskar mRNA are orchestrated in time
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470 and space. When Staufen levels are low, such as in early oogenesis, amounts of Egl per
471  RNP scale with oskar RNA content. During stage 9, this scaling is lost in the oocyte and the
472  relative amount of Egl on oskar RNPs decreases as Staufen is recruited to oskar. Our data
473  indicate that Staufen-mediated displacement of Egl is a critical step in switching to kinesin-1-
474  based trafficking of oskar mRNA to the posterior pole. This switch is also likely to involve the
475  activities of exon junction complex components, which are required for posterior localization
476  of oskar (Newmark and Boswell, 1994; Hachet and Ephrussi, 2001, 2004; Mohr, Dillon and
477  Boswell, 2001; van Eeden et al., 2001; Palacios et al., 2004; Zimyanin et al., 2008; Ghosh et
478  al., 2012). Our study provides a framework for understanding how the activities of these
479  factors are coordinated with that of Staufen.

480

481  Intriguingly, whilst an excess of Staufen can dissociate Egl from oskar RNPs, increasing Egl
482  concentration does not overtly affect Staufen recruitment with these structures. This
483  observation might be due to the five-to-one excess of SRSs over the TAS in each oskar
484  molecule (Mohr et al., 2021), which could mask the loss of Staufen binding to the TAS-
485  proximal SRS.

486

487 We also found that dissociation of Egl from oskar RNPs in the stage 9 oocyte does not
488  detectably alter the amount of dynein on these structures. This work lends in vivo support to
489 the notion that additional proteins or RNA sequences can recruit dynein and dynactin in an
490 inactive state to RNPs (Bullock et al., 2006; Amrute-Nayak and Bullock, 2012; Dix et al.,
491  2013; Soundararajan and Bullock, 2014). Presumably, Egl recruits only a small fraction of
492  the total number of dynein complexes on oskar RNPs or activates the motility of complexes
493 that are also linked to the RNA by other factors. Unexpectedly, we reveal that the bulk
494  association of BicD with oskar RNPs is also not dependent on Egl, pointing to an additional
495  mechanism for recruiting BicD, presumably in the autoinhibited state, that prevents dynein
496  activation (Hoogenraad et al., 2003; Liu et al., 2013). While the relative amount of the dynein
497  machinery associated with oskar RNPs is greater in the oocyte than the nurse cells, dynein’s
498 association with oskar RNPs in the oocyte does not scale with RNA content. How the
499 amount of dynein recruited to these RNPs could be limited is unclear. However, this
500 mechanism could be a means to prevent sequestration of this multi-functional motor to a
501 very abundant cargo (~0.5-1 million copies of oskar mRNA per oocyte (Little et al., 2015)).
502

503  Whilst our data build a strong case that a key function of Staufen in oskar mMRNA localization
504 s to limit dynein activity by displacing Egl, several lines of evidence suggest that this is not
505 its only role in this context. We found that Staufen had a partial inhibitory effect on minus-
506 end-directed motility of purified dynein-dynactin complexes activated in an Egl-independent
507 manner by a constitutively active truncation of a BicD protein. Understanding the
508 mechanistic basis of this effect will be the goal of future studies. Moreover, Mohr et al. (Mohr
509 et al., 2021) found that the SRSs that are not proximal to the TAS in the sequence of oskar
510 also contribute to posterior localization of oskar mRNA in a Staufen-dependent manner.
511  Although it is possible that these elements are close enough to the binding site for Egl-BicD-
512  dynein-dynactin in the folded RNA molecule to interfere directly with the assembly or activity
513  of the complex, they could also regulate oskar mRNA distribution through an independent
514  mechanism. Other observations in our study hint at other roles of Staufen. We observed that
515  when Staufen is depleted motile oskar RNPs tend to have a lower RNA content, suggesting
516 an additional function of the protein in RNA oligomerization. Furthermore, whilst the
517  magnitude of the effect was much smaller than for minus-end-directed motion, there was
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518 increased plus-end-directed velocity of a subset of oskar RNPs in ex vivo motility assays
519 when Staufen was disrupted. Although this observation could reflect dynein’s ability to
520 promote kinesin-1 activity (Hancock, 2014), it is also possible that Staufen directly tunes the
521  activity of the plus end-directed motor.

522

523  Animportant question raised by our analysis of Staufen's effects on oskar mMRNA transport is
524  how the timing and location of this process is controlled. We provide evidence that this key
525  aspect of oskar mRNA localization is based on another mRNA localization process in which
526  Egl, as part of stau RNPs, is responsible for the enrichment of stau mMRNA in the developing
527  oocyte. We propose this mechanism constitutes a feed-forward type of switch, whereby the
528 activity of the dynein-mediated transport machinery deploys its own negative regulator to a
529 distant location. The resultant increase in levels of ooplasmic Staufen levels in the ooplasm
530 prevents dynein-mediated transport of oskar to the anterior of the oocyte, while the almost
531 complete absence of the protein from the nurse cells is likely to be important for
532  uninterrupted transport of oskar RNPs into the oocyte by dynein during early- and mid-
533  oogenesis. Presumably, stau translation is suppressed during transit into the oocyte or the
534  protein is translated en route but only builds up to meaningful levels where the RNA is
535 concentrated in the oocyte. Staufen protein might also modulate its own localization in the
536  ooplasm by antagonizing the association of stau mRNA with Egl, and thereby its minus end-
537  directed motility. Consistent with this notion, the level of Egl on stau RNPs declines at a
538 similar stage to when Staufen inhibits the association of Egl with oskar RNPs. As Staufen
539  controls localization and translation of other mRNAs in the maturing oocyte (St Johnston et
540 al., 1991; Ferrandon et al., 1994), mRNA-based regulation of the protein distribution in the
541  egg-chamber is likely to have functions that extend beyond orchestrating oskar mRNA
542  localization. Given the functional conservation of Staufen protein (Heber et al., 2019) and the
543  observation that the mRNA encoding mStau2 is localized in dendrites of mammalian
544  neurons (Zappulo et al., 2017), it is plausible that the feed-forward loop established by stau
545  RNA localization during Drosophila oogenesis is an evolutionarily conserved process that
546  controls RNA trafficking and protein expression in polarized cells.

547
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548 METHODS

549
550 Fly strains
551

552  To knock down stau and egl RNA levels, we used the P{TRiP.GL01531} (FBal0281234) and
553 the P{TRiP.HM05180} (FBal0240309) transgenic lines. A TRIiP line against the w gene
554  (P{TRiP.GL00094} - FBal0262579) was used as a negative control. The following mutant
555 lines were used to disrupt or modify gene function: stau[D3] (FBal0016165) and stau[R9]
556  (FBal0032815) alleles in heterozygous combination; egl[l] (FBal0003574) and egl[2]
557  (FBal0003575); BicD[1] (FBal0001140) and BicD[2] (FBal0001141); osk[A87] (FBal0141009)
558 in combination with Df(3R)p-XT103 (FBab0002842) to remove oskar mRNA from egg-
559  chambers. w[1118] (FBal0018186) was used as the wild-type control.

560

561 To overexpress Staufen, we used the aTub67C:GFPm6-Staufen (FBal0091177),
562 aTub67C:RFP-Staufen (Zimyanin et al., 2008) transgenic lines and a P{UASp-Staufen}
563 transgene inserted onto the 3" chromosome (kind gift of F. Besse).

564

565 To overexpress unlabelled Egl protein, we used the P{UASp-egl.B} transgene
566 (FBtp0022425) inserted on the X or the 3™ chromosome. To label proteins of interest, we
567 used the following fluorescently tagged reporter lines: P{Staufen-GFP} inserted on the 3"
568 chromosome, expressing Staufen-GFP under control of the endogenous stau promoter (kind
569 gift of F. Besse); P{tub-egl.EGFP} (FBtp0041299) inserted on the 3™ chromosome, driving
570 expression of EgI-GFP; P{UASp-BicD.eGFP} (FBtp0069955) and P{UAS-DCTN2-p50::GFP}
571 (FBtp0016940) transgenic insertions to label BicD and Dynamitin, respectively. To drive the
572  expression of the TRiP RNAI lines and other UASp constructs in the female germline, one
573  copy of P{osk-Gal4} (FBtp0083699) inserted onto either the 2™ or the 3" chromosome was
574  used. For moderate overexpression of UASp-GFP-Staufen, we used one copy of P{mata4-
575 GAL-VP16} (FBtp0009293) inserted onto the 2"* chromosome.

576

577  The endogenous Dhc locus (Dhc64C) was tagged with the EmeraldGFP coding sequence to
578 generate a GFP-Dhc expressing fly line according to protocols of the flyCRISPR website
579 (Gratz et al., 2013; O’Connor-Giles, Wildonger and Harrison, 2014) (https://flycrispr.org/).
580 The locus was targeted using CRISPR/Cas9 and a guide RNA targeting the following
581 sequence: 5 GAGTCACCCATGTCCCACAA. The introduced double-stranded break was
582 repaired by homologous recombination using an in-frame EmeraldGFP coding sequence
583 flanked by two ~ 700 bp long homology arms targeting around the Dhc translational initiation
584  codon. F1 generation embryos were screened for GFP fluorescence to identify individuals
585 with a modified genome. Flies homozygous for GFP-Dhc are viable and fertile.
586

587  All stocks were raised on normal cornmeal agar at 2571°C, and females were fed with wet
588  yeast overnight before harvesting their ovaries.

589

590

591 Ex vivo motility assay of oskar RNPs

592

593  The ex vivo motility analysis of oskar RNPs were carried out as described in (Gaspar et al.,
594  2017). Briefly, control and stau RNAi ovaries expressing mCherry-alpha-tubulin and
595 0skMS2-GFP were dissected and transferred onto silanized coverslips in a drop of BRB8O.
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596  Several stage 9 egg-chambers were isolated and pulled under Voltalef 10S halocarbon oil
597 on the same coverslip. Under the oil, the nurse cells were removed by laceration using two
598 fine tungsten needles. The isolated oocyte still in a “sack” of follicle cells were spatially
599 separated from the remnants of nurse cell cytoplasm and with a gentle prick on the oocyte
600 anterior the ooplasm was released onto the coverslip by a continuous slow pulling on the
601 posterior of the oocyte-follicle “sack”. Once several such preps were created, the ooplasmic
602  extracts were imaged using a Leica 7000 TIRF microscope with 100x oil (NA=1.4) objective
603 to visualize 0skMS2-GFP and mCherry labeled microtubules. Time-lapse series were
604  collected and analyzed as described in (Gaspér et al., 2017).

605

606 To analyze the relative mRNA content of oskMS2-GFP RNPs, a series of Gaussian
607 functions was fitted to the GFP signal intensity distribution in each time-lapse series
608 individually using the mixtools package in R (Benaglia et al., 2009; R Core Team, 2014). The
609 smallest p value of Gaussian fits was used to represent a single unit of RNA and each RNP
610 was normalized to this value.

611

612

613 RNA co-immunoprecipitation (RIP) from ovarian lysate

614

615 RIP was carried out as described in (Gaspar et al., 2017). Briefly, ovaries from 50 flies were
616  dissected in BRB80 (80 mM PIPES, 1 mM MgCl,, 1 mM EGTA, pH 6.8) and lysed in Pre-XL
617 buffer (20 mM Tris-Cl, 150 mM KCIl, 4 mM MgCl,, 2xPIC, 1 mM PMSF, pH 7.5;
618 supplemented with 40U of RiboLock RNase Inhibitor per 100upL lysate). Ovaries were
619 ground using a pestle and centrifuged for 1 min at 500 x g. The supernatant was extracted
620 and crosslinked at 0.3J/cm? The lysate was equalized with 1 volume of Pre-XL buffer, 1
621  volume of RIPA (10 mM Tris/Cl pH 7.5; 150 mM NacCl; 0,5 mM EDTA; 0,1% SDS; 1% Triton
622  X-100; 1% Deoxycholate, 0.09% Na-Azide) buffer and 8 volumes of low salt buffer (20 mM
623  Tris-Cl, 150 mM KCI, 0.5 mM EDTA, 1 mM PMSF). GFP-Trap®_ MA beads were washed
624  with low-salt buffer and blocked for 60 mins at room temperature in Casein Blocking Buffer
625  (Sigma-Aldrich) supplemented with 50 pg/mL Heparin. Lysate was incubated with beads for
626 90 minutes at 4°C. The beads were then washed six times with high salt buffer (20 mM Tris-
627  Cl, 500 mM NaCl, 1 mM EDTA, 0.1% SDS, 0.5 mM DTT, 1xPIC, 1ImM PMSF) and twice with
628 PBT (PBS + 0.1% Triton). Endogenous RNA cross-linked to bait protein was recovered from
629 the beads using the QuickRNA Microprep Kit (Zymo Research). Complementary DNA was
630 synthesized using the SuperScript Il First-Strand Synthesis kit (Invitrogen) and used as
631 template for PCR using oskar and bicoid primers.

632

633
634  Single molecule fluorescent hybridization (smFISH)

635

636  Single molecule FISH was carried out as described previously (Gaspar et al., 2017; Gaspar,
637  Wippich and Ephrussi, 2017; Heber et al.,, 2019). Briefly, ssDNA oligonucleotides
638 complementary to oskar and stau mMRNAs (Table S1) were mixed and labeled with Atto532,
639  Atto565 or Atto633 according to the protocol described in Gaspar et al., 2017 (Gaspar,
640  Wippich and Ephrussi, 2017).

641

642  Drosophila ovaries expressing fluorescent reporter transgenes were dissected in 2% PFA,
643  0.05% Triton X-100 in PBS and fixed for 207 min. The fixative was removed by two 5 minute
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644  washes in PBT (PBS™+710.1% Triton X-100, pH 7.4). Ovaries were pre-hybridized in
645 2000uL 20x0OHYBEC (3000mM NaCl, 300mM sodium citrate pH 7.0, 15% ethylene
646  carbonate, 1mM EDTA, 50" pug per mL heparin, 10000ug per mL salmon sperm DNA, 1%
647  Triton X-100) for 10Mmin at 427°C. Meanwhile, the 50ruL probe mixture (57" nM per
648 individual oligonucleotide) was prepared and pre-warmed to hybridization temperature. After
649 10 minutes of pre-hybridization, the probe mix was mixed into the pre-hybridization mixture.
650  After 2(hours of hybridization at 42M1°C, the unbound probe molecules were washed out of
651 the specimen by two washes in pre-warmed HYBEC and a final wash in PBT at room
652 temperature. To boost signal intensity for the protein enrichment analysis of Staufen-GFP in
653 early egg-chambers, we incubated the ovaries in GFP-Booster (Chromotek) diluted 1:2000
654  in PBT for 1 hour, then washed the sample three times for 10 minutes in PBT. Ovaries were
655 mounted in Vectashield and processed for smFISH analysis.

656

657 )
658 Microscopy

659

660 Imaging of oocytes was carried out on a Leica TCS SP8 confocal laser scanning microscope
661 using a 20x dry (NA[J="0.75) objective for imaging the RNA distribution in the oocytes and a
662 63x oil immersion (NAT="1.4) objective for analysis of RNA or Staufen-GFP protein
663 enrichment in early oocytes and for colocalization analysis between RNPs and the
664  fluorescently labeled Staufen and Egl proteins.

665

666  Imaging of reconstituted RNPs by TIRF microscopy was performed as described previously
667 (McClintock et al., 2018) using a customized Nikon TIRF system controlled by Micro-
668 manager (Edelstein et al., 2014), with the exception of data presented in Figures 2H and I,
669 and Figure S3. For these experiments, movies were acquired with 100-ms exposures at 4
670 frames/s for a total of 3 min on a Nikon Eclipse Ti2 inverted TIRF system equipped with a
671 Nikon 100x Apo TIRF oil immersion objective (NA = 1.49) and Photometrics Prime 95B
672 CMOS camera. TMR-dynein was imaged using the 561 nm laser line with a Chroma ET-561
673 nm Laser Bandpass Set (ET576lp and ET600/50m) and ET605/52m emission filter.

674

675

676 RNA distribution analysis

677

678  Analysis of oskar and bicoid mRNA distribution was carried out as described in (Gaspar et
679 al, 2014; Gaspar et al., 2017; Heber et al., 2019). Briefly, we manually defined the outlines
680  of the oocytes and their anteroposterior (AP) axis, using a custom-made ImageJ plug-in, the
681 smFISH signal was redistributed into a 10000x[1100 matrix. Each column of the matrix
682  represents the relative amount of signal found under 1% of the AP axis length, with anterior
683  on the left (column 1) and posterior on the right (column 100). The matrices from different
684  oocytes of the same genotype and stage were averaged to obtain an average view RNA
685 localization. The center-of-mass (relative to the geometric center of the oocyte) was
686  determined and compared statistically using a Kruskal-Wallis test followed by pairwise
687 Mann-Whitney U test against the control.

688

689
690 RNA and protein enrichment analysis

691
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692  The boundaries of the somatic follicle cells, nurse cells and oocyte were manually defined,
693 and the fluorescence intensity of smFISH or GFP signal in these compartments was
694 measured by ImageJ. The extent of enrichment of RNA and protein in the somatic follicle
695 cells and the oocyte was obtained by normalizing the measured fluorescence intensity
696  values to the corresponding values obtained for the nurse cells.

697

698
699 Colocalization analysis between RNPs and fluorescent reporters

700

701  Analysis was carried out as described in (Gaspar et al., 2017; Heber et al., 2019). Briefly,
702  images for colocalization analysis were deconvolved using Huygens Essential (https://svi.nl)
703 and segmented using a custom ImageJ (Schneider, Rasband and Eliceiri, 2012) plug-in.
704  Nearest-neighbor pairs between RNPs and fluorescent reporters were identified, their
705  position and signal intensities were extracted from the nurse cell and oocyte compartments,
706  excluding any nuclear areas in the field of view. Quantification of mRNA copy number per
707 RNP and normalization of fluorescent reporter signal was carried out by fitting multiple
708  Gaussian functions to the corresponding signal intensity distributions taken from the nurse
709 cells using the mixtools package in R (Benaglia et al., 2009; R Core Team, 2014). The p
710 value of Gaussian fit that described the largest portion of the distribution in the nurse cells
711  (almost the lowest value of all fitted p values) was taken as the signal intensity of one unit
712  (for RNPs the intensity of a signal mRNA molecule). These unit values were used to
713  normalize raw signal intensities. RNPs were clustered based on this normalized intensity

714  under the following rule: [2:2™%), i € [0:8], i.e., 1, 2:3, 4:7, 8:15, etc. The observed nearest-

715  neighbor colocalization frequencies were computed for each cluster and were compared to
716  the expected colocalization frequencies (governed by the object-densities, determined in
717  randomized object localizations). Similarly, the mean, normalized intensity of colocalizing
718  fluorescent reporter molecules was calculated for each cluster. Correlation between RNA
719 content and the normalized mean fluorescent reporter intensity was tested and compared
720 using least-squares means analysis in R (Lenth, 2016). We typically analyzed 3000-80000
721  oskar RNPs imaged in 4-6 egg-chambers collected from 3-4 females per condition.

722

723
724  Statistical analysis

725

726  Statistical analyses were performed as indicated in the figure legends using R (R Core
727  Team, 2014), RStudio (www.rstudio.com), and GraphPad Prism version 9.1.1 for MacOS
728 (GraphPad Software, San Diego, California USA, www.graphpad.com). All graphs were
729  plotted by the ggplot2 library in R (Wickham, 2016) and GraphPad Prism version 9.1.1 for
730 MacOS (GraphPad Software, San Diego, California USA, www.graphpad.com).

731

732

733  Protein expression, purification, and fluorescent labeling

734

735 Recombinant dynein (human), Egl (Drosophila), BicD (Drosophila), and BicD2N (mouse)
736  were expressed, purified, and fluorescently labeled as described previously (Hoang et al.,
737  2017; McClintock et al., 2018). Briefly, complexes of the complete dynein holoenzyme,the
738  coexpressed Egl/BicD complex, and BicD2N were expressed in Sf9 insect cells and purified
739 by affinity chromatography using ZZ-tags on the Dynein heavy chain, Egl, or BicD2N,
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740  respectively. Fluorescent labeling of the Dynein heavy chain and BicD2N with SNAP-Cell
741 TMR Star or SNAP-Surface Alexa Fluor 647 via N-terminal SNAPf tags was performed
742  either on-column prior to elution from the IgG affinity resin by cleavage of the ZZ epitope by
743  TEV protease (dynein) or in solution following TEV-cleavage (BicD2N). All complexes were
744  further purified by FPLC-based gel-filtration chromatography, using either TSKgel
745  G4000SWxI (dynein) or Superose 6 Increase 3.2/300 GL (Egl/BicD) columns. The dynactin
746  complex (porcine) was purified natively from pig brains as described previously (Schlager et
747  al., 2014; Urnavicius et al., 2015). Extracts were clarified and fractionated by FPLC using SP
748  Sepharose (cation exchange, ~250ml bed volume), Mono Q 4.6/100 PE (anion exchange),
749  and TSKgel G4000SW (gel-filtration) columns.

750

751 Recombinant Staufen (Drosophila) was cloned as fusion protein with an N-terminal Hisg-
752  rseEGFP2-tag and a C-terminal Hise-tag in pFastBacDual between the Kpnl and Hindlll sites
753  and expressed in Sf21 insect cells using the Bac-to-Bac expression system (Thermo Fisher).
754  The protein was purified by affinity chromatography on HisTrap FF in 1x PBS + 880 mM
755  NaCl, 400 mM arginine, 10 mM - 200 mM imidazole, 2 mM DTT and HiTrap Heparin HP in
756 40 mM Bis-Tris pH 7.5, 150 mM NaCl — 1000 mM NacCl, 40 mM arginine, 2 mM DTT and a
757  final gel-filtration on Superdex200 Increase in a final buffer of 40 mM Bis-Tris pH 7.5, 150
758 mM NaCl, 2 mM DTT.

759

760 In all cases, eluted protein was dispensed into single-use aliquots, flash-frozen in liquid
761 nitrogen, and stored at -80°C.

762

763

764  RNA synthesis and purification

765

766  The oskar RNA used for the reconstitution assay was uncapped and synthesized in vitro
767 using the MEGAscript T7 Transcription Kit (Ambion). The RNA was transcribed from a
768 linearized plasmid DNA template containing an ~529-nt region of the osk 3'UTR previously
769 defined as region 2+3 that includes the oocyte entry signal (OES) and promotes the
770 localization of reporter transcripts to the developing oocyte (Jambor et al.,, 2014). For
771  fluorescent labeling of transcripts, Cy5 UTP or ChromaTide Alexa Fluor 488 UTP was
772 included in the transcription reaction with a 2-fold or 4-fold excess of unlabelled UTP,
773 yielding transcripts with an average of ~5 or ~14 fluorophores per RNA molecule,
774  respectively. Excess fluorescent UTP was removed using 2 successive rounds of Sephadex
775 G-50 desalting spin columns per transcription reaction. Transcripts were subsequently
776  purified by ammonium acetate/ethanol precipitation and resuspension in nuclease-free
777  water. RNA was dispensed into single-use aliquots and stored at -80°C.

778

779

780 Invitro RNP reconstitution assays

781

782  TIRF-based single-molecule reconstitution assays were performed as described previously
783  (McClintock et al., 2018). Briefly, taxol-stabilized porcine microtubules were polymerized with
784  a mixture of unlabelled tubulin, HiLyte 488 tubulin and biotin-conjugated tubulin, and
785 immobilized in imaging flow chambers by streptavidin-based linkages to biotin-PEG
786  passivated cover slips. Assembly mixes containing relevant combinations of dynein,
787  dynactin, Egl, BicD, BicD2N, oskar RNA, and Staufen were then diluted to concentrations
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788  suitable for imaging of single molecules (~2.5 nM for dynein), applied to the flow chamber
789  and subsequently imaged by TIRF microscopy. For assays testing the effect of Staufen on
790 RNA or dynein motility, the complexes were assembled for 45-60 minutes on ice with
791  components diluted in GF150 buffer (25 mM HEPES pH 7.3, 150 mM KCI, 1 mM MgCl,, 5
792 mM DTT, 0.1 mM MgATP, 10% glycerol) to concentrations of 100 nM TMR-dynein, 200 nM
793  dynactin, 500 nM Egl/BicD or BicD2N, and 1 pM oskar RNA. This assembly mix was then
794  diluted 1:1 with either ~4 yM rsEGFP2- Staufen or Staufen storage buffer (40 mM Bis-Tris
795 pH 7.5, 150 mM NaCl, 2 mM DTT) and incubated for at least a further 15 minutes on ice.
796  Just prior application to the imaging chamber, this mixture was further diluted 20-fold in
797  Motility Buffer (30 mM HEPES pH 7.3, 50 mM KCI, 5 mM MgSQ,4, 1 mM EGTA pH 7.3, 1 mM
798 DTT, 0.5 mg ml* BSA, 1 mg ml™* acasein, 20 uM taxol) with added MgATP (2.5 mM final
799  concentration) and 1x oxygen scavenging system (1.25 pM glucose oxidase, 140 nM
800 catalase, 71 mM 2-mercaptoethanol, 25 mM glucose final concentrations) to reduce
801 photobleaching. For assays testing the effect of Egl/BicD on RNA binding and motility on
802 microtubules, the complexes were assayed as above except that primary assembly mixes
803  consisted of 100 nM Alexa Fluor 647-dynein, 200 nM dynactin, 500 nM Egl/BicD or Egl/BicD
804  storage buffer (GF150), and 1 uM oskar RNA, which was subsequently diluted 1:1 in
805  Staufen storage buffer and processed as above. Binding and motility of RNA and dynein in
806 the in vitro reconstitution assays were manually analyzed by kymograph in FIJI (Schindelin
807 et al., 2012) as described previously (McClintock et al., 2018). Briefly, microtubule binding
808 events were defined as those lasting for a minimum of 3 continuous frames of acquisition
809 and processive events were defined as those that exhibited unidirectional movement of at
810 least 5 pixels (525-550 nm depending on the microscope system) during this time,
811 regardless of velocity.
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841
842 Figure 1: oskar RNA localization and transport are impaired in stau mutants.
843 (A-A") Endogenous oskar mRNA localization (shown in blue (low intensity)/yellow (high intensity)) in wild-type
844 (A), stau null (A") and Tm1-I/C null stage 9 oocytes (A”) (anterior to the left and posterior to the right). Scale
845 bar represents 20 um. In stau null oocytes, there is a pronounced anterior accumulation of oskar in addition to
846 the normal posterior localization; in Tm1-1/C mutant oocytes, oskar RNA is predominantly enriched at the
847 anterior cortex.
848 (B) Polarity distribution of oskar-MS2 RNP runs in control RNAi and stau RNAi ooplasmic extracts. Numbers
849 indicate the number of oskar RNP runs measured for all motile oskar RNPs and for RNPs categorized by

850 relative RNA content (Video S3 and S4).
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851 (C) Relative mRNA content of motile oskar-MS2 RNPs in control RNAi and stau RNAi ooplasmic extracts.
852 Pink, green and blue indicate the fraction of oskar RNPs with one, two, or more relative RNA units,
853 respectively (see Methods). Numbers show the number of oskar RNPs in that category.

854 (D) Association of Khc and oskar RNPs in situ in the nurse cells and the oocyte of control RNAI versus stau
855 RNAi samples.

856 (E-F) Speed (E) and run length (F) of motile oskar-MS2 RNPs towards the plus or minus ends of microtubules
857 in control RNAI and stau RNAIi ooplasmic extracts. RNPs are stratified by relative RNA content (D). Numbers
858 above the boxplots (E and F) indicate the differences in mean travel distance between stau and control RNAI
859 extracts. In stau RNAI extracts there were too few motile oskar-MS2 RNPs with >2 RNAs to establish a
860 statistical trend (C,E-F). P-values of Fisher exact (B) or pairwise Mann-Whitney U-tests (D-F) are shown.

861
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863

864 Figure 2. Staufen impairs oskar mRNA transport and dynein activation in vitro.

865 (A) Kymographs (time-distance plots) exemplifying the behavior of oskar RNA and dynein in the presence (filled
866 circle) and absence (open circle) of Staufen; in both conditions, Egl, BicD and dynactin are also present but not
867  fluorescently labeled. Minus end is to the left and plus end to the right.

868  (B-G) Quantification of motile properties of oskar RNA (B-D) and dynein (E-G) in the conditions shown in A.
869 Charts show frequency of processive movements (B, E), total number of microtubule (MT) binding events (C, F)
870 and fraction of microtubule-binding events that result in processive motility (D, G).

871 (H-) Quantification of effect of Staufen on number of processive dynein complexes and fraction of dynein-
872 microtubule binding events that result in processive motility for motor activated by dynactin, oskar RNA, and
873 Egl/BicD (H) vs motor activated by dynactin and BicD2N (I). In H and [, values for conditions with Staufen were
874 normalized to the corresponding condition without Staufen to obtain relative metrics. Plots show the mean +
875 standard deviation (SD) of values from individual microtubules (represented by black circles) derived from
876 analysis of 586-1341 single RNA particles or 1247-2207 single dynein particles per condition. Statistical
877 significance and P-values were determined with Mann-Whitney tests (B-G) or with Brown-Forsythe and Welch
878  ANOVAtests (H and I).
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A

879

880  Figure 3: Mutual interference of Staufen and Egl during oskar mRNA localization.

881 (A-F) Representative micrographs of the distribution of endogenous oskar mMRNA (detected by smFISH; blue -
882 low intensity, yellow - high intensity, see scale in F) in stage 9 oocytes (anterior to the left, posterior to the right).
883 Ectopic anterior accumulation of oskar mRNA in oocytes lacking Staufen protein (B; see also Fig 1A),
884 overexpressing Egl (C) or heterozygous for one copy of the dominant, hyperactive BicD* allele (E). Anterior
885 accumulation of oskar is not observed in wild-type oocytes (A), or upon Staufen overexpression in Egl-
886 overexpressing oocytes (D) or BicD'/+ oocytes (F). Scale bar represents 20 pym.


https://doi.org/10.1101/2021.04.24.441269
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.24.441269; this version posted January 26, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

fen-GFP| B Bl
- _ MNurse cells. 2 DOocyte g Oocyte
S stage 5-7 2z
x ® stage 9 2
E 7
k 5 T | E 100
E \ 1 g
8 i 0 3
H + o !
= *
B . ; g
5 I T H %
s Y g " ®
g T r . 2 @ &
@ I |— ! -1 e o ¥ 1
TN t T - 8,00 8°
g §
£ z
1 4 16 €4 1 4 16 64 i i 16 64
Number of oskar mRNA per mRNP Number of oskar mRNA per mRNP
D D'
Nurse cells Qocyle Oocyte
stage 5-7
§ @ stage 8 g
o 8 10
£ E
§ 15 | g :
= P T T ]
[ SN {381 . ]
= < | |
§ EaE® T
i 2 e
w LN
15 1
1 4 18 64 1 4 16 64 1 4 16 64
Number of oskar mRNA par mRNP Number of oskar mRNA per mRNP
E E' G RNA IP by Egl-GFP
= Gocyts = Oocyte | Sslariii
® BicD/+ = = %
2 ® stau®¥stau? :':n g 10k
Z | @ wildtype £ ) § T
E o 3 d &
- 2 J_ - 5]
8% 3 g 4
2 & i LA
2 = [T] E §
g ¢ 3! | 525 s i ‘ E ——t
w i1 L
Limsssan St gy
3 | 4 oo~ 1] g’
] § H o
§.|a- Z o
1 4 16 a4 1 4 16 64 ==
Number of oskar mRNA per mRNP Number of oskar mRNA per mRNP cantrol RNAI
L ]
F s , F ocs
o wild type 10.0+
0w @ RFP-Staufen
g g
['4 c
a‘;” 0154 ‘_g;.
g @
2 s
§. - T ‘? 25, g—8—® - .
L Lasla8
.. 0 L
% g G i
_E. = '-E s
g —s—+] E
b ~— 2
L - 1.0«
=015+
i a 186 64 i i 16 64
Number of oskar mRNA per mRNP Number of oskar mRNA per mRNP
887
888 Figure 4: Staufen interferes with association of Egl with oskar RNPs in the oocyte.
889 (A-A") Staufen-GFP (green) distribution in the nurse cell cytoplasm (left-hand images) and oocyte (right-hand
890 images) before (stage 6-7, A) and during (stage 8-9, A) the posterior localization of endogenous oskar mRNA
891 (magenta) in the oocyte of the same egg-chamber.
892 (B-B’) Quantification of Staufen-GFP association with oskar RNPs in nurse cell cytoplasm and ooplasm at the

893 indicated stages as a function of RNA copy number.
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894 (C-C’) Distribution of Egl-GFP (green) in the nurse cell cytoplasm (left-hand images) and oocyte (right-hand
895 images) before (stage 7, C) and during (stage 9, C’) the posterior localization of endogenous oskar mRNA
896 (magenta) in the oocyte of the same egg-chamber.

897 In A, A, C and C’, nurse cell images are shown with different brightness/contrast settings for better
898 visualization of the signals. Cyan arrows point to examples of colocalization. Scale bars represent 10 pm.
899 (D-D) Quantification of association of Egl-GFP with oskar RNPs in nurse cell cytoplasm and ooplasm at the
900 indicated stages.

901 (E-F’) Association of Egl-GFP with oskar RNPs in the stage 9 oocyte in the indicated genotypes. In A-B’
902 endogenous Staufen was absent (stau™/stau®® background), whereas in C-F' endogenous, unlabeled Egl
903 was present.

904 Error bars represent 95% confidence intervals in B, B', D-F'. The size of the circles is proportional to the
905 relative abundance of each category of oskar RNPs within the overall population. Triangles indicate that the
906 fraction of GFP-positive oskar RNPs is not significantly different from zero (p>0.01, B, B’, D-F’). In B’, D’, E’
907 and F’, GFP protein intensities on oskar RNPs in the oocytes are normalized to GFP signal intensities in the
908 corresponding nurse cells

909 (G) Fold-enrichment of oskar mRNA precipitated from UV crosslinked Egl-GFP ovarian extracts relative to the
910 GFP control in control and stau RNAI. Different colors represent different experiments. Solid (p<0.05) or
911 dashed lines (p>0.05) connect paired data (pairwise Student’s t-test was used to determine significance).
912 Empty triangles indicate non-significant enrichment (p>0.05) of oskar relative to the GFP control. Error bars
913 show SDn.

914
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917 Figure 5: Effect of Egl overexpression on oskar RNP localization and composition.
918 (A-B’) Images of oskar mRNA and Egl-GFP (A and A’) or Staufen-GFP (B and B’) in stage 9 egg-chambers
919 strongly overexpressing Egl in the germline (oskar-Gal4>UAS-Egl). In both genotypes, abnormally large
920 RNPs containing oskar mRNA are observed in the nurse cells and in the anterior region of the oocyte. These
921 RNPs frequently colocalize with Egl-GFP but rarely co-localize with Staufen-GFP. Scale bar represents 10
922 pm.
923 (C-D’) Quantification of Egl-GFP and Staufen-GFP association with oskar RNPs as a function of RNA copy
924 number. Error bars represent 95% confidence intervals and the size of the circles is proportional to the
925 relative abundance of each category of oskar RNP within the overall population. Triangles indicate that the
926 fraction of GFP-positive oskar RNPs is not-significantly different from zero (p>0.01, C-D’).
927 (E) Relative distribution of oskar RNPs grouped by RNA content along the first 30% of the anteroposterior
928 axis of stage 9 oocytes. In the wild-type control, less than 1% of large (65+ copies) oskar RNPs are close to
929 the oocyte anterior (first bin). When Egl is overexpressed, approximately 10% of large oskar RNPs are
930 present close to the oocyte anterior (first bin, arrow), while the rest of the oocyte has a distribution of oskar
931 RNPs similar to the control (Fig S5A).
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934 Figure 6: Recruitment of the dynein machinery during the transport of oskar RNPs.

935 (A-C) Localization of GFP tagged versions (green) of BicD (A), p50/dynamitin (B) and Dhc (C) with respect to
936 oskar mRNA (magenta) in egg-chambers during mid-oogenesis. Scale bar represents 10 ym.

937 (D, E) Quantification of oskar RNP association with the indicated proteins in the nurse cells and the oocyte as a
938  function of RNA copy number.

939 (F, G) Quantification of oskar RNP association with GFP-Dhc in the oocytes of indicated genotypes.

940 Error bars represent 95% confidence intervals and the size of the circles is proportional to the relative abundance
941 of each category of oskar RNP within the overall population. Triangles indicate that the fraction of GFP-positive
942  oskar RNPs is not-significantly different from zero (p>0.01, D-G).
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946 Figure 7: Egl promotes ooplasmic enrichment of Staufen mMRNA and protein
947 (A-C’) Distribution of endogenous oskar mMRNA (A, A’; green), stau mRNA (B, B’; cyan) and Staufen protein
948 (C, C’; magenta) in early egg-chambers expressing control RNAI (A, B, C) or egl RNAI driven by osk-Gal4 (A,
949 B’, C’). Oocytes of egl RNAi egg-chambers contain trace amounts of oskar mRNA, likely due to the action of
950 residual Egl protein.
951 (D) Quantification of oocyte enrichment of stau mRNA or Staufen protein relative to the sibling nurse cells.
952 Oocytes were identified through their enrichment of oskar mMRNA. Enrichment of stau RNA or Staufen protein
953 in the somatic follicle cells, which do not express the shRNA, is used as a control. 19 control RNAi and 16 egl
954 RNAIi samples were analyzed, respectively (also indicated on the panel). P-values of unpaired student’s t-test
955 are shown.
956 (E, E") Localization of stau mRNA in wild-type and Egl-overexpressing stage 8 oocytes.
957 (F, G) Fraction of stau RNPs associating with Egl in the nurse cells and in the oocyte (F), and Staufen in the
958 oocyte (G). Scale bars represent 10 pm.
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962

963 Figure S1: Expression and effect of the different Staufen transgenes on oskar mRNA localization.

964 (A) oskar RNA localization (shown in blue/yellow) in stage 9 stau™/stau® mutant oocytes. Scale bars
965 represent 20 pm.

966 (B-F) Mean (green) and variance (SD, magenta) of oskar RNA distribution in stage 9 and stage 10-11
967 oocytes. Numbers indicate the number of oocytes analyzed for each condition and scale bar represents 10%
968 of anteroposterior axis length. Anterior is to the left, posterior is to the right.

969 (G) Position of oskar center-of-mass along the AP axis in stage 9 and stage 10-11 oocytes for each condition.
970 0 is the geometric center of the oocyte, with the posterior pole located at 58%.

971 (H) Oskar protein expression in Staufen null oocytes coexpressing transgenic Staufen-GFP or GFP-Staufen.
972 Scale bars represent 20 pm.

973 (I) Western blot detection of Staufen in wild-type (lane 1), stau™*/stau™ (2), Staufen-GFP (3), GFP-Staufen
974 (4), stau RNAI (5) and control RNAI (6) ovarian lysates. Note the similar distribution of oskar in stau™%/stau™
975 and in stau RNAI oocytes (C, D and G), despite residual Staufen expression in Staufen RNAI ovarian lysates
976 (I, lanes 5 and 6). The overexpressing GFP-Staufen (I, lane 4) transgene largely rescues oskar
977 mislocalization (F and G) and Oskar protein expression defects (H) observed in Staufen null mutants. The
978 Staufen-GFP transgene, expressed at low levels (I, lane 3), rescues oskar RNA localization at stage 9, but
979 the RNA is not maintained at the posterior at stages 10-11 (E and G), likely due to insufficient Oskar protein
980 expression at the posterior (H), which is essential for oskar mRNA anchoring at the oocyte posterior during

981 the later stages (Vanzo and Ephrussi, 2002).
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985 Figure S2. Egl and BicD are required for formation of transport-competent dynein-RNA complexes in vitro.

986 (A) Example kymographs (time-distance plots) showing behavior of dynein and oskar RNA in the presence and
987 absence of Egl and BicD; in each condition, dynactin is also present but not fluorescently labeled (filled and empty
988 circles represent the presence and absence of indicated proteins, respectively). Egl and BicD were co-expressed
989  and co-purified (see Methods).
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990 (B and C) Charts showing the total number of microtubule (MT) binding events for oskar RNA (B) and number of
991 processive dynein complexes on microtubules under conditions shown in A. In B, values were corrected for non-
992  specific background binding of oskar RNA to the imaging surface as described in Methods. Mean + SD of values
993 from individual microtubules (represented by black circles) are displayed. Statistical significance and P-values
994  were determined with Mann-Whitney tests.
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999 Figure S3. Example kymographs (time-distance plots) showing the behavior of dynein activated by oskar RNA,
1000 Egl/BicD, and dynactin or by BicD2N and dynactin in the presence (filled circle) and absence (open circle) of
1001 Staufen. Quantification of these data is presented in Fig. 2H and I.
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1005 Figure S4: Suppression of oskar mislocalization

1006 (A-J) Average distribution of oskar mMRNA (green) and variability of the distribution (SD, magenta) in stage 9
1007 oocytes of the indicated genotypes. N indicates the number of oocytes analyzed. Scale bar represents 10% of
1008 anteroposterior axis length. Anterior is to the left, posterior to the right. Arrowheads indicate the ectopic
1009 localization of oskar mRNA at the anterolateral corners.

1010 (K) Distribution of the observed oskar center-of-mass in stage 9 stau RNAI oocytes in the presence of two
1011 (red) or one (yellow) functional copies of egl as a function of oocyte size, used here as a proxy for
1012 developmental stage. Solid lines show the best linear fits to the data. The equation and the square of the
1013 goodness-of-fit (RZ) are indicated. Such moderate rescue was expected as oskar RNPs entering the oocyte
1014 are thought to be associated with Egl. Note that there is no significant linear correlation between oocyte size
1015 (developmental stage) and the position of oskar RNA center-of-mass in stau RNAI (red), indicating an oskar
1016 mislocalization phenotype. There is a moderate correlation with a significant slope (underlined) when one

1017 copy of egl is removed (yellow), indicating progressive posterior localization of oskar mRNA at stage 9.
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1018
1019  Figure S5: Staufen and Egl association with oskar RNPs

1020 (A, B) oskar mRNA content distribution in (A) wild-type nurse cells and oocytes at stages 5-7 (yellow) and 9
1021 (blue) of oogenesis, and (B) in stau null (red) and dominant BicD* mutants (purple). In the nurse cells, most oskar
1022  RNPs contain 1-2 copies of the RNA, consistent with previous reports (Little et al., 2015). oskar RNP content
1023 increases in the oocyte: at stages 5-7 most RNPs contain 4+ copies of the RNA, which decreases to >2 copies
1024  during oskar posterior localization (stage 9; Little et al., 2015).

1025 (C, D) Normalized Staufen-GFP (B’) or Egl-GFP (D', E’) signal intensity as a function of oskar mRNA content at
1026 stages 5-7 (yellow) and stage 9 (blue). (C) Staufen-GFP signal intensity in the complete absence (yellow and
1027 blue) and in the presence (red) of endogenous, unlabeled Staufen. Fitted linear models showing the correlation
1028 between (C) Staufen-GFP and (D) Egl-GFP signal intensity and oskar mRNA copy number as solid lines and
1029  equations (top - stages 5-7, bottom - stage 9). Underscored parameters of the models are significantly different
1030  from zero (p<0.05). The slopes of the two fitted models are significantly different (p<0.0001, ANOVA).

1031 (E-F) Association of Egl-GFP with oskar RNPs in oocytes expressing (E, E’) stau RNAI (red), control RNAI
1032  (brown), or with (F, F’) BicD" (purple) or BicD? (pink) alleles. (E) Note that knock-down of Staufen results in
1033  similar retention of Egl on oskar RNPs as in the complete absence of Staufen protein (Fig 3E, E’). (D-F’) Egg-
1034 chambers expressed a single copy of Egl-GFP in the presence of two endogenous wild-type egl alleles, except in
1035 the case of the rescued egl mutants (F, egll/eglz, green). Although when unlabelled Egl was absent (egllleglz,
1036  green), we observed a slightly elevated fraction of Egl positive RNPs, larger RNPs containing 16+ copies of oskar
1037 mRNA displayed no significant association with Egl (F) and the relative amounts of Egl on oskar RNPs were
1038 identical to what was observed in the presence of endogenous, unlabelled Egl (F’, blue).

1039  (G) Mean signal intensity of Staufen-GFP measured at multiple locations throughout developing oocytes. Size of
1040 the oocytes (x-axis) is used as a proxy of developmental time and, along with morphological features, for staging
1041  of the oocytes (shaded areas as indicated in the panel). (C-G) Error bars show 95% confidence interval of the
1042 mean.

1043 (H) Western blot of input lysates and eluates after RNA immunoprecipitation in the presence (lane 3) or the
1044  absence (lane 4) of Staufen. Bait proteins - monomeric EGFP (lane 1), GFP-Staufen (lane 2) and Egl-GFP (lanes

1045  3,4) - are detected by anti-GFP antibody. Anti-tubulin staining served to monitor potential contamination of the
1046 eluates.

1047 (I) Western blot showing endogenous Egl protein detected by anti-Egl antibody in the indicated genotypes.
1048  Tubulin was used as a loading control.

1049 In H and I, blue and yellow indicate low and high intensity of signal, respectively.

1050
1051
1052
1053
1054
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1055 Relative position along the AP axis
1056 Figure S6: Localization of oskar RNPs along the anteroposterior axis.
1057 (A) Relative distribution of oskar RNPs grouped by RNA content along the anteroposterior axis in wild-type

1058 and in Egl overexpressing oocytes.
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1065 (A-B’) Staufen protein expression detected by immunofluorescence (blue, A and A’) or by the fluorescent
1066 reporter Staufen-GFP (B and B’, green) in early egg-chambers in the presence (A and B) and complete
1067 absence of oskar mMRNA (A’ and B’). Note that lack of oskar from the oocyte blocks progression of oogenesis
1068 beyond stage 6 (Jenny et al., 2006).

1069 (C) Enrichment of Staufen-GFP signal in early oocytes with one (green) or no (red) functional oskar alleles
1070 expressing oskar mRNA, and in oocytes expressing egl RNAI (gray) or control RNAI (brown). Enrichment is
1071 relative to the sibling nurse cells in the egg-chamber. Enrichment of Staufen-GFP in somatic follicle cells,
1072 which do not express the shRNA, serves as a control. P-values of pairwise Student’s t-test are shown. Note
1073 that complete lack of oskar mMRNA, an abundant binding partner of Staufen, has only a moderate effect on
1074 Staufen enrichment in the developing oocyte (also observed in A-B’), whereas knock-down of Egl almost
1075 completely abolishes Staufen ooplasmic accumulation.

1076 (D) Quantification of the enrichment of stau mRNA in the oocyte in egl RNAI (gray), control RNAI (yellow) and
1077 Egl overexpressing oocytes (dark blue). Note that an excess of Egl has a minuscule effect on stau RNA
1078 accumulation in the oocyte, suggesting that in the wild-type, most of the stau mMRNA expressed in the nurse
1079 cells is transported into the oocyte.

1080 (E-F") Early egg-chambers overexpressing GFP-Staufen (F, blue) under control of the matTub-Gal4 driver.
1081 Note that in control oocytes of a similar stage (E-E”), and in oocytes expressing low levels of GFP-Staufen (F,
1082 left egg-chamber), oskar mRNA (E”, F”, magenta) is enriched. Enrichment of oskar and bicoid (E’, F’, green)
1083 mRNAs is greatly reduced in oocytes expressing high levels of GFP-Staufen (F, right egg-chamber). This
1084 phenotype is reproducibly observed in >30 egg-chambers derived from three separate crosses.

1085 (G-H") Egg-chambers in early and mid-oogenesis overexpressing GFP-Staufen (blue) under control of the
1086 oskar-Gal4 driver from the beginning of oogenesis. The vast majority of such egg-chambers fail to develop
1087 beyond stage 6, likely as a consequence of greatly reduced ooplasmic accumulation of oskar mRNA (green),
1088 which appears to be trapped in the nurse cells in large aggregates associated with GFP-Staufen (some
1089 examples are highlighted by arrowheads in panels F-H’). Such aggregates of endogenous Staufen are not
1090 observed in wild-type egg-chambers (E-E”). Similarly, no accumulation of stau mRNA in the oocyte is
1091 observed in these oskar-Gal4>UAS-GFP-Staufen oocytes (G’ and H’), where stau mRNA levels are uniformly
1092 high in the germline (compare the signal in the follicle cell layer to that in the nurse cells and in the oocyte;
1093 see Figure 7). (H, H) In the oocytes occasionally escaping early developmental arrest, we invariably
1094 observed failure in nuclear migration from the posterior to the anterior, reflecting a defect in repolarization of
1095 the oocyte microtubule network (Januschke et al., 2006). Consequently, oskar mMRNA remains in the center of
1096 these oocytes, which - although they complete oogenesis - fail to result in viable progeny. These phenotypes
1097 are reproducibly observed in >30 egg-chambers derived from three separate crosses.

1098 (I) Expression of GFP-Staufen under the control of maternal tubulin promoter. GFP-Staufen (cyan) can hardly
1099 be detected in early egg chambers (highlighted by arrows), and the forming aggregates remain associated
1100 with the nurse cell nuclei until mid-oogenesis. Scale bars represent 5 pm.
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1102 Video S1 and S2: Ex vivo imaging of oskMS2-GFP RNPs in extracts of control (Video S1) and stau RNAI
1103 (Video S4) stage 9 oocytes. oskar RNPs are shown in green, microtubule plus tips are labeled by EB1-
1104 mCherry (magenta). Note the frequent runs of dim oskar RNPs in the stau RNAi condition (Video S2)

1105

1106 Video S3 and S4: Live cell imaging of oskMS2-GFP RNPs in control (Video S3) and stau RNAI (Video S4)
1107 stage 9 oocytes. Anterior (left) and posterior (right) regions of the same oocyte are shown. oskMS2-GFP
1108 signal is rendered in blue-yellow to allow visual appreciation of dim (blue) and bright (yellow) oskar RNPs.
1109

1110

1111 Table S1: ssDNA oligos used to synthesize smFISH probes targeting the long 3’ UTR of stau A/B isoforms or
1112 the 5’ extended regions of stau A/C isoforms.

1113
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