
 1 

Centrocortin potentiates co-translational localization of its mRNA to 1 
the centrosome via dynein 2 

 3 
 4 

Hala Zein-Sabatto1, Jovan S. Brockett1, Li Jin2, Christian A. Husbands3, Jina Lee3,4, Junnan 5 
Fang1, Joseph Buehler1, Simon L. Bullock2,5, and Dorothy A. Lerit1,5,# 6 
 7 
 8 
Author Affiliations: 9 
 10 
1 Department of Cell Biology, Emory University School of Medicine, Atlanta, GA 30322 11 
2 Division of Cell Biology, MRC Laboratory of Molecular Biology, Cambridge, UK 12 
3 Emory College of Arts and Sciences, Emory University, Atlanta, GA 30322 13 
4 Present Address: University of Pennsylvania School of Dental Medicine, Philadelphia, PA 14 

19104 15 
5 co-corresponding authors 16 
 17 
 18 
Correspondence: 19 
 20 
Simon L. Bullock, Ph.D. sbullock@mrc-lmb.cam.ac.uk 21 
Dorothy A. Lerit, Ph.D. dlerit@emory.edu 22 
 23 
Lead contact: 24 
 25 
Dorothy A. Lerit, Ph.D. dlerit@emory.edu 26 
 27 
 28 
Running title: Dynein localizes Cen mRNA 29 
 30 
Keywords: RNA localization, centrosome, dynein, transport, cargo adaptor 31 
 32 
  33 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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 

The copyright holder for this preprintthis version posted August 9, 2024. ; https://doi.org/10.1101/2024.08.09.607365doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.09.607365
http://creativecommons.org/licenses/by-nc-nd/4.0/


 2 

Summary 34 

Enrichment of Centrocortin (Cen) mRNA at centrosomes is required for mitotic fidelity. This 35 

study describes a mechanism underlying co-translational Cen mRNA targeting involving 36 

microtubules, the dynein motor, and a highly conserved dynein binding motif within the Cen 37 

coding sequence. 38 

 39 

Abstract 40 

Centrosomes rely upon proteins within the pericentriolar material to nucleate and organize 41 

microtubules. Several mRNAs also reside at centrosomes, although less is known about how 42 

and why they accumulate there. We previously showed that local Centrocortin (Cen) mRNA 43 

supports centrosome separation, microtubule organization, and viability in Drosophila embryos. 44 

Here, using Cen mRNA as a model, we examine mechanisms of centrosomal mRNA 45 

localization. We find that while the Cen N’-terminus is sufficient for protein enrichment at 46 

centrosomes, multiple domains cooperate to concentrate Cen mRNA at this location. We further 47 

identify an N’-terminal motif within Cen that is conserved among dynein cargo adaptor proteins 48 

and test its contribution to RNA localization. Our results support a model whereby Cen protein 49 

enables the accumulation of its own mRNA to centrosomes through a mechanism requiring 50 

active translation, microtubules, and the dynein motor complex. Taken together, our data 51 

uncover the basis of translation-dependent localization of a centrosomal RNA required for 52 

mitotic integrity.  53 
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Introduction 54 

RNA localization is a highly conserved paradigm used to restrict gene expression to subcellular 55 

compartments (Chin and Lecuyer, 2017; Ryder and Lerit, 2018; Das et al., 2021). Several 56 

mechanisms enable RNA localization, including active transport, selective protection from 57 

degradation, and diffusion coupled to local entrapment (Palacios, 2007; Holt and Bullock, 2009; 58 

Das et al., 2021). Based on a small number of well-characterized examples, such as b-actin 59 

mRNA, it is widely believed that active transport involves recognition of RNA elements by RNA-60 

binding proteins, which then recruit motor proteins to traffic the mRNA cargo to its destination 61 

(Kislauskis et al., 1993; Oleynikov and Singer, 2003; Bullock, 2007; Martin and Ephrussi, 2009; 62 

Mofatteh and Bullock, 2017). Often, these RNAs are translated once they reach their destination 63 

(Besse and Ephrussi, 2008; Jung et al., 2014). However, in cases of co-translational transport, 64 

the nascent peptide plays a critical role in RNA localization, as classically shown for transcripts 65 

localizing to the endoplasmic reticulum (recently reviewed in (Gasparski et al., 2022)). 66 

 67 

Recent work highlights the centrosome as a subcellular hub for mRNA localization and 68 

translational control (Marshall and Rosenbaum, 2000; Lecuyer et al., 2007; Ryder and Lerit, 69 

2018; Zein-Sabatto and Lerit, 2021). Centrosomes undergo cell cycle-dependent oscillations in 70 

microtubule-organizing activity dependent upon the recruitment and shedding of the 71 

pericentriolar material (PCM) (Gould and Borisy, 1977; Khodjakov and Rieder, 1999; Palazzo et 72 

al., 2000). Whether local RNAs contribute to centrosome dynamics or function is a longstanding 73 

question subject to renewed interest (Zein-Sabatto and Lerit, 2021; Lerit, 2022).  74 

 75 

Localization-based screens in cultured cells, Xenopus, Drosophila, and other systems identified 76 

several conserved mRNAs residing at centrosomes, including cyclin B (cyc B), Pericentrin 77 

(pcnt)/ Pcnt-like protein (Plp), and Centrocortin (Cen) mRNAs (Raff et al., 1990; Groisman et al., 78 

2000; Lecuyer et al., 2007; Sepulveda et al., 2018; Bergalet et al., 2020; Chouaib et al., 2020; 79 
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Ryder et al., 2020; Safieddine et al., 2021; Fang and Lerit, 2022). Intriguingly, most RNAs enrich 80 

at centrosomes just prior to mitotic onset, with lower levels detected during M-phase (Sepulveda 81 

et al., 2018; Ryder et al., 2020). These findings suggest the concentration of RNA at the 82 

centrosome is dynamically regulated, perhaps through conserved mechanisms, and further hint 83 

at biological relevance. 84 

 85 

Within syncytial Drosophila embryos, RNA localization to centrosomes is also regulated 86 

developmentally. Drosophila embryos proceed through 14 abridged and synchronous nuclear 87 

divisions prior to cellularization (Foe and Alberts, 1983). Most localized RNAs progressively 88 

enrich at interphase centrosomes as the nuclear cycles (NCs) proceed (Ryder et al., 2020; Fang 89 

and Lerit, 2022). For example, during NC 10, Cen mRNA localizes to centrosomes primarily as 90 

single molecules. However, by NC 13, significantly more Cen mRNA enriches at centrosomes 91 

within distinct, micron-scale ribonucleoprotein (RNP) granules containing Cen mRNA and 92 

protein and the multifunctional RNA-binding protein, fragile-X mental retardation protein 93 

(FMRP), a negative regulator of Cen mRNA translation (Ryder et al., 2020).  94 

 95 

Cen was originally identified based on its direct binding to Centrosomin (Cnn), an essential PCM 96 

scaffolding factor (Kao and Megraw, 2009). That study further showed that Cen mutants display 97 

mitotic errors and embryonic lethality. Critically, proper localization of Cen mRNA to the 98 

centrosome is also important for mitotic fidelity. The 3’-UTR of the anterior morphogen bicoid 99 

(bcd) contains localization elements sufficient to direct heterologous RNAs to the anterior pole 100 

(Macdonald and Struhl, 1988). By fusing the Cen coding sequence (CDS) to the bcd 3’-UTR, we 101 

demonstrated that Cen mRNA mislocalization results in centrosome separation errors, 102 

disorganized microtubules, DNA damage, and embryonic lethality (Ryder et al., 2020). What 103 

directs Cen mRNA to the centrosome remains little understood, however. 104 

 105 
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Because the early Drosophila embryo is largely transcriptionally quiescent, and its development 106 

relies upon maternally endowed stores of RNAs and proteins until the maternal-to-zygotic 107 

transition (Tadros and Lipshitz, 2009), the rapid accumulation of RNA at interphase centrosomes 108 

is suggestive of an active transport mechanism. However, this remains to be tested. We and 109 

others showed the Cen CDS is necessary and sufficient for RNA localization (Bergalet et al., 110 

2020; Ryder et al., 2020). Consistent with a targeting mechanism requiring the nascent peptide, 111 

the accumulation of Cen mRNA at centrosomes is sensitive to the protein synthesis inhibitor 112 

harringtonine (Bergalet et al., 2020). This finding also aligns with the discovery that mRNAs 113 

localize to centrosomes in mammalian cells while they are translated (Safieddine et al., 2021). 114 

While co-translational transport has emerged as the prevailing model for all centrosome-115 

localized mRNAs studied to date, the underlying mechanisms directing these RNAs to the 116 

centrosome remains largely unknown. 117 

 118 

Here, we investigate how Cen RNPs localize to the centrosome. We identify cis- and trans-119 

elements needed for proper localization of Cen mRNA. We show that an N-terminal Cen 120 

fragment is sufficient for protein localization to the centrosome but insufficient to form and 121 

localize Cen mRNA granules. Nevertheless, the N’-terminus of Cen is necessary for the 122 

accumulation of Cen mRNA at centrosomes. Our data indicate that multiple domains within the 123 

Cen CDS work together to coordinate effective RNA localization. Supporting this notion, we 124 

identified a conserved dynein light intermediate chain (DLIC) binding site within the Cen N-125 

terminus that, together with other components of the dynein motor complex, promotes Cen 126 

mRNA granule organization and localization. We propose a model whereby Cen protein serves 127 

as a dynein cargo adaptor to potentiate the co-translational localization of its cognate mRNA. 128 

 129 

  130 
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 6 

Results 131 

 132 

Engaged polysomes are necessary for Cen mRNA granule formation and localization to 133 

centrosomes 134 

Cen mRNA localization displays differential sensitivity to various classes of translational 135 

inhibitors (Bergalet et al., 2020). Using single molecule fluorescence in situ hybridization 136 

(smFISH) and computational analysis of the resulting images (Ryder et al., 2020; Ryder and 137 

Lerit, 2020), we quantified Cen mRNA localization relative to GFP-gTubulin (GFP-gTub) labelled 138 

centrosomes in embryos treated with puromycin (puro), a tRNA analog that terminates 139 

translation elongation and promotes ribosome dissociation, versus anisomycin (aniso) and 140 

cycloheximide (CHX), drugs that block elongation without releasing the nascent peptide (Figure 141 

1A) (Nathans, 1964; Grollman, 1967; Schneider-Poetsch et al., 2010). Each of the translational 142 

inhibitors we examined impaired Cen mRNA accumulation at centrosomes, also resulting in a 143 

corresponding reduction in the percent of RNA localizing within higher order RNP granules 144 

(defined as four or more overlapping RNA objects (Ryder et al., 2020)) (Figure 1B,C). These 145 

responses were particularly evident upon treatment with puro, where RNA localization and 146 

granule formation were largely abolished. Thus, Cen mRNA localization is dependent upon 147 

intact polysomes. Our findings further suggest that sequences within the nascent peptide direct 148 

Cen mRNA localization. 149 

 150 

The Cen N-terminus is necessary, but not sufficient, to localize Cen RNA to centrosomes 151 

To identify domains important for Cen mRNA localization, we first truncated the Cen protein into 152 

N- (CenΔC, comprising amino acids (AAs) 1–289) or C-terminal (CenΔN, comprising AAs 290–153 

790) pieces and expressed these in the Cen null genetic background (Figure 2A). 154 

Immunoblotting confirmed the truncated products were expressed at comparable levels in early 155 

embryo extracts and migrated at the expected molecular sizes, as detected by antibodies with 156 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted August 9, 2024. ; https://doi.org/10.1101/2024.08.09.607365doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.09.607365
http://creativecommons.org/licenses/by-nc-nd/4.0/


merge
GFP-γTub

Cen mRNA Cen mRNA
control

puro

CHX

aniso

A B

%
 lo

ca
liz

ed
 R

N
A 100

80
60
40
20

0
WT puro aniso CHX

**** * **

56.5+13.3

21.1+5.0

6.9+5.0
20.6+6.5

%
 R

N
A 

in
 g

ra
nu

le
s

100
80
60
40
20
0

WT puro aniso CHX

6.4+5.0
20.4+4.9

55.9+13.3

**** * **
20.0+6.7

C

Figure 1. Co-translational transport of Cen mRNA to centrosomes. (A) Maximum-intensity projections of NC 13 
embryos expressing GFP-gTub (green) stained with Cen smFISH probes (magenta) and DAPI (blue) to label 
nuclei following incubation with DMSO (control) or the translation inhibitors puromycin (puro), anisomycin (aniso), 
or cycloheximide (CHX). Arrowheads mark Cen RNPs. Quantification shows the percentage of Cen mRNA 
(B) localizing to the centrosome and (C) organized within granules, defined as >4 overlapping RNA objects 
(Ryder et al., 2020). Mean ± SD is displayed (red). Significance by ANOVA with Dunnett’s multiple comparison 
test with *, P<0.05; **, P<0.01; and ****, P<0.0001. Scale bars: 5 µm; 2 µm (insets).
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 7 

epitopes in the N’- or C’-regions of Cen (Figure 2B; (Kao and Megraw, 2009)). By interphase of 157 

NC 13, most Cen mRNA normally localizes to the centrosome within granules (arrows, Figure 158 

2C). Demonstrating specificity, the smFISH signals were absent in Cen mutants, which harbor a 159 

P-element insertion (f04787) in the CDS and are RNA and protein nulls (Figure 2A,D; (Bergalet 160 

et al., 2020; Ryder et al., 2020)). Because our probes tile the CDS, Cen smFISH signals were 161 

detected in both CenΔC and CenΔN backgrounds (Figure 2E and F). However, the percentages 162 

of Cen mRNA overlapping the centrosome surface (0 µm distance from GFP-Centrosomin 163 

(GFP-Cnn)) and within granules were dramatically reduced in the truncation lines relative to 164 

controls (Figure 2G and H). While small RNA granules were occasionally detected in CenΔN 165 

embryos (arrows, Figure 2F, H), neither fragment was sufficient to restore endogenous levels of 166 

RNA localization. We conclude that neither the N’- nor C’-termini of Cen are sufficient for robust 167 

RNA localization; rather, both regions likely function cooperatively. 168 

 169 

Cen protein also localizes to the centrosome within Cen RNPs (Bergalet et al., 2020; Ryder et 170 

al., 2020). Therefore, we next tested whether the truncated protein products localized to 171 

centrosomes. We confirmed that anti-Cen N’ and anti-Cen C’ antibodies detect Cen at 172 

centrosomes in control embryos, and these signals are absent in Cen null mutants (Figures 2A 173 

and 3A–C, F; (Kao and Megraw, 2009)). By comparison, while CenΔC localized to centrosomes, 174 

CenΔN did not, as detected by the N’- versus C’-terminal antibodies, respectively (Figure 3D–175 

F). Contrary to full-length Cen, we observed that the CenΔC protein appeared to localize near 176 

the center of the centrosome rather than the outer PCM flares (cf. Figure 3A, B vs. D); however, 177 

what directs Cen to distinct PCM zones remains unclear. We conclude that the N-terminus is 178 

necessary and sufficient for Cen protein localization (Figure 3D–F). Moreover, our results show 179 

that Cen mRNA and protein distributions may be uncoupled (cf. Figures 2E vs. 3D).  180 

 181 

As an independent approach to experimentally uncouple Cen mRNA and protein, we deleted 182 
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Figure 2. Multiple Cen domains support mRNA localization to the centrosome. (A) Schematic of the 
full-length and truncated Cen protein products with positions of predicted domains (Paysan-Lafosse et al., 2023), 
antibody epitopes (Kao and Megraw, 2009), and the transposon f04787 within null mutants indicated. (B) 
Immunoblots from 0.5–2.5 hr embryo extracts from the indicated genotypes showing truncated Cen protein 
products in the CenΔC (~35 kDa) and CenΔN (~70 kDa) samples relative to the Asl loading control. The N-
terminal anti-Cen antibody was used for the top two blots (a-Cen N), while the C-terminal anti-Cen antibody was 
used below (a-Cen C; see also (Kao and Megraw, 2009)). (C–F) Maximum-intensity projections of Cen smFISH 
(magenta) in NC 13 interphase embryos expressing GFP-Cnn (green) with DAPI-stained nuclei (blue). (C) Control 
embryo with Cen mRNA localized at centrosomes (arrow). In contrast, (D) Cen mutants and (E) CenΔC embryos 
fail to localize Cen mRNA to centrosomes. (F) Although CenΔN is partially sufficient to form small RNA granules 
(arrow) near centrosomes, neither fragment recapitulates WT localization. In all experiments, CenΔC and CenΔN 
are expressed in the Cen null background. Percentage of Cen mRNA (G) overlapping with centrosomes or (H) in 
granules 0 µm from the Cnn surface. Each dot represents a measurement from N= 15 control, 11 Cen, 13 CenΔC, 
and 17 CenΔN embryos. Mean ± SD is displayed (red). Significance was determined by (G) one-way ANOVA 
followed by Dunnett’s T3 multiple comparison test or (H) Kruskal-Wallis test followed by Dunn’s multiple 
comparison test with n.s., not significant; *, P<0.05; **, P<0.01; and ****, P<0.0001. Scale bars: 5µm; 1µm (insets). 
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Figure 3. The N-terminal fragment is necessary and sufficient for Cen protein localization 
to the centrosome. Maximum-intensity projections of NC 13 interphase embryos expressing 
GFP-Cnn (green) labeled with anti-Cen antibodies (magenta) and DAPI (blue nuclei). Control 
embryos labeled with (A) anti-Cen N-terminal or (B) C-terminal antibodies (Ab) show Cen 
localized at centrosomes (arrows). (C) Cen protein is not detected in null mutants. (D) The N-
terminal fragment (CenΔC) is sufficient to direct Cen to the centrosome (arrows), while the C-
terminal fragment (CenΔN; (E)) is not. Both transgenes are expressed in the Cen null 
background. (F) The percentage of Cen protein signals overlapping with centrosomes (0 µm 
from Cnn surface). Each dot represents a measurement from N= 6 control (N-terminal Cen Ab), 
10 control (C-terminal Cen Ab), 23 Cen null (N-terminal Cen Ab), 10 CenΔC (N-terminal Cen 
Ab), and 11 CenΔN embryos (C-terminal Cen Ab). Significance was determined by Kruskal-
Wallis test followed by Dunn’s multiple comparison test with n.s., not significant and ***, 
P<0.001. Scale bars: 5µm; 1µm (insets).  
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the translation initiation codon (Cen-ATG) and expressed this or a full-length control (CenFL) HA-183 

tagged transgene in the Cen null background. Unexpectedly, Cen-ATG was translated in ovaries 184 

and embryos, yielding a protein ~30 kDa smaller than CenFL, as detected by western blotting 185 

(Figure 4A). These data indicate Cen has one or more cryptic translation start sites. Consistent 186 

with this finding, the first 90–100 N’-terminal AAs of Cen-ATG were undetectable by mass 187 

spectrometry (Figures S1 and 4B). Although Cen-ATG did not block Cen translation as intended, it 188 

did permit further analysis of the role of the N’-terminus for Cen mRNA localization. The amount 189 

of Cen mRNA localizing to centrosomes was reduced by two-thirds and granules failed to form 190 

in Cen-ATG embryos relative to CenFL controls (Figure 4C–F). In addition, despite comparable 191 

expression levels, less Cen-ATG protein localized to centrosomes compared to CenFL (insets 192 

Figure 4C, D). Taken together, our analysis indicates that the first ~100 AA are important for Cen 193 

mRNA and protein localization to centrosomes. 194 

 195 

A conserved predicted DLIC binding motif facilitates Cen mRNA localization to 196 

centrosomes  197 

Analysis of the Cen protein secondary structure revealed two predicted N’-terminal coiled-coil 198 

domains and several disordered regions clustered at the C-terminus (Cen; Figure 2A; (Apweiler 199 

et al., 2000)). Through primary sequence alignments, we identified a region within the first 50 AA 200 

of Cen that is very similar to the previously identified CC1 box motif of several dynein cargo 201 

adaptors, which include BicD family members, Spindly, and Hook proteins (red box, Figure 5A; 202 

(Gama et al., 2017; Lee et al., 2018)). This motif is also conserved in the human Cen paralogs, 203 

CDR2L and CDR2 (Figure 5A). The CC1 box mediates the interaction of dynein cargo adaptors 204 

with a short helix of the DLIC subunit of the dynein motor complex. Together with adjacent 205 

coiled-coil sequences that interact with Dynein heavy chain (Dhc) and the dynein activating 206 

complex, dynactin, this interaction tethers cargo to the motor and releases dynein from its 207 

autoinhibited state (Gama et al., 2017; Lee et al., 2018; Lee et al., 2020; Chaaban and Carter, 208 
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A

Supplemental Figure 1. Mass spectrometry analysis of Cen protein products. (B) Sequence mapping of spectra (green lines) 
from (A) CenFL and (B) Cen-ATG, as identified by mass spectrometry following anti-HA immunoprecipitation from 1–2-day ovarian 
extracts. The HA-tagged constructs were expressed in the Cen null background. The UniProt reference Cen sequence used was 
Q9VIK6. The arrow marks the most N’-terminal position where abundant Cen spectra map to the Cen-ATG protein product. The 
first 90–100 AA are not well covered by the spectra and are likely absent from the truncation. Data shown are representative of 
two independent experiments.
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2022). Through immunoprecipitation, we tested whether Cen also associates with DLIC in 209 

embryonic extracts. Similar to the positive control BicD, Cen co-precipitated with GFP-DLIC, but 210 

not GFP alone (Figure 5B). Taken together, these data are consistent with Cen representing a 211 

novel dynein cargo adaptor. 212 

 213 

To test if the conserved CC1 box supports Cen mRNA localization to centrosomes, we disrupted 214 

it by CRISPR/Cas-9 genome editing. We successfully generated several mutants, of which, 215 

CenΔ12 represents the largest in-frame deletion recovered and removes AAs 29-33. We also 216 

examined CenΔ5, which causes a frameshift mutation after AA 26, resulting in a predicted 217 

truncated product (Figure 5C). Both mutations disrupt highly conserved residues with the CC1 218 

box motif, including an invariant glycine that creates a cavity in the coiled coil for binding the 219 

DLIC helix (Lee et al., 2020). We confirmed by qPCR that both CenΔ12 and CenΔ5 mutant lines 220 

express Cen mRNA at levels comparable to wild-type (WT; Figure 5D). In contrast, while Cen 221 

protein is produced in CenΔ12 embryos, none was detectable in CenΔ5 extracts by western blot 222 

(Figure 5E), presumably due to protein destabilization.  223 

 224 

To assay whether the CC1 box contributes to Cen mRNA localization, we compared RNA 225 

distributions in CenΔ12 and CenΔ5 embryos relative to controls. In younger, interphase NC 11 226 

embryos, enrichments of Cen mRNA at centrosomes were modestly reduced in CenΔ12 embryos 227 

relative to controls, but this did not reach statistical significance. Conversely, while numerous 228 

Cen transcripts were still detected in CenΔ5 embryos, Cen mRNA localization to centrosomes 229 

was eliminated (Figure S2). These findings corroborate earlier evidence that sequences within 230 

the Cen protein are essential for Cen mRNA localization. 231 

 232 

We next examined Cen mRNA distributions relative to the non-localizing gapdh mRNA during 233 

interphase NC 13, when the majority of Cen RNA localizes to the centrosome within granules (0 234 
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Figure 5. Identification of the conserved Cen DLIC binding site. (A) Clustal Omega sequence 
alignment of Drosophila Cen with the human paralogs CDR2 and CDR2L and several dynein 
activating cargo adaptors. Red box marks the conserved DLIC-binding motif (CC1 box). (B) Dlic-GFP 
associates with BicD (Dienstbier et al., 2009) and Cen in 0–5-hour embryonic extracts. Input and 
immunoprecipitated samples (IP) for GFP control and Dlic-GFP are indicated. (C) The Cen CC1 box 
was mutated, yielding an in-frame deletion of the 12 nucleotides that comprise amino acids (AA) 
29-32 (GKTL; CenΔ12), while the CenΔ5 mutant is defined by a frameshift after AA 26 and a 
premature stop (asterisk). (D) Relative levels of Cen mRNA normalized to RP49 and the WT control 
in 0–2-hour embryos (up to NC 14) by qPCR. Bars show mean ± SD from three independent 
experiments. *, P<0.05 by Kruskal-Wallis multiple comparison test relative to WT; n.s., not significant. 
(E) Blot shows Cen protein detected in 0–2-hour embryos with a C’-terminal anti-Cen antibody relative 
to the actin loading control. No Cen protein was detected in null or CenΔ5 extracts.
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Supplemental Figure 2. Cen mRNA localization in early embryos. Maximum-intensity projections of 
NC 11 interphase embryos expressing GFP-Cnn (green) stained with Cen smFISH (magenta) and DAPI 
(blue nuclei). (A) Control embryos show Cen mRNA enriched at centrosomes, primarily in RNPs, which 
are also present in (B) CenΔ12 samples. (C) Cen mRNA localization and granule formation are severely 
impaired in CenΔ5 embryos. Quantification of the percentage of Cen or gapdh mRNAs (D) overlapping 
with the centrosome surface and (E) residing in granules (0 µm distance from Cnn). Each dot represents 
a single measurement from control (N= 13 gapdh and 44 Cen mRNA), CenΔ12 (N= 17 gapdh and 34 
Cen mRNA), and CenΔ5 (N= 18 gapdh and 17 Cen mRNA) labelled embryos. Mean ± SD shown. 
****, P<0.0001 by Brown-Forsythe and Welch ANOVA tests followed by Dunnett’s T3 multiple comparison 
test. Scale bar: 5µm; 1µm (insets).
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µm distance from Cnn surface; Figure 6A, D,E). Relative to controls, less Cen mRNA enriched 235 

at centrosomes in CenΔ12 (~15% reduction; mean+S.D.= 60.2+12.1% in CenΔ12 versus 236 

70.5+9.1% in controls; p=0.0343 by Kruskal-Wallis test; Figures 6A, B, and D). These data 237 

indicate that impairing the DLIC binding site compromises Cen mRNA localization. In contrast, 238 

the CenΔ5 mutation abolished both Cen mRNA localization and RNA granule assembly (Figure 239 

6C–E). Taken as a whole, these data indicate the CC1 box motif within Cen is functionally 240 

important and further imply DLIC contributes to Cen mRNA localization to centrosomes.  241 

 242 

Mitotic spindle morphogenesis is sensitive to local Cen mRNA dosage 243 

To further examine the functional significance of the conserved Cen CC1 box, we examined 244 

mitotic spindle morphogenesis. Proper dosage of Cen mRNA at the centrosome is needed for 245 

mitotic fidelity (Ryder et al., 2020). Similar to Cen null mutants, CenΔ12 and CenΔ5 embryos 246 

displayed elevated frequencies of aberrant spindles and defective centrosome separation 247 

relative to controls (Figure 7A–E). These findings show that Cen activity supports spindle 248 

formation. 249 

 250 

Microtubules enrich Cen mRNA at centrosomes 251 

A role for the CC1 box raised the possibility that Cen mRNA is transported by dynein along 252 

microtubules to the centrosome. Indeed, microtubules are nucleated from centrosomes with 253 

their minus ends embedded within the PCM (Mitchison and Kirschner, 1984; Soltys and Borisy, 254 

1985; Vertii et al., 2016). While microtubules serve as tracks for the localization of many RNAs, 255 

including PCNT and ASPM mRNAs in mammalian cells, their requirement for the localization of 256 

other centrosomal mRNAs has not been tested (Sepulveda et al., 2018; Safieddine et al., 2021). 257 

 258 

To assay the relationship between microtubules and Cen mRNA, we first confirmed the 259 
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Figure 6. The CC1 box supports Cen mRNA localization. Maximum-intensity projections of NC 13 
interphase embryos expressing GFP-Cnn (green) stained with Cen smFISH probes (magenta) and DAPI 
(blue nuclei). (A) Control embryos show Cen mRNA enriched at centrosomes in RNP granules, which are 
reduced in (B) CenΔ12 samples. (C) Cen mRNA localization and granule formation are abolished in 
CenΔ5 embryos. Quantification of the percentage of Cen or gapdh mRNA (D) overlapping with the 
centrosome surface and (E) residing in granules (0 µm distance from Cnn). Each dot represents a single 
measurement from control (N= 10 gapdh and 25 Cen mRNA), CenΔ12 (N= 30 gapdh and 30 Cen mRNA), 
and CenΔ5 (N= 14 gapdh and 27 Cen mRNA) labelled embryos. Mean ± SD displayed (red). Significance 
was determined by Kruskal-Wallis test followed by Dunn’s multiple comparison test relative to controls with 
n.s., not significant; *, P<0.05; **, P<0.01; and ****, P<0.0001. Scale bar: 5µm; 1µm (insets). 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted August 9, 2024. ; https://doi.org/10.1101/2024.08.09.607365doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.09.607365
http://creativecommons.org/licenses/by-nc-nd/4.0/


E

* * * * * *

merge GFP-Cnn microtubulesDAPI
co

nt
ro

l

* * *

C
en

Δ5
C

en
C

en
Δ1

2

A

B

C

*

*

*

*

*

*

D

%
 to

ta
l

100

0

50

75

25

Cen
Δ1
2

Cen
Δ5

co
ntro

l

normal
defective****

Cen

********n.s.

Figure 7. Disruption of the Cen CC1 box impairs spindle morphology. Maximum-intensity projections of metaphase NC 12 
embryos from embryos expressing GFP-Cnn (green, centrosomes) and stained for α-Tub to label microtubules (red) and DAPI 
(blue nuclei). (A) Control embryo showing bipolar spindles. Various spindle defects are noted in (B) Cen null, (C) CenΔ12, and 
(D) CenΔ5 embryos, including spindle inactivation (asterisks), detached centrosomes (arrowheads), and bent spindles (arrows). 
(E) Frequency of spindle defects from N=1622 spindles from n=7 control, N=1473 spindles from n=7 Cen null, n=2138 spindles 
from n=15 CenΔ12, and N=1842 spindles from n=12 CenΔ5 embryos. ****, P<0.00001 by Chi-square test. Scale bar: 5 µm. 
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coincidence of endogenous Cen mRNA and microtubules labeled with a-Tub antibodies by 260 

calculating a Mander’s coefficient of colocalization (Figure 8A, B; control). These co-occurring 261 

Cen mRNA and a-Tub signals were not due to spurious overlap, as rotating the RNA channel by 262 

90o significantly reduced the extent of colocalization (Figure 8B). Therefore, a proportion of Cen 263 

mRNA overlaps with microtubules. 264 

 265 

Next, we conducted a microtubule regrowth assay to determine whether microtubules are 266 

required for Cen mRNA localization. Cold-shock induced microtubule depolymerization was 267 

sufficient to disperse Cen mRNA at all stages examined (Figure 8A; cold-shock). Examination of 268 

RNA distributions in age-matched embryos relative to centrosomes labeled with Cnn and 269 

Asterless (Asl) antibodies revealed that microtubule disruption was sufficient to decrease Cen 270 

mRNA localization to centrosomes by nearly 40%, as compared to controls (Figure 8C, D). The 271 

condensation of Cnn into a more compact structure following cold-shock (Figure 8C) serves as 272 

an internal control, as identical responses were previously noted following acute microtubule 273 

depolymerization via colchicine (Megraw et al., 2002; Lerit et al., 2015). Moreover, when the 274 

embryos were allowed to briefly recover at room temperature to permit microtubule regrowth, 275 

Cen mRNA re-decorated microtubules and re-localized to centrosomes to untreated levels 276 

(Figure 8A; recovery; and C,D). These data demonstrate that microtubules allow robust 277 

localization of Cen mRNA to centrosomes. 278 

 279 

Cen mRNA localization is dynein-dependent 280 

To further test whether dynein traffics Cen mRNA to centrosomes, we compared Cen 281 

distributions in embryos with impaired Dhc activity relative to controls. Because dynein is 282 

essential for viability (Gepner et al., 1996), we collected embryos from mothers homozygous for 283 

a hypomorphic mutation in the Dhc gene (Dhc64C) (Salvador-Garcia et al., 2023) that is 284 
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Figure 8. Microtubules enrich Cen mRNA at centrosomes. (A) Microtubule regrowth assay. Representative images 
of NC 11 embryos labeled with Cen smFISH probes (magenta) and antibodies for α-Tub (green) and Asl (yellow). 
Nuclei are labeled with DAPI (blue) in control, cold-shock, and recovery conditions. (B) Graph shows the Mander’s 
coefficient of colocalization for Cen mRNA overlapping with microtubules. Each dot is a measurement from N=6 
interphase NC 10–11 control embryos. The RNA channel was rotated 90° to test for specificity of colocalization. (C) 
Maximum intensity projections of NC 12 interphase embryos from the indicated conditions labeled with Cen smFISH 
probes (magenta), Cnn (green) and Asl (yellow) antibodies, and DAPI (blue). Insets show Cnn structure and Cen 
mRNA distribution are affected by microtubule destabilization. (D) Quantification of the percentage of Cen mRNA 
localizing to centrosomes (<1 µm distance from Asl surface) from N=7 control, 9 cold-shocked, and 13 recovered 
NC 12 interphase embryos. Mean ± SD is displayed (red). Significance was determined by (B) two-tailed t-test and 
(D) one-way ANOVA followed by Dunnett’s multiple comparisons test relative to the control with n.s., not significant; 
**, P<0.01; and ***, P<0.001. Scale bars: 5 µm; 2 µm (insets). 
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equivalent to the legs at odd angles (LOA; hereafter, DhcLOA) allele first described in mouse 285 

(Nolan et al., 2000; Hafezparast et al., 2003). Supporting a requirement of the dynein motor 286 

complex for Cen mRNA localization, the DhcLOA mutation led to significantly less Cen mRNA at 287 

centrosomes (~40% reduction), as well as ~50% less Cen mRNA within granules, as compared 288 

to controls (Figure 9A–E). Moreover, the Cen RNPs that did form in the Dhc mutants were also 289 

smaller (Figure 9B, E’). These data confirm that dynein supports Cen RNA granule assembly 290 

and localization. In contrast, depletion of the plus-end-directed microtubule motor, kinesin, using 291 

a shRNA (KhcRNAi) sufficient to reduce Khc protein levels (Veeranan-Karmegam et al., 2016) did 292 

not significantly alter Cen RNA localization at the centrosome (Figure 9C–E). Our collective data 293 

implicate the dynein transport complex in promoting Cen mRNA accumulation at centrosomes. 294 

 295 

The RNA-binding protein Egl enhances Cen mRNA localization 296 

To direct RNA trafficking along microtubules in Drosophila oocytes and blastoderm embryos, the 297 

RNA-binding protein Egl loads various transcripts onto dynein (Dienstbier et al., 2009). Dynein 298 

light chain binds Egl and promotes its dimerization, which optimizes Egl binding to mRNA and 299 

subsequently the dynein cargo adaptor BicD (McClintock et al., 2018; Sladewski et al., 2018; 300 

Goldman et al., 2019). Egl is required for oocyte specification and polarization, precluding 301 

analysis of egl null embryos (Mach and Lehmann, 1997; Navarro et al., 2004). Therefore, to test 302 

whether Egl contributes to Cen mRNA localization, we examined egl-deficient embryos 303 

expressing an egl mutant transgene (EglRBD3) that contains alanine substitutions of 8 positively 304 

charged residues within the Egl RNA-binding domain (RBD) and, consequently, disrupts 305 

subcellular localization of various mRNA cargoes in Drosophila oocytes (Goldman et al., 2021). 306 

As a control, we also examined egl-deficient embryos expressing a full-length (EglWT) 307 

transgene. This analysis revealed that interphase NC 13 EglRBD3 embryos had ~15% less Cen 308 

mRNA at the centrosome or within RNA granules than EglWT (Figure 10A–D). Additionally, those 309 
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Figure 9.  Dynein targets Cen mRNA to centrosomes. Maximum-intensity projections of NC 13 interphase 
embryos labeled with Cen smFISH (magenta), anti-Cnn antibodies (green; centrosomes), and DAPI (blue nuclei) 
in (A) WT, (B) DhcLOA hypomorphic, or (C) KhcRNAi embryos. Quantification shows the percentage of total 
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Wallis test followed by Dunn’s multiple comparison test relative to WT and (E’) unpaired t-test with n.s., not 
significant and ***, P<0.001. Scale bar: 5µm; 1 µm (inset).
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Figure 10. The Egl RBD supports Cen mRNA localization. Maximum-intensity projections of NC 13 interphase embryos 
expressing GFP-γ-Tub (green) labeled with Cen smFISH (magenta) and DAPI (blue) in (A) control EglWT and (B) EglRBD3 
embryos. Quantification of the percentage of (C) total Cen mRNA and (D) mRNA in granules within the PCM zone (<0.5 µm 
from γ-Tub surface). Each dot represents a measurement from 23 EglWT and 39 EglRBD3 embryos. (D’) Log transformed 
RNA granule area from N=2304 granules from n=23 EglWT embryos and N=4924 granules from n=39 EglRBD3 embryos; 
each dot represents a single granule. Mean ± SD displayed (red). Significance by unpaired t-test with **,P<0.01; and 
***,P<0.001. Scale bar: 5µm; 1µm (insets). (E) Model of the co-translational transport of Cen mRNA to centrosomes. Upon 
translation, an N’-terminal DLIC-binding CC1 box motif is exposed on the Cen nascent peptide, which associates with the 
dynein motor complex. We speculate Egl may bind to Cen mRNA. The Cen transport complex transits along microtubules 
via dynein to the centrosome. Additional on-site translation (Bergalet et al., 2020) may contribute to granule formation 
and/or stabilization. 
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Cen RNPs that formed in the absence of Egl RNA-binding activity were nearly 20% smaller than 310 

controls (Figure 10D’). Thus, Egl contributes to Cen mRNA granule assembly or maintenance to 311 

promote the accumulation of Cen mRNA at centrosomes.  312 

 313 

 314 

Discussion 315 

While RNA localization to centrosomes is a longstanding observation, how local RNAs affect 316 

centrosome behavior remains relatively unstudied. That the localization of some centrosomal 317 

RNAs is conserved across taxa strongly implies a functional role. Cen mRNA serves as a 318 

valuable model to study this paradigm, as mislocalizing Cen mRNA leads to centrosome defects 319 

(Ryder et al., 2020). Further, the Cen 3’-UTR is important for targeting the antisense ik2 mRNA, 320 

which codes for an actin regulatory factor (Oshima et al., 2006; Bergalet et al., 2020). Here, we 321 

examined what directs Cen mRNA to centrosomes. 322 

 323 

We found the accumulation of Cen mRNA at centrosomes is puromycin-sensitive, highlighting 324 

the relevance of the nascent peptide for RNA localization. We then mapped domains within the 325 

Cen protein structure that enable RNA localization. Unexpectedly, we found Cen mRNA and 326 

protein localization can be separated. While the Cen N’-terminus is necessary but not sufficient 327 

for RNA localization, it is sufficient for Cen protein accumulation at centrosomes. These results 328 

argue for the presence of multiple domains that function cooperatively to target Cen mRNA to 329 

centrosomes.  330 

 331 

We further defined the first 100 AA as important for Cen mRNA and protein localization. Within 332 

this region, we uncovered a conserved CC1 box that contributes to RNA localization. 333 

Nevertheless, it is feasible that neighboring sequences also contribute to dynein or dynactin 334 
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association, as shown for BicDR1 (Chaaban and Carter, 2022). CC1 boxes are found within 335 

dynein activating cargo adaptors, which directly bind DLIC and tether cargoes to the dynein 336 

motor complex (Gama et al., 2017; Lee et al., 2018; Lee et al., 2020; Chaaban and Carter, 337 

2022). Dynein cargo adaptors also recruit the multi-subunit dynactin complex to the 338 

homodimeric Dhc, which enables dynein to translocate along the microtubule over long 339 

distances in association with cargo (Reck-Peterson et al., 2018). Known CC1 box-containing 340 

dynein activating cargo adaptors include the BicD, BicDR, and Spindly proteins. Our study 341 

positions Cen within this protein family. To support this, we show Cen biochemically associates 342 

with DLIC and that mutation of the CC1 box or various components of the dynein complex 343 

compromises Cen mRNA localization. The conservation of the CC1 box within CDR2 and 344 

CDR2L further suggests these mammalian proteins similarly function as dynein adaptors. 345 

 346 

We therefore propose a model wherein the dynein complex directly binds the Cen CC1 box and, 347 

potentially, neighboring protein sequences as they emerge from the ribosome, activating the 348 

dynein motor complex, and directing Cen protein and mRNA to the centrosome (Figure 10E). 349 

While it is presently unknown if Egl directly binds Cen mRNA, it is tempting to speculate that 350 

such an interaction within the 3’-portion of Cen mRNA may be why this region of the Cen CDS is 351 

necessary for its localization. Thus, our model proposes that Cen mRNA localization requires 352 

both protein recognition via DLIC and RNA recognition by Egl. Such interactions are predicted to 353 

add valency and, therefore, robustness to the Cen transport complex. Of course, future work is 354 

needed to fully validate such a model. 355 

 356 

Intriguingly, a recent study identified the RNAs for most Drosophila orthologs of the dynein 357 

cargo adaptors are enriched at the apical domain of follicle cell epithelia, where microtubules 358 

are nucleated. Further, the localization of those mRNAs was also translation-dependent 359 

(Cassella and Ephrussi, 2022). Similar observations were also noted for the centrosomal 360 
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localization of NIN and BICD2 mRNAs in mammalian cells (Safieddine et al., 2021) and parallel 361 

our findings of Cen mRNA in the syncytial embryo. Taken together, these findings strongly 362 

suggest that the translation- and dynein-dependent localization of dynein cargo adaptor RNAs 363 

to microtubule-organizing centers is a conserved feature. 364 

 365 

For many RNAs, the assembly into higher order granules generally represents a translationally 366 

repressed state (Das et al., 2021). Paradoxically, the size of the Cen RNP seems to scale with 367 

Cen protein levels, as loss of the translational repressor FMRP (or Cen over-expression) 368 

enlarges the granule (Ryder et al., 2020). Moreover, we found that treatment with the 369 

translational inhibitor puromycin led to the rapid dissolution of the Cen RNP and depletion of its 370 

RNA at centrosomes. Thus, active translation not only directs Cen mRNA localization – it is 371 

required to maintain it. These findings are consistent with a requirement for continuous active 372 

transport or anchoring of Cen mRNA to the centrosome. Live imaging is required to distinguish 373 

these models and to directly visualize Cen translation en route to the centrosome, or within the 374 

granule itself.  375 

  376 
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Materials and methods 377 

Fly stocks 378 

The following Drosophila strains and transgenic lines were used: y1w1118 (Bloomington 379 

Drosophila Stock Center, BDSC #1495) was the WT control; PBAC-GFP-Cnn, expressing Cnn 380 

tagged at the N-terminus with EGFP under endogenous regulatory elements (Lerit et al., 2015); 381 

Ubi-GFP-γ-Tub23C, expressing GFP-g-Tub under the Ubiquitin promotor (Lerit and Rusan, 382 

2013); Dynein heavy chain (Dhc64C gene) DhcLOA is a hypomorphic allele that codes for F597Y 383 

mutant Dhc (modeled after the murine Dync1h1 F580Y mutation (Salvador-Garcia et al., 2023); 384 

Ubi-GFP-Dlic (Pandey et al., 2007); Cenf04787 is defined by a PiggyBac insertion in the Cen 385 

coding sequence and is a null mutation (BDSC #18805) (Bellen et al., 2004; Kao and Megraw, 386 

2009). The maternal α-Tub promoter was used to drive GAL4 expression (matGAL4; BDSC 387 

#7063) of pUASp-Egl WT-FLAG- Egl shRNA and pUASp-Egl RBD3-FLAG-Egl shRNA 388 

(Goldman et al., 2021), which were generous gifts from G. Gonsalvez (Augusta University), 389 

KhcRNAi (BDSC #35409; TRiP GL00330). Reduction of Khc by this TRiP line was previously 390 

demonstrated by western blot (Veeranan-Karmegam et al., 2016). UASp-Cen∆C, UASp-Cen∆N, 391 

UASp-CenFL-HA, and UASp-Cen-ATG-HA were generated for this study (see below), expressed 392 

in the Cen null background, and driven with a single copy of matGAL4. To examine maternal 393 

effects, syncytial stage embryos were derived from mutant and/or transgenic mothers. 394 

Flies were raised on cornmeal-based Drosophila medium (Bloomington formulation; Lab-395 

Express, Inc.), and crosses were maintained at 25°C in a light and temperature-controlled 396 

chamber.  397 

 398 

Construction of transgenic and mutant animals 399 

Cen CRISPR mutants 400 

Strains with deletions within the region of the genome encoding the CC1 box of Cen were 401 
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generated with the CRISPR/Cas9 reagents generated by the CRISPR Fly Design project (Port 402 

et al., 2014). A pCFD3 plasmid expressing a gRNA targeting the Cen sequence 5’-403 

TACAATTGGCAGCAGAGCT-3’ (pCFD3-Cen) was generated by annealing overlapping oligos 404 

and ligating them with a Bbs1-cut backbone, as described previously (Port et al., 2014). The 405 

CenΔ5 allele was generated in an experiment in which a 100 ng/μl solution of pCFD3-cen was 406 

injected into nos-cas9 embryos (CFD2 strain; (Port et al., 2014)). The CenΔ12 allele was 407 

generated in an experiment in which embryos were generated by crossing nos-cas9 CFD2 408 

females with males that had a stable integration of pCFD3-Cen at the attP40 docking site. In 409 

both these experiments, embryos were injected with a 150 ng/μl of a donor oligonucleotide 410 

(Ultramer; IDT) that contained codon changes that would, after precise homology-directed repair 411 

(HDR) of the Cas9 cleavage site, change A25 and A26 residues within the CC1 box to V residues. 412 

Previous work has shown that the equivalent mutation strongly reduces binding of cargo 413 

adaptors to dynein and dynactin (Schlager et al., 2014). The target site was amplified by PCR 414 

from genomic DNA extracted from the offspring of flies that developed from the embryos and 415 

analyzed by Sanger sequencing (Port and Bullock, 2016). Whilst the mutations carried by the 416 

donor oligonucleotide were not recovered, indicating that HDR was not successful, the Δ12 417 

allele was found. 418 

 419 

Cen truncation lines 420 

To generate the Cen truncations, the Cen coding sequence was divided into two pieces after the 421 

289th amino acid and PCR amplified using Phusion High-Fidelity DNA Polymerase from the 422 

cDNA clone pOT-LD41224 (Drosophila Genomics Resource Center (DGRC)). This site was 423 

chosen because it does not disrupt predicted secondary structure motifs. The following primers 424 

were used to amplify the respective pieces:  425 

Cen N-terminal piece:  426 

Forward: 5’- GGAAGTGGTGGTAGTGGAGGAAGTGAGGAATCCAATCACGGTTCGG-3’ 427 
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Reverse 3’- TCGGCGCGCCCACCCTTTTAATCCCTCAGGCAGCGACT-5’ 428 

Cen C-terminal piece:  429 

Forward: 5’- GAAGTGGTGGTAGTGGAGGAAGTATTAACGAAAGCAACACCAATATGGA-3’ 430 

Reverse: 5’- GGCGCGCCCACCCTTTTACTTTTGACGAAACTGATGATGATGAC-3’ 431 

Each Cen truncation was ligated into the pENTR-D Gateway vector (Invitrogen) using Gibson 432 

Assembly. The following primers and Phusion PCR were used to linearize the pENTR-D vector 433 

and add overlapping ends for ligation: 434 

Vector for Cen N-terminal piece: 435 

Forward: 5’- GTAGTCGCTGCCTGAGGGATTAAAAGGGTGGGCGCGC-3’ 436 

Reverse: 5’- CGCATAGTCAGGAACATCGTATGGGTACATGGTGAAGGGGGCGGC-3’ 437 

Vector for Cen C-terminal piece: 438 

Forward: 5’- CAAGAGTCATCATCATCAGTTTCGTCAAAAGTAAAAGGGTGGGCGCGC-3’ 439 

Reverse: 5’- CGCATAGTCAGGAACATCGTATGGGTACATGGTGAAGGGGGCGGC-3’ 440 

A 3x HA tag plus linker was also incorporated by Gibson Assembly as a premade oligo with the 441 

following sequence. The 3x HA tag is underlined:  442 

N-terminal 3x HA tag plus linker:  443 

5’-444 

ATGTACCCATACGATGTTCCTGACTATGCGGGCTATCCCTATGACGTCCCGGACTATGCAGG445 

ATCCTATCCATATGACGTTCCAGATTACGCTGGCGGCAGCGGTGGAAGTGGTGGTAGTGGA446 

GGAAGT-3’ 447 

 448 

Cen FL and -ATG HA-tagged lines 449 

To generate the full-length Cen HA-tagged construct, the full Cen CDS (including the ATG 450 

codon) was amplified using Phusion from pOT-LD41224 (DGRC) using the following primers: 451 

Full length Cen plus ATG: 452 

Forward: 5’- GGCCGCCCCCTTCACCATGGAGGAATCCAATCACGGTTC-3’ 453 
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Reverse: 5’- TCCACCGCTGCCGCCCTTTTGACGAAACTGATGATGATGAC-3’ 454 

The pENTR-D vector was linearized by Phusion PCR using the following primers: 455 

Forward: 5’- CCTATCCATATGACGTTCCAGATTACGCTTAAAAGGGTGGGCGCGCC-3’ 456 

Reverse: 5’- CGAACCGTGATTGGATTCCTCCATGGTGAAGGGGGCGGC-3’ 457 

The full-length Cen was inserted into the pENTR-D vector with a C-terminal 3x HA tag 458 

plus linker by Gibson assembly. The C-terminal 3x HA tag plus linker was added as a premade 459 

oligo with the following sequence. The 3x HA tag is underlined: 460 

C-terminal 3x HA tag plus linker: 461 

5’-462 

GGCGGCAGCGGTGGAAGTGGTGGTAGTGGAGGAAGTTACCCATACGATGTTCCTGACTAT463 

GCGGGCTATCCCTATGACGTCCCGGACTATGCAGGATCCTATCCATATGACGTTCCAGATTA464 

CGCTTAA-3’ 465 

 466 

To generate the Cen -ATG HA-tagged construct, the Cen coding sequence was amplified from 467 

pOT-LD41224 using the following primers to remove the initiating ATG codon then ligated by 468 

Gibson Assembly, as described for the full-length construct:  469 

Forward: 5’- CCGCGGCCGCCCCCTTCACCGAGGAATCCAATCACGGTTC-3’ 470 

Reverse: 5’- CCGTGATTGGATTCCTCGGTGAAGGGGGCGGC-3’ 471 

 472 

For all lines, sequence-verified single colony clones were shuttled into the destination vector 473 

pPWattB (UASp-Gateway with attB sites for Phi31C transformation) using the Gateway cloning 474 

system (Invitrogen). Constructs were inserted at the attP2 (Chromosome III) locus and 475 

transgenic animals were generated by BestGene, Inc.  476 

 477 

Sequence alignment 478 

Protein sequences were obtained from UniProt (UniProt, 2023), aligned using the Clustal 479 
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Omega multiple sequence alignment tool (Madeira et al., 2022), then displayed using ESPript 480 

3.0 (Robert and Gouet, 2014) using the percent equivalent similarity and the black-and-white 481 

color schemes. 482 

 483 

Immunofluorescence 484 

Embryos (0.5–2.5 hr) were collected then dechorionated, fixed in 4% paraformaldehyde, and 485 

blocked in BBT (PBS supplemented with 0.1% Tween-20 and 0.1% BSA) as described in (Lerit 486 

et al., 2015). Primary antibodies were diluted in BBT in incubated done overnight at 4 °C with 487 

nutation. On the following day, samples were washed three times with BBT then blocked again 488 

with BBT supplemented with 2% normal goat serum (NGS) prior to incubation with secondary 489 

antibodies and DAPI for 2 hours at room temperature. Samples were mounted in 490 

AquaPoly/Mount (VWR, 87001-902).  491 

To visualize microtubules, embryos were fixed in a solution of 1:1 of heptane:37% 492 

formaldehyde for 3 min with intermittent mixing, then manually devitellinized using 30G 493 

PrecisionGlide needles (BD) (Theurkauf, 1994). Embryos were then blocked in BBT, rinsed in 494 

PBS, blocked again with Image-iT FX signal enhancer (ThermoScientific), then incubated with 495 

antibodies overnight at 4 °C with primary antibodies diluted in BBT. On the following day, 496 

samples were processed and mounted as described above.  497 

The following antibodies were used: rabbit anti-Cen (UT393, 1:500; gift from T. Megraw, 498 

Florida State University) (Kao and Megraw, 2009) recognizes the C-terminus of Cen, rabbit anti-499 

Cen (1:500; gift from T. Megraw) (Kao and Megraw, 2009) recognizes the N-terminus of Cen, 500 

mouse anti-α-Tub DM1a (1:500; Sigma, T6199), and rabbit anti-Cnn (1:4000; gift from T. 501 

Megraw). Secondary antibodies and stains: Alexa Fluor 488, 568, or 647 (1:500, Invitrogen). 502 

DAPI was used at 10 ng/mL (Thermo Fisher). 503 

 504 

Single molecule fluorescence in situ hybridization (smFISH) 505 
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smFISH experiments were conducted as previously described in (Ryder et al., 2020). All steps 506 

were done using RNase-free solutions. In short, 0–2-hour embryos were aged 30 minutes then 507 

fixed in 4% paraformaldehyde and rehydrated stepwise into 0.1% PBST. Rehydrated embryos 508 

were then washed with wash buffer (WB; 10% formamide and 2× SSC supplemented fresh 509 

each experiment with 0.1% Tween-20 and 2 μg/mL nuclease-free BSA) at room temperature 510 

and incubated in a freshly made hybridization buffer (HB; 100 mg/mL dextran sulfate and 10% 511 

formamide in 2× SSC supplemented fresh each experiment with 0.1% Tween-20, 2 μg/mL 512 

nuclease-free BSA and 10 mM ribonucleoside vanadyl complex (RVC; S1402S; New England 513 

Biolabs)) in a 37 °C water bath. Embryos were incubated overnight in a 37 °C water bath in HB 514 

with a final concentration of 0.4 µM Stellaris smFISH probes (Cen or GAPDH) conjugated to 515 

Quasar 570 dye (LGC Biosearch Technologies). The following day, the hybridized embryos were 516 

washed with WB three times, then with 0.1% PBST, and stained with DAPI (1:1000). 517 

Vectashield mounting medium (Vector Laboratories, H-1000) was used to mount the slides. 518 

Complete probe sequences are reported in Ryder et al., 2020.  519 

 520 

Dual smFISH and immunofluorescence 521 

Dual smFISH and IF experiments were as previously described (Ryder et al., 2020; Fang and 522 

Lerit, 2022). All steps were done using RNase-free solutions. Embryos were rehydrated and 523 

washed first in 0.1% PBST (PBS plus 0.1% Tween-20) and then in WB, as above. Embryos were 524 

then incubated with 100 µL of HB for 10-20 minutes in a 37 °C water bath, followed by an overnight 525 

incubation in 25 µL of HB containing 0.5 μM smFISH probes and primary antibody in a 37 °C 526 

water bath. On the next day, embryos were washed four times for 30 minutes in prewarmed WB, 527 

stained with secondary antibody and DAPI (1:1000) for 2 hours at room temperature, washed with 528 

0.1% PBST, and mounted with Vectashield mounting medium (H-1000; Vector Laboratories). 529 

Slides were stored at 4 °C and imaged within 1 week. 530 

 531 
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Pharmacological inhibition of translation 532 

0.5–2.5 hr embryos were collected and incubated in a 1:1 solution (450 µL: 450 µL) of heptane: 533 

Robb’s medium (1 mM calcium chloride, 10 mM glucose, 100 mM HEPES (pH 7.2), 1.2 mM 534 

MgCl2, 55 mM KOAc, 40 mM NaOAc, and 100 mM sucrose) containing the appropriate drug or 535 

an equivalent volume of DMSO. The concentrations and incubation times for each drug were: 3 536 

mM puromycin (Sigma-Aldrich P8833) for 10 min; 0.1 mM anisomycin (Sigma-Aldrich A9789) for 537 

15 min; and 0.71 mM cycloheximide (VWR, 97064-724) for 15 min. After drug incubation, 538 

Robb’s medium was removed, and 450 µl of 4% paraformaldehyde in PBS was added, and 539 

embryos were fixed for 20 min, then devitellinized. Samples were processed for smFISH or dual 540 

smFISH + IF, as above. 541 

 542 

Microtubule regrowth assay 543 

For cold-shock, embryos were transferred to a 1.5 mL tube and incubated on ice for 5 minutes 544 

to disrupt the microtubules, then immediately fixed. For microtubule regrowth (recovery), cold-545 

shocked embryos were incubated in room-temperature PBS for 5 minutes, then immediately 546 

fixed. Control, cold-shocked, and recovery embryos were then processed for sequential smFISH 547 

and immunofluorescence, as follows. Embryos were fixed in 37% formaldehyde and manually 548 

devitellinized, as described above, rinsed in 0.1% PBST, incubated in Image-IT FX for 30 549 

minutes, washed again in 0.1% PBST, and then washed in WB buffer for 10 minutes. Embryos 550 

were incubated in HB buffer for 10-20 minutes in a 37 °C water bath prior to an overnight 551 

incubation in 25 μL of HB containing 0.5 μM smFISH probes. On the next day, embryos were 552 

washed in WB buffer, 2 X SSC with 0.1% Tween-20, and then 0.1% PBST sequentially. Next, 553 

embryos were blocked in 0.1% BBT buffer (PBS supplemented with 0.1% BSA and 0.1% 554 

Tween-20). Embryos were then incubated overnight at 4 °C with primary antibody in 0.1% BBT, 555 

further blocked in 0.1% BBT supplemented with 2% NGS, and incubated for 2 hours at room 556 
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temperature with secondary antibodies and DAPI. Embryos were mounted in Vectashield 557 

mounting medium prior to imaging. Slides were stored at 4 °C and imaged within 1 week.  558 

 559 

Microscopy 560 

Images were acquired on a Nikon Ti-E system fitted with a Yokogawa CSU-X1 spinning disk 561 

head (Yokogawa Corporation of America), Orca Flash 4.0 v2 digital complementary metal-oxide-562 

semiconductor camera (Hamamatsu Corporation), Perfect Focus system (Nikon), and a Nikon 563 

LU-N4 solid state laser launch (15 mW 405, 488, 561, and 647 nm) using the following 564 

objectives: 100x 1.49 NA Apo TIRF oil immersion or 40x 1.3 NA Plan Fluor oil immersion. 565 

Images were acquired at ambient temperature (∼25°C) using either Vectashield or Aqua-566 

Poly/Mount imaging medium, as described, using Nikon Elements AR software.  567 

 568 

Image Analysis 569 

Images for figures were assembled using Fiji (NIH; (Schindelin et al., 2012)) and Adobe 570 

Illustrator. The software was used to separate or merge channels, crop regions of interest, 571 

generate maximum intensity projections, and adjust brightness and contrast. 572 

 573 

RNA detection and measurements  574 

Raw, single channel .tif files of centrosomes and RNA were segmented in three dimensions 575 

using a code adapted from the Allen Institute for Cell Science Cell Segmenter then run through 576 

the open-source, Python-based SubcellularDistribution pipeline (Ryder and Lerit, 2020) to 577 

calculate the percentage of RNA overlapping with centrosomes, percent of RNA in granules, 578 

and granular intensities. Granules at a distance 0µm or 0.5µm with a normalized intensity 579 

greater than 4 were log transformed and plotted using R. Unless otherwise noted, all RNA 580 

measurements were calculated based on the percentage of Cen mRNA residing within 0 µm 581 

(i.e., overlapping) from the Cnn surface. 582 
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 583 

We examined Cen mRNA distributions in EglWT versus EglRBD3 embryos by smFISH relative to 584 

the PCM marker γ-Tub-GFP rather than GFP-Cnn because the GFP-Cnn and Egl transgenes 585 

both reside on Chromosome III. Because γ-Tub occupies a significantly smaller radius of the 586 

PCM than Cnn (about 600 vs 1400 nm, by structured illumination microscopy; (Lerit et al., 587 

2015)), for these experiments, we took a conservative measurement of the percentage of Cen 588 

mRNA residing within 0.5 µm from the γ-Tub surface. 589 

 590 

Because cold-shock compresses the volume of Cnn, for the microtubule regrowth experiments, 591 

the percentage of Cen mRNA residing within 1 µm from the surface of the core centriolar 592 

protein, Asl, was measured from all samples (control, cold-shock, and recovery). 593 

 594 

Spindle morphology defects 595 

To quantify spindle morphology, mitotic embryos imaged at 40x were examined for the following 596 

morphologies: bent spindles, multipolar or fused spindles, acentrosomal spindle poles, and 597 

defective centrosome separation. If any spindles within an embryo contained one of these 598 

phenotypes, the embryo was considered positive for a spindle morphology defect. Three 599 

independent biological replicates were performed for each genotype. 600 

 601 

Colocalization analysis 602 

Single optical slices were analyzed for co-occurrence of Cen RNA with microtubules. Mander’s 603 

M1 coefficient was calculated from a 66.56 µm2 area using the JacoP plugin for ImageJ in which 604 

a manual threshold was applied to remove background signal (Bolte and Cordelieres, 2006). 605 

 606 

Immunoprecipitation 607 

 To examine the interaction between DLIC and Cen, the immunoprecipitation was performed as 608 
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in (Dix et al., 2013) using 0–5 hour embryos lysed in a buffer containing 25 mM HEPES pH 7.0, 609 

50 mm KCl, 1 mM MgCl2, 2 mM DTT and 250 mM sucrose, supplemented with 1x Complete 610 

protease inhibitors (Roche). Transgenic strains expressing GFP-Dlic (Pandey et al., 2007) were 611 

used for immunoprecipitation using agarose GFP-Trap beads (Chromotek).  612 

To determine the amino acid residues corresponding to the truncated Cen-ATG protein 613 

product, we immunoprecipitated Cen from ovaries harvested from well-fed 1–2-day old Cen null 614 

females expressing CenFL or Cen-ATG transgenes lysed in RCB buffer containing 50 mM HEPES, 615 

pH 7.4, 150 mM NaCl, 2.5 mM MgCl2, 0.01% Triton x-100, and 250 mM sucrose supplemented 616 

with 1x Complete protease inhibitors, 1 mM DTT, and 1 µg/mL Pepstatin A. Protein 617 

concentration was normalized across samples using a Pierce BCA assay (Thermo Scientific, 618 

cat. 23225). We used ~50-pairs of ovaries, yielding about 10 mg of protein per reaction. For 619 

each reaction, 50 µL of Pierce Protein A/G magnetic beads (Thermo Scientific, cat.  88802) 620 

were prewashed in RCB, and half of the bead slurry was used to preclear the lysate for 30 min 621 

to minimize nonspecific binding. The precleared lysate was reserved and incubated with 10 µL 622 

of a 1:50 dilution of rabbit anti-HA antibody (C29F4, Cell Signaling Technology) for 2-hr at RT. 623 

The remaining 25 µL of prewashed beads was then added and incubated for 1-hr at RT. Beads 624 

were washed well in RCB, then processed for immunoblotting (10 µg protein per lane) or 625 

shipped to MS Bioworks for mass spectrometry (see below). 626 

 627 

Mass Spectrometry 628 

Mass spectrometry and analysis was performed by MS Bioworks, LLC (Ann Arbor, MI). 3 x 20 629 

μL per immunoprecipitated Cen-HA sample were separated on a 4-12% Bis-Tris NuPAGE 630 

Novex mini-gel (Invitrogen) using the MOPS buffer system. The gel was stained with 631 

Coomassie, and target bands excised. Gel segments were digested with three enzymes using a 632 

robot (DigestPro, CEM) with the following protocol. First, they were washed with 25 mM 633 

ammonium bicarbonate followed by acetonitrile. Next, samples were reduced with 10 mM DTT 634 
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at 60°C followed by alkylation with 50mM iodoacetamide at RT. Next, samples were digested 635 

with trypsin/ chymotrypsin/ elastase (Promega) at 37°C for 4h. The reaction was quenched with 636 

formic acid and the supernatant was analyzed directly without further processing. The gel 637 

digests were analyzed by nano LC/MS/MS with a Waters M-class HPLC system interfaced to a 638 

ThermoFisher Fusion Lumos. Peptides were loaded on a trapping column and eluted over a 75 639 

μm analytical column at 350nL/min; both columns were packed with XSelect CSH C18 resin 640 

(Waters). A 30 min gradient was employed. The mass spectrometer was operated in data-641 

dependent mode, with MS and MS/MS performed in the Orbitrap at 60,000 FWHM resolution 642 

and 15,000 FWHM resolution, respectively. APD was turned on. The instrument was run with a 643 

3s cycle for MS and MS/MS. From the FL immunoprecipitation, 152 proteins were identified, and 644 

4703 spectra were matched. Cen was the second-most abundant protein. From the -ATG 645 

immunoprecipitation, 302 proteins were identified, and 9706 spectra were matched. Cen was 646 

the fourth-most abundant protein.  647 

 648 

Immunoblotting 649 

Western blotting was performed as in (Dix et al., 2013). Alternatively, appropriately aged 650 

embryos were lysed in 0.1% PBST using an electric homogenizer on ice then immediately 651 

boiled in 5x SDS loading dye for 5 minutes and returned to ice. Samples were resolved by 652 

premade gradient SDS-PAGE gel (Bio-Rad) and transferred to nitrocellulose membrane by wet 653 

or semi-dry transfer. Membranes were blocked in a 5% dry milk solution diluted in TBST (Tris-654 

based saline with 0.05% Tween-20) and incubated overnight at 4°C with primary antibodies in 655 

1% dry milk in TBST solution. Primary antibodies used: rabbit anti-C terminus of Cen (UT393) or 656 

rabbit anti-N terminus of Cen (both 1:5000; gift from T. Megraw, Florida State University, (Kao 657 

and Megraw, 2009)), guinea pig anti-Asterless (1:5000; gift from G. Rogers, University of 658 

Arizona), mouse anti-actin JLA20-S (1:1000; DSHB), mouse anti-b-Tub E7 (1:15,000; DSHB), 659 

rabbit anti-HA (1: 5000; C29F4, Cell Signaling Technology), mouse anti-BicD 1B11 (1:1000; 660 
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(Suter and Steward, 1991)), and mouse anti-GFP clones 7.1 and 13.1 (1:1000; Roche). 661 

The following day, membranes were washed with TBST and incubated with secondary 662 

antibodies for 1 hour at room temperature. Secondary antibodies were diluted 1:2500 in TBST 663 

and included goat anti-mouse HRP (31430; Thermo Fisher Scientific), goat anti-rabbit HRP 664 

(31460, ThermoFisher Scientific), and goat anti-guinea pig HRP (A18769, ThermoFisher 665 

Scientific). Bands were visualized with Clarity ECL substrate (1705061; Bio-Rad) on a Bio-Rad 666 

ChemiDoc imaging system. 667 

 668 

qPCR 669 

Embryos aged 0.5–2.5 hours were dechorionated with bleach, flash frozen in liquid nitrogen, 670 

and stored at -80 °C. A volume of 100 µL of embryos per biological replicate was homogenized 671 

in TRIzol (Invitrogen) and RNA was extracted using phenol: chloroform extraction. The extracted 672 

RNA was then treated with Ambion TURBO DNase (Thermo Fisher Scientific, AM2238). cDNA 673 

was then synthesized using an iScript cDNA synthesis kit (Bio-Rad, 170-8891).  674 

Three technical replicates per biological replicate were run concurrently in a 96-well 675 

plate (Bio-Rad, HSP9601) using iQ SYBR Green Supermix (Bio-Rad, 170-8882). Data was 676 

collected on a Bio-Rad CFX96 Real-time machine. Levels of Cen expression were normalized 677 

to Ribosomal protein L32 (RP49). The following primers were used: 678 

 679 

RP49 (amplicon 75 base pairs) 680 

Forward: 5’- CATACAGGCCCAAGATCGTG-3’ 681 

Reverse: 5’- ACAGCTTAGCATATCGATCCG-3’ 682 

 683 

Centrocortin (amplicon 78 base pairs) 684 

Forward: 5’- AAAGTACCCCCGGTAACACC-3’ 685 

Reverse: 5’-TGAGGATACGACGCTCTGTG-3’ 686 
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 687 

Statistical Analysis 688 

All statistical analyses were conducted using GraphPad Prism software, except granule area 689 

was calculated using R-software. Data were first tested for any outliers using a ROUT test with 690 

a Q= 1% and normality using the D’Agostino and Pearson normality test. This was followed by 691 

Student’s two-tailed t test, ANOVA, Fisher’s exact test, or the appropriate nonparametric tests. 692 

Data were plotted with mean ± SD displayed. 693 

 694 

Supplemental material 695 

Two supplemental figures accompany this study. 696 

 697 
Supplemental Figure 1. Mass spectrometry analysis of Cen protein products. (B) 698 

Sequence mapping of spectra (green lines) from (A) CenFL and (B) Cen-ATG, as identified by 699 

mass spectrometry following anti-HA immunoprecipitation from 1–2-day ovarian extracts. The 700 

HA-tagged constructs were expressed in the Cen null background. The UniProt reference Cen 701 

sequence used was Q9VIK6. The arrow marks the most N’-terminal position where abundant 702 

Cen spectra map to the Cen-ATG protein product. The first 90–100 AA are not well covered by the 703 

spectra and are likely absent from the truncation. Data shown are representative of two 704 

independent experiments. 705 

 706 
Supplemental Figure 2. Cen mRNA localization in early embryos. Maximum-intensity 707 

projections of NC 11 interphase embryos expressing GFP-Cnn (green) stained with Cen 708 

smFISH (magenta) and DAPI (blue nuclei). (A) Control embryos show Cen mRNA enriched at 709 

centrosomes, primarily in RNPs, which are also present in (B) CenΔ12 samples. (C) Cen mRNA 710 

localization and granule formation are severely impaired in CenΔ5 embryos. Quantification of the 711 

percentage of Cen or gapdh mRNAs (D) overlapping with the centrosome surface and (E) 712 
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residing in granules (0 µm distance from Cnn). Each dot represents a single measurement from 713 

control (N= 13 gapdh and 44 Cen mRNA), CenΔ12 (N= 17 gapdh and 34 Cen mRNA), and CenΔ5 714 

(N= 18 gapdh and 17 Cen mRNA) labelled embryos. Mean ± SD shown. ****, P<0.0001 by 715 

Brown-Forsythe and Welch ANOVA tests followed by Dunnett’s T3 multiple comparison test. 716 

Scale bar: 5µm; 1µm (insets). 717 

 718 

Data Availability Statement 719 

All data are available in the published article and its online supplemental material. Source files 720 

of uncropped versions of the immunoblots presented in the figures are included. 721 
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Figure Legends 997 

Figure 1. Co-translational transport of Cen mRNA to centrosomes. (A) Maximum-intensity 998 

projections of NC 13 embryos expressing GFP-gTub (green) stained with Cen smFISH probes 999 

(magenta) and DAPI (blue) to label nuclei following incubation with DMSO (control) or the 1000 

translation inhibitors puromycin (puro), anisomycin (aniso), or cycloheximide (CHX). 1001 

Arrowheads mark Cen RNPs. Quantification shows the percentage of Cen mRNA (B) localizing 1002 

to the centrosome and (C) organized within granules, defined as >4 overlapping RNA objects 1003 

(Ryder et al., 2020). Mean ± SD is displayed (red). Significance by ANOVA with Dunnett’s 1004 

multiple comparison test with *, P<0.05; **, P<0.01; and ****, P<0.0001. Scale bars: 5 µm; 2 µm 1005 

(insets).  1006 

 1007 

Figure 2. Multiple Cen domains support mRNA localization to the centrosome. (A) 1008 

Schematic of the full-length and truncated Cen protein products with positions of predicted 1009 

domains (Paysan-Lafosse et al., 2023), antibody epitopes (Kao and Megraw, 2009), and the 1010 

transposon f04787 within null mutants indicated. (B) Immunoblots from 0.5–2.5 hr embryo 1011 

extracts from the indicated genotypes showing truncated Cen protein products in the CenΔC 1012 

(~35 kDa) and CenΔN (~70 kDa) samples relative to the Asl loading control. The N-terminal 1013 

anti-Cen antibody was used for the top two blots (a-Cen N), while the C-terminal anti-Cen 1014 

antibody was used below (a-Cen C; see also (Kao and Megraw, 2009)). (C–F) Maximum-1015 

intensity projections of Cen smFISH (magenta) in NC 13 interphase embryos expressing GFP-1016 

Cnn (green) with DAPI-stained nuclei (blue). (C) Control embryo with Cen mRNA localized at 1017 

centrosomes (arrow). In contrast, (D) Cen mutants and (E) CenΔC embryos fail to localize Cen 1018 

mRNA to centrosomes. (F) Although CenΔN is partially sufficient to form small RNA granules 1019 

(arrow) near centrosomes, neither fragment recapitulates WT localization. In all experiments, 1020 

CenΔC and CenΔN are expressed in the Cen null background. Percentage of Cen mRNA (G) 1021 
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overlapping with centrosomes or (H) in granules 0 µm from the Cnn surface. Each dot 1022 

represents a measurement from N= 15 control, 11 Cen, 13 CenΔC, and 17 CenΔN embryos. 1023 

Mean ± SD is displayed (red). Significance was determined by (G) one-way ANOVA followed by 1024 

Dunnett’s T3 multiple comparison test or (H) Kruskal-Wallis test followed by Dunn’s multiple 1025 

comparison test with n.s., not significant; *, P<0.05; **, P<0.01; and ****, P<0.0001. Scale bars: 1026 

5µm; 1µm (insets).  1027 

  1028 

Figure 3. The N-terminal fragment is necessary and sufficient for Cen protein localization 1029 

to the centrosome. Maximum-intensity projections of NC 13 interphase embryos expressing 1030 

GFP-Cnn (green) labeled with anti-Cen antibodies (magenta) and DAPI (blue nuclei). Control 1031 

embryos labeled with (A) anti-Cen N-terminal or (B) C-terminal antibodies (Ab) show Cen 1032 

localized at centrosomes (arrows). (C) Cen protein is not detected in null mutants. (D) The N-1033 

terminal fragment (CenΔC) is sufficient to direct Cen to the centrosome (arrows), while the C-1034 

terminal fragment (CenΔN; (E)) is not. Both transgenes are expressed in the Cen null 1035 

background. (F) The percentage of Cen protein signals overlapping with centrosomes (0 µm 1036 

from Cnn surface). Each dot represents a measurement from N= 6 control (N-terminal Cen Ab), 1037 

10 control (C-terminal Cen Ab), 23 Cen null (N-terminal Cen Ab), 10 CenΔC (N-terminal Cen 1038 

Ab), and 11 CenΔN embryos (C-terminal Cen Ab). Significance was determined by Kruskal-1039 

Wallis test followed by Dunn’s multiple comparison test with n.s., not significant and ***, 1040 

P<0.001. Scale bars: 5µm; 1µm (insets).  1041 

  1042 

Figure 4. The first 100 AA of Cen direct RNA localization. (A) Immunoblots from ovarian 1043 

extracts from the indicated genotypes showing Cen protein products, as detected with anti-HA 1044 

antibodies, relative to the b-Tub loading control. Truncated products are detected in the Cen-ATG 1045 

lysate. (B) Schematic of the CenFL and Cen-ATG HA-tagged protein products showing predicted 1046 

translation start sites, based on mass spectrometry analysis (see Figure S1). Maximum intensity 1047 
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projections of NC 13 (C) CenFL and (D) Cen-ATG embryos expressing GFP-Cnn and stained with 1048 

Cen smFISH probes (magenta), C-term anti-Cen antibodies (yellow), and DAPI (blue) to label 1049 

nuclei. Quantifications show (E) the percentage of RNA overlapping with centrosomes or (F) 1050 

organized within granules 0 µm from the Cnn surface. Each dot represents a measurement from 1051 

N= 9 CenFL and 6 Cen-ATG embryos. In all experiments, both transgenes were expressed in the 1052 

Cen null background. Mean ± SD is displayed (red). Significance was determined by two-tailed 1053 

Mann-Whitney test with **, p=0.0076 and ***, p=0.0004. Scale bars: 5µm; 1µm (insets).  1054 

 1055 

Figure 5. Identification of the conserved Cen DLIC binding site. (A) Clustal Omega 1056 

sequence alignment of Drosophila Cen with the human paralogs CDR2 and CDR2L and several 1057 

dynein activating cargo adaptors. Red box marks the conserved DLIC-binding motif (CC1 box). 1058 

(B) Dlic-GFP associates with BicD (Dienstbier et al., 2009) and Cen in 0–5-hour embryonic 1059 

extracts. Input and immunoprecipitated samples (IP) for GFP control and Dlic-GFP are 1060 

indicated. (C) The Cen CC1 box was mutated, yielding an in-frame deletion of the 12 1061 

nucleotides that comprise amino acids (AA) 29-32 (GKTL; CenΔ12), while the CenΔ5 mutant is 1062 

defined by a frameshift after AA 26 and a premature stop (asterisk). (D) Relative levels of Cen 1063 

mRNA normalized to RP49 and the WT control in 0–2-hour embryos (up to NC 14) by qPCR. 1064 

Bars show mean ± SD from three independent experiments. *, P<0.05 by Kruskal-Wallis 1065 

multiple comparison test relative to WT; n.s., not significant. (E) Blot shows Cen protein 1066 

detected in 0–2-hour embryos with a C’-terminal anti-Cen antibody relative to the actin loading 1067 

control. No Cen protein was detected in null or CenΔ5 extracts.  1068 

  1069 

Figure 6. The CC1 box supports Cen mRNA localization. Maximum-intensity projections of 1070 

NC 13 interphase embryos expressing GFP-Cnn (green) stained with Cen smFISH probes 1071 

(magenta) and DAPI (blue nuclei). (A) Control embryos show Cen mRNA enriched at 1072 

centrosomes in RNP granules, which are reduced in (B) CenΔ12 samples. (C) Cen mRNA 1073 
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localization and granule formation are abolished in CenΔ5 embryos. Quantification of the 1074 

percentage of Cen or gapdh mRNA (D) overlapping with the centrosome surface and (E) 1075 

residing in granules (0 µm distance from Cnn). Each dot represents a single measurement from 1076 

control (N= 10 gapdh and 25 Cen mRNA), CenΔ12 (N= 30 gapdh and 30 Cen mRNA), and CenΔ5 1077 

(N= 14 gapdh and 27 Cen mRNA) labelled embryos. Mean ± SD displayed (red). Significance 1078 

was determined by Kruskal-Wallis test followed by Dunn’s multiple comparison test relative to 1079 

controls with n.s., not significant; *, P<0.05; **, P<0.01; and ****, P<0.0001. Scale bar: 5µm; 1080 

1µm (insets).  1081 

  1082 

Figure 7. Disruption of the Cen CC1 box impairs spindle morphology. Maximum-intensity 1083 

projections of metaphase NC 12 embryos from embryos expressing GFP-Cnn (green, 1084 

centrosomes) and stained for α-Tub to label microtubules (red) and DAPI (blue nuclei). (A) 1085 

Control embryo showing bipolar spindles. Various spindle defects are noted in (B) Cen null, (C) 1086 

CenΔ12, and (D) CenΔ5 embryos, including spindle inactivation (asterisks), detached 1087 

centrosomes (arrowheads), and bent spindles (arrows). (E) Frequency of spindle defects from 1088 

N=1622 spindles from n=7 control, N=1473 spindles from n=7 Cen null, n=2138 spindles from 1089 

n=15 CenΔ12, and N=1842 spindles from n=12 CenΔ5 embryos. ****, P<0.00001 by Chi-square 1090 

test. Scale bar: 5 µm.  1091 

  1092 

Figure 8. Microtubules enrich Cen mRNA at centrosomes. (A) Microtubule regrowth assay. 1093 

Representative images of NC 11 embryos labeled with Cen smFISH probes (magenta) and 1094 

antibodies for α-Tub (green) and Asl (yellow). Nuclei are labeled with DAPI (blue) in control, 1095 

cold-shock, and recovery conditions. (B) Graph shows the Mander’s coefficient of colocalization 1096 

for Cen mRNA overlapping with microtubules. Each dot is a measurement from N=6 interphase 1097 

NC 10–11 control embryos. The RNA channel was rotated 90° to test for specificity of 1098 

colocalization. (C) Maximum intensity projections of NC 12 interphase embryos from the 1099 
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indicated conditions labeled with Cen smFISH probes (magenta), Cnn (green) and Asl (yellow) 1100 

antibodies, and DAPI (blue). Insets show Cnn structure and Cen mRNA distribution are affected 1101 

by microtubule destabilization. (D) Quantification of the percentage of Cen mRNA localizing to 1102 

centrosomes (<1 µm distance from Asl surface) from N=7 control, 9 cold-shocked, and 13 1103 

recovered NC 12 interphase embryos. Mean ± SD is displayed (red). Significance was 1104 

determined by (B) two-tailed t-test and (D) one-way ANOVA followed by Dunnett’s multiple 1105 

comparisons test relative to the control with n.s., not significant; **, P<0.01; and ***, P<0.001. 1106 

Scale bars: 5 µm; 2 µm (insets).  1107 

  1108 

Figure 9.  Dynein targets Cen mRNA to centrosomes. Maximum-intensity projections of NC 1109 

13 interphase embryos labeled with Cen smFISH (magenta), anti-Cnn antibodies (green; 1110 

centrosomes), and DAPI (blue nuclei) in (A) WT, (B) DhcLOA hypomorphic, or (C) KhcRNAi 1111 

embryos. Quantification shows the percentage of total mRNA that (D) overlaps with 1112 

centrosomes and (E) resides in granules at centrosomes (0 µm distance from Cnn). Each dot 1113 

represents a measurement from N= 19 WT, 13 DhcLOA and 14 KhcRNAi embryos. (E’) Log 1114 

transformed RNA granule area from N=4127 granules from n=23 WT embryos and N=1412 1115 

granules from n=13 DhcLOA embryos; each dot represents a single granule. Mean ± SD 1116 

displayed (red). Significance by (D and E) Kruskal-Wallis test followed by Dunn’s multiple 1117 

comparison test relative to WT and (E’) unpaired t-test with n.s., not significant and ***, 1118 

P<0.001. Scale bar: 5µm; 1 µm (inset).  1119 

  1120 

Figure 10. The Egl RBD supports Cen mRNA localization. Maximum-intensity projections of 1121 

NC 13 interphase embryos expressing GFP-γ-Tub (green) labeled with Cen smFISH (magenta) 1122 

and DAPI (blue) in (A) control EglWT and (B) EglRBD3 embryos. Quantification of the percentage 1123 

of (C) total Cen mRNA and (D) mRNA in granules within the PCM zone (<0.5 µm from γ-Tub 1124 

surface). Each dot represents a measurement from 23 EglWT and 39 EglRBD3 embryos. (D’) Log 1125 
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transformed RNA granule area from N=2304 granules from n=23 EglWT embryos and N=4924 1126 

granules from n=39 EglRBD3 embryos; each dot represents a single granule. Mean ± SD 1127 

displayed (red). Significance by unpaired t-test with **, P<0.01; and *** P<0.001. Scale bar: 1128 

5µm; 1µm (insets). (E) Model of the co-translational transport of Cen mRNA to centrosomes. 1129 

Upon translation, an N’-terminal DLIC-binding CC1 box motif is exposed on the Cen nascent 1130 

peptide, which associates with the dynein motor complex. We speculate Egl may bind to Cen 1131 

mRNA. The Cen transport complex transits along microtubules via dynein to the centrosome. 1132 

Additional on-site translation (Bergalet et al., 2020) may contribute to granule formation and/or 1133 

stabilization.  1134 
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 1138 

 1139 
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