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RÉSUMÉ (FR) 
La localisation des ARNm dans différents compartiments subcellulaires est conservée 

dans un large éventail d'espèces et de divers types cellulaires. Le trafic est médié par 

l'interaction entre les protéines de liaison à l'ARN (RBP) et l'ARNm. Les RBP 

reconnaissent les éléments cis-régulateurs de l'ARNm, également appelés éléments de 

localisation. Ceux-ci sont définis par leur séquence et/ou leurs caractéristiques 

structurelles résidant dans la molécule d'ARNm. La localisation des ARNm est essentielle 

pour la résolution subcellulaire et temporelle. De plus, les ARNm se sont avérés enrichis 

dans de nombreux compartiments cellulaires, notamment les mitochondries, l'appareil 

mitotique, et le réticulum endoplasmique. En outre, des études ont démontré que les RBP 

et les ARNm sont associés aux structures de l'appareil mitotique. Cependant, le rôle que 

joue la localisation de l'ARNm au cours de la mitose reste largement inexploré. Ma thèse 

de doctorat vise à comprendre comment le trafic d'ARNm est impliqué lors de la mitose. 

 

La première partie de cette thèse porte sur l'interaction post-transcriptionnelle qui se 

produit entre les deux ARNm, cen et ik2. Les gènes qui se chevauchent sont une 

caractéristique frappante de la plupart des génomes. En fait, il a été constaté que le 

chevauchement des séquences génomiques module différents aspects de la régulation 

des gènes tels que l'empreinte génomique, la transcription, l'édition et la traduction de 

l'ARN. Cependant, la mesure dans laquelle cette organisation influence les événements 

réglementaires opérant au niveau post-transcriptionnel reste incertaine. En étudiant les 

gènes cen et ik2 de Drosophila melanogaster, qui sont transcrits de manière convergente 

avec des régions 3' non traduites qui se chevauchent, nous avons constaté que la liaison 

physique de ces gènes est un déterminant clé dans la co-localisation de leurs ARNm aux 

centrosomes cytoplasmiques. Le ciblage du transcrit ik2 dépend de la présence et de 

l'association physique avec l'ARNm de cen, qui est le principal moteur de la co-

localisation centrosomale. En interrogeant les ensembles de données de séquençage de 

fractionnement, nous constatons que les ARNm codés par des gènes qui se chevauchent 

en 3' sont plus souvent co-localisés par rapport aux paires de transcrits aléatoires. Ce 

travail suggère que les interactions post-transcriptionnelles des ARNm avec des 
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séquences complémentaires peuvent dicter leur destin de localisation dans le 

cytoplasme. 

 

La deuxième partie de cette thèse consiste à étudier le rôle que jouent les RBP au cours 

de la mitose. Auparavant, les RBP se sont avérés être associés au fuseau et aux 

centrosomes. Cependant, leur rôle fonctionnel au niveau de ces structures reste à 

étudier. Grâce à un criblage par imagerie avec plus de 300 anticorps, nous avons identifié 

30 RBP localisés dans les structures mitotiques des cellules HeLa. Ensuite, pour évaluer 

les rôles fonctionnels de ces RBP, nous avons utilisé l'interférence ARN (ARNi) pour 

évaluer si la fidélité du cycle cellulaire était compromise dans les cellules HeLa et les 

embryons de Drosophila melanogaster. Fait intéressant, nous avons identifié plusieurs 

candidats RBP pour lesquels le knockdown perturbe la mitose et la localisation de l'ARNm 

dans les cellules HeLa. De plus, la perte des orthologues a entraîné des défauts de 

développement chez l'embryon de mouche. Grâce à ce travail, nous avons démontré que 

les RBP sont impliquées pour assurer une mitose sans erreur. 

 

En résumé, les travaux que j'ai menés mettent en lumière l'implication de la régulation 

post-transcriptionnelle au cours de la mitose. En définissant les fonctions et le mécanisme 

de localisation des ARNm en mitose, ce travail permettra de définir de nouvelles voies 

moléculaires impliquées dans la régulation de la mitose. Puisque la division cellulaire non 

contrôlée peut mener à des maladies tel le cancer, étudier le contrôle du cycle cellulaire 

sous cet angle « centré sur l'ARN » peut aider à développer de nouvelles approches 

thérapeutiques pour trouver des solutions aux problèmes de santé. 

 

Les mots-cles 
Localisation de l’ARN, Mitose, Protéines de Liaison à l'ARN, Régulation Post-

Transcriptionnelle, Transcrit Naturel Antisens en Cis, Drosophile, Développement 

Embryonnaire 

Translated by: Veneta Krasteva 
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ABSTRACT (EN) 
The localization of mRNAs to different subcellular compartments is conserved in a wide 

range of species and diverse cell types. Trafficking is mediated by the interaction between 

RNA binding proteins (RBPs) and mRNA. RBPs recognize mRNA cis regulatory motifs, 

otherwise known as localization elements. These are defined by their sequence and/or 

structural features residing within the mRNA molecule. Localization of mRNAs is essential 

for subcellular and temporal resolution. Furthermore, mRNAs have been found to be 

enriched in many cellular compartments including the mitochondria, mitotic apparatus, 

and endoplasmic reticulum. Moreover, studies have demonstrated that RBPs and mRNAs 

are associated with mitotic apparatus structures. However, the role that mRNA 

localization plays during mitosis remains largely unexplored. My PhD thesis aims to 

understand how the trafficking of mRNAs is implicated during mitosis. 

 

The first part of this thesis encompasses the post-transcriptional interaction that occurs 

between the two mRNAs, cen and ik2. Overlapping genes are a striking feature of most 

genomes. In fact, genomic sequence overlap has been found to modulate different 

aspects of gene regulation such as genomic imprinting, transcription, RNA editing and 

translation. However, the extent to which this organization influences regulatory events 

operating at the post-transcriptional level remains unclear. By studying the cen and ik2 

genes of Drosophila melanogaster, which are convergently transcribed with overlapping 

3’untranslated regions, we found that the physical linkage of these genes is a key 

determinant in co-localizing their mRNAs to cytoplasmic centrosomes. Targeting of the 

ik2 transcript is dependent on the presence and physical association with cen mRNA, 

which serves as the main driver of centrosomal colocalization. By interrogating global 

fractionation-sequencing datasets, we find that mRNAs encoded by 3’overlapping genes 

are more often co-localized as compared to random transcript pairs. This work suggests 

that post-transcriptional interactions of mRNAs with complementary sequences can 

dictate their localization fate in the cytoplasm. 

 

The second part of this thesis involves investigating the role that RBPs play during 

mitosis. Previously, RBPs have been found to be associated with the spindle and 
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centrosomes. However, their functional role at these structures was yet to be investigated. 

Through an imaging screen with >300 antibodies, we identified 30 RBPs localized to 

mitotic structures in HeLa cells. Then, to assess the functional roles of these RBPs, we 

used RNA interference (RNAi) to assess whether cell cycle fidelity was compromised in 

HeLa cells and Drosophila melanogaster embryos. Interestingly, we identified several 

RBP candidates for which the knockdown disrupted mitosis and mRNA localization in 

HeLa cells. Furthermore, loss of the orthologs led to developmental defects in the fly 

embryo. Through this work, we demonstrated that RBPs are involved in ensuring an error-

free mitosis.  

 

In summary, the work that I have conducted sheds light on the involvement of post-

transcriptional regulation during mitosis. By defining the functions and mechanism of 

mRNA localization in mitosis, this work will help define new molecular pathways involved 

in mitosis regulation. As uncontrolled cell division can lead to diseases such as cancer, 

studying cell cycle control from this ‘RNA-centric’ angle may help to develop new 

therapeutic approaches to find solutions to health problems.  

 

Keywords 
mRNA localization, Mitosis, RNA binding proteins, Post-transcriptional Regulation,Cis-

Natural Antisense Transcripts, Drosophila, Embryonic development 
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1.1 Mitosis 
Mitosis is a highly coordinated and essential life process that is required for the 

accurate segregation of the cell’s DNA. It is the driving force in the growth and 

development of an organism, cell renewal, and asexual reproduction. The end result is 

two identical daughter cells. Execution of the events that occur during mitosis must be 

conducted properly in order to avoid detrimental consequences for the cell. In fact, 

dysregulation of mitosis can lead to diseases such as cancer. Therefore, having a 

thorough understanding of this process is quite important to find potential therapeutics in 

the future. There has been extensive research conducted on understanding the 

underlying mechanisms involved in mitosis regulation. The precision of this process is 

carried out by many key players and their disruption can lead to cell catastrophe. Although 

many aspects in deciphering mitosis have been unraveled, some are yet to be 

investigated. Understanding how mRNA localization influences fidelity during mitosis is 

an aspect that is yet to be further explored. Over the years, remarkable work has been 

conducted on understanding how mRNA is involved in regulating mitosis. This portion of 

the thesis chapter will be focused on the cell cycle, mitosis, and its regulation.  

 
1.1.1 The Cell Cycle 

Mitosis is a small part of the cell cycle. The cell cycle is made up of four distinct 

stages: G1 phase, S phase, G2 phase, and M phase (Figure 1.1). Tight control and 

coordination of events during the cell cycle is required to produce two identical daughter 

cells. The G1, S, and G2 phases are all part of interphase, while mitosis and cytokinesis 

make up the M phase [1]. Cells that enter G0 phase are quiescent and non-proliferating, 

and this cellular commitment is determined during G1 phase [2, 3]. During the G1 and G2 

phase, the gap phases, the cell prepares for DNA replication and mitosis [4]. During 

interphase, an appropriate amount of cellular constituents and DNA is made for the newly 

synthesized daughter cells [5]. Whereas in M phase, the cell undergoes nuclear and 

cellular division during mitosis and cytokinesis respectively. In addition, the M phase is 

considered to be the shortest phase of the cell cycle. Transitioning from one phase to the 

next is highly regulated by oscillation activities from the cyclin dependent kinases (CDKs) 

[2]. 
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Figure 1.1 The cell cycle. The cell cycle is divided into four stages: G1, S, G2, and M 

phases. Interphase consists of G1, S, and G2 phases, while M the phase comprises of 

mitosis and cytokinesis. During interphase, the cell grows, replicates its DNA, and 

prepares for mitosis. The cell can also enter G0 where it is in a non-dividing, quiescent 

state. Nuclear division followed by cell division occurs in mitosis and cytokinesis 

respectively. 
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1.1.2 Cell Cycle Control 
The key regulatory proteins responsible for the precise and orderly transitions that 

occur during the cell cycle are CDKs [2]. CDKs are a group of serine/threonine kinases 

that are activated at particular points of the cell cycle, by their regulatory subunits called 

cyclins [1, 2]. The activation of CDKs’ catalytic subunit leads to the phosphorylation of 

selected proteins [2]. To date, there have been 20 identified CDKs and 29 cyclins in 

humans, many of which play an active role in cell cycle regulation [6]. Additionally, other 

CDKs and cyclins are involved in regulating transcription and splicing [6] There are 4 

CDKs (CDK1, CDK2, CDK4, and CDK6) as well as 10 cyclins (Class A-, B-, D-, and E-) 

that are involved in the progression of the cell cycle [7]. Interestingly, many of the CDKs 

are dispensable as shown by knockout studies in mice [8-10]. However, CDK1, which 

serves as the key regulator, is required for the cell cycle [11]. 

 

Cyclins work in coordination with CDKs, by forming a dimer complex through 

interaction with the PSTAIRE motif present in CDKs [12]. Binding of the cyclins with CDKs 

results in conformational changes that lead to the activation of different CDKs, an 

interaction required for enzymatic activity [2, 12]. While the protein levels of the CDKs are 

stable throughout the cell cycle, the cyclin levels rise and fall [2]. Moreover, cyclins 

regulate the activity of CDKs through their synthesis and destruction at specific points of 

the cell cycle [7]. For example, during the entry to G1 phase, cyclins D1, D2, and D3 bind 

to CDK4 and CDK6 [2]. Whereas, transitioning from G1 phase to S phase requires the 

interaction between cyclin E and CDK2 and Cyclin A binds to CDK2 during S phase [2, 

8]. Entry into mitosis requires cyclin A binding to CDK1 and its completion is driven by the 

interaction of Cyclin B with CDK1 [2, 8]. While cyclins are crucial for the activation of 

CDKs, phosphorylation of CDK1 by CDK activating kinase (CAK), composed of CDK7-

Cyclin H, leads to its full activation [2, 12]. Lastly, inactivation of CDKs occurs through the 

proteolytic destruction of cyclins by the anaphase-promoting complex (APC/C) at the end 

of mitosis [13-15]. Cyclin degradation is required for mitotic exit as its prevention results 

in mitotic arrest and elongated spindles [16].  
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1.1.3 Cell Cycle Checkpoints 
Checkpoints exist to prevent the progression of unhealthy cells within the cell 

cycle. In cases where there are errors, the cell undergoes an arrest to allow for repair 

[17]. The G1/S checkpoint, also known as the restriction point, inhibits cells exhibiting 

DNA damage from entering S phase [18]. Notably, advancement through this checkpoint 

marks the irreversible commitment to the cell cycle [19]. Additionally, an intra-S phase 

checkpoint exists to stall DNA replication in the presence of errors and prevent further 

initiation of replication origin firing [20]. Before entry into mitosis, the G2/M checkpoint 

ensures that cells with accumulated damage do not progress [20]. Lastly, the mitotic 

checkpoint, also known as the spindle assembly checkpoint (SAC) prevents premature 

chromosome segregation [17]. The SAC will be explained in further detail in Section 
1.1.5. In conclusion, these checkpoints are essential to halt the passing down of errors to 

daughter cells. These errors can contribute to genomic instability, which can consequently 

lead to cancer [20]. 

 

1.1.4 Key Steps During Mitosis in Eukaryotes 
Mitosis can be divided into the following stages: prophase, prometaphase, 

metaphase, anaphase, telophase, and cytokinesis (Figure 1.2). The correct events must 

take place in a timely and coordinated manner to ensure an error-free mitosis. In this 

section, I will go over the key events that take place during these phases.  

 

Before the onset of mitosis, the duplicated chromosomes remain in close 

association with each other to form sister chromatids during DNA replication[21]. 

Following DNA replication, the establishment of sister chromatid cohesion occurs, which 

is essentially the physical interaction between the two chromatids that lasts until 

anaphase [21]. During prophase, the nuclear chromatin starts to become compact and 

individualizes to form chromosomes [5]. Condensin, a large pentameric complex, governs 

mitotic chromosome condensation [22, 23]. Upon compaction, transcriptional activity 

becomes inhibited and the displacement of transcription factors from the mitotic chromatin 

occurs [24]. Furthermore, disassembly of the nuclear envelope ensues [5]. The 
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centrosomes begin to move to opposite poles, while nucleating microtubules extending 

radially resulting in the onset of spindle formation [25].  

 

Prometaphase is the longest stage of mitosis [26] The presence of a disassembled 

nuclear envelope marks the beginning of prometaphase and the presence of aligned 

chromosomes at the spindle equators marks the end [26]. Early on, the microtubule 

network restructures to form the mitotic spindle [26]. To maintain fidelity during cell 

division, the equal separation of sister chromatids must occur. This is dependent on the 

interactions that occur between the chromosomes and microtubules, influencing the 

ability to form a bipolar spindle [27]. The spindle microtubules and chromosomes begin 

to form attachments mediated by the kinetochores [26, 28]. Kinetochores consist of a 

large multiprotein structure that are assembled on the centromere [29]. Upon nuclear 

envelope break down, single microtubules capture the kinetochores through a search and 

capture mechanism [26]. This is done by the fluctuating growth and retraction of 

microtubules when searching for the kinetochore in the nuclear space [26]. If there are 

improper microtubule-kinetochore attachments, the SAC becomes activated, and the cell 

stalls until the errors are corrected [5]. Following the attachment of the mitotic spindle to 

the chromosomes, the chromosomes start to move towards the equatorial plane also 

known as the metaphase plate [5]. Eventually, all of the chromosomes are congressed 

and are correctly lined up at the spindle equator [5]. The correct positioning of the 

chromosomes is essential to allow for proper chromosome segregation during anaphase. 

 

In anaphase, the sister chromatids physically separate from one another [5]. The 

chromosomes move towards opposite poles with action from the microtubules [5]. With 

the segregation of the sister chromatids into two individualized nuclei, telophase and 

cytokinesis follow towards the end of mitosis. During telophase, the nuclear envelope 

begins to reassemble simultaneously with chromosome segregation [5]. Lastly in 

cytokinesis, the chromosomes are partitioned into two separate cells [30]. This process 

heavily relies on the microtubules and actin, which are core components of the 

cytoskeleton [30].  
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Figure 1.2 A schematic depicting the different stages of mitosis. Before the onset of 

mitosis, the cell grows and the DNA replicates in interphase. Mitosis consists of the 

following phases: prophase, metaphase, anaphase, and telophase. In prophase, the 

chromosomes begin to condense, and the centrosomes start moving towards opposite 

poles while emanating microtubules. During metaphase, the chromosomes migrate 

towards the center. Throughout anaphase, the chromosomes segregate. Finally, 

partitioning of the chromosomes into separate cells occurs during telophase and 

cytokinesis. 
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1.1.5 Spindle Assembly Checkpoint and the Chromosomal Passenger Complex 
To ensure faithful segregation during mitosis, cells utilize the chromosomal 

passenger complex and the spindle assembly checkpoint (SAC), which is also known as 

the mitotic checkpoint) [31-34]. These two mechanisms work in coordination with each 

other. The SAC is responsible for regulating the transition from metaphase to anaphase 

by delaying the separation of the sister chromatids in the presence of erroneous 

kinetochore-microtubule attachments [34]. Proper functioning of the SAC is vital to 

prevent precocious chromosome segregation [33]. Hence, the anaphase promoting 

complex/cyclosome (APC/C) is inhibited when components of the SAC localize to the 

unattached kinetochores [35]. Furthermore, the CPC serves as a surveillance mechanism 

to ensure an orderly mitotic exit and transition into interphase [32]. It exhibits dynamic 

localization throughout mitosis to the inner centromeres upon mitotic entry and then 

translocates to the equatorial plane during the metaphase to anaphase transition [32]. 

During early mitosis, its localization to the centromeres is required for removal of 

erroneous microtubule-kinetochore attachments through its activation of the SAC [31, 32]. 

Towards the end of mitosis, the CPC prevents cytokinesis completion with the presence 

of lagging chromosomes [36]. These safeguard mechanisms are essential in preventing 

mitotic errors that can lead to dire consequences for the cell. 

 

1.1.6 Mitotic Errors and Cancer 
Cancer cells surpass the regulatory checkpoints that prevent a cell with mitotic 

defects to continue progressing throughout mitosis [17]. Consequently, this results in 

daughter cells comprising of an abnormal number of chromosomes, leading to aneuploidy 

[17]. Exhibiting aneuploidy during meiosis and development can serve to be lethal, while 

the presence of abnormal number of chromosomes in somatic cells has been linked to 

aging and cancer [35]. In fact, approximately 70% of human tumors exhibit aneuploidy 

[37]. Aneuploidy is often a result of chromosomal instability, an occurrence where the 

chromosomes mis-segregate at increased rates, consequently leading to an abnormal 

number of chromosomes [38]. The sources of these errors can be due to an impaired 

spindle assembly checkpoint (SAC), cohesion defects, merotelic attachments, and 

tetraploidy, often leading to detrimental consequences [35]. Impaired spindle assembly 
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checkpoint and cohesion defects make up just a small number of cases in chromosomal 

instability, while merotelic attachments, centrosome amplification, and tetraploidy make 

up a higher proportion [35]. Further details will be provided on centrosome amplification 

and cancer in Section 1.2.2. 

 

As abnormalities during mitosis are a hallmark of cancer, directing therapeutics 

towards anti-mitotic agents serves as an approach to treating cancer [17]. Treatments 

involving agents targeting microtubules, CDKs, PLK1, and the Aurora kinases have been 

tested in the clinical setting [17]. However, not all therapeutic agents showed promising 

clinical results [17]. For instance, agents that target PLK1 and the Aurora kinases show 

a poor success rate due to their activity primarily during mitosis [17]. Cancer cells actively 

divide less frequently, once every few months to a year [17]. Therefore, damage to the 

cell will not occur in the absence of mitosis with mitosis-specific agents [39]. Currently, 

agents targeting the microtubule still serve to be the most common, as they work by 

promoting apoptosis in cancer cells during interphase and mitosis [17, 39, 40]. Albeit 

successful, their inability to discriminate between a normal cell and a cancerous cell still 

serves to be problematic [17]. Emerging therapeutic strategies in the future will involve 

using agents against proteins involved in the regulation of centrosomes, thereby targeting 

the genomic instability that is particular to cancer cells [17]. 

 
1.2 The Centrosome 

The centrosome is an organelle that was discovered over 100 years. In 1876, Edouard 

van Beneden discovered the centrosome and Theodor Boveri gave it the name 

“centrosome” [41]. Boveri and van Beneden independently noticed that the centrosome 

appeared to be the main organizer of the cell during division [42]. Boveri conducted an 

experiment that involved using double fertilization to result in dispermic sea urchin eggs, 

which subsequently led to a multipolar mitosis and multiple centrosomes [43]. These 

observations led him to believe that tumors may be a result of these increased number of 

centrosomes [43]. Around the same time, Gino Galeotti and David von Hansemann saw 

that abnormal mitoses were prevalent in cancer cells [44]. These early observations have 

set the stage for the current research that exists today on centrosomes.  
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The centrosome is the main microtubule organizing center in animal cells during 

mitosis and it is responsible for microtubule nucleation and organization. It is involved in 

the regulation of cell motility, polarity, and migration during interphase [45]. The 

centrosome can play different roles in the cell that extends beyond their microtubule 

organizing capabilities such as being involved in signaling, stress response, and the 

transitioning of the cell cycle [46]. Understanding the centrosome is important because 

defects in this structure have been implicated in multiple cancers and diseases [47].  

 

The centrosome consists of two centrioles, a mother and daughter centriole, that are 

positioned orthogonally and surrounded by an electron dense pericentriolar matrix (PCM) 

[45]. Centrioles are made up of nine triplets of microtubules assembled into a cylindrical 

barrel structure [45, 48]. The mother centriole has distal and subdistal appendages that 

are involved in the anchoring of the microtubules [45]. During the onset of mitosis, the 

inner layer of the PCM increases in size [47, 49]. Comprising of hundreds of proteins, the 

PCM primarily serves a role in microtubule nucleation [50, 51]. An important complex of 

proteins involved in nucleation is the g tubulin ring complex (g-TuRC) that serve as a 

template for the microtubules to emanate from [52]. The g-TuRCs are composed of 

approximately 10-14 g-tubulin as well as other proteins [52]. In addition to the g-TuRCs, 

pericentrin (PCNT), and AKAP450 are coiled-coil proteins that are involved in the docking 

of key proteins involved in microtubule nucleation [53].  

 

Although centrosomes are the cell’s main microtubule organizing center, there have 

been several examples that have shown that they can be dispensable and the ability to 

form a bipolar spindle was still feasible. These examples have been shown in fly cells as 

well as cultured mammalian cells [54-56]. For instance, a mutation in Sas-4, a protein 

necessary for centriole replication, resulted in a lack of detectable centrioles in flies [54]. 

Closer examination of mitosis occurring in larval brains revealed that although mitosis 

was slowed down, bipolar spindles were able to be formed [54]. Additionally, the mutants 

underwent the normal development stages all the way up to the adult stage [54]. However, 

the flies died soon after they hatched because they were uncoordinated due to the lack 

of cilia [54]. Additionally, in BSC-1 cells, centrosomes were microsurgically removed 
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before S phase was completed, and bipolar spindles were formed [55]. However, the cells 

would arrest at G1 phase, revealing that the centrosome is required to transition from G1 

phase to S phase [55]. Moreover, in the oocytes from many species including Drosophila, 

mice, and Xenopus, meiotic spindle is formed without the presence of centrosomes [57-

59]. For instance, in mammalian oocytes a functional spindle is formed through 

mechanisms involving chromatin [60]. The organization of the microtubules is mediated 

by the chromatin and molecular motor proteins [56, 60]. Additionally, using laser 

irradiation to destroy centrosomes in CVG-2 cells still allows for a bipolar spindle to form, 

suggesting the utilization of a centrosome-independent pathway [56]. Although cell can 

form bipolar spindles in the absence of centrosomes, they are key players in the 

organization of microtubules. The centrosome is an organelle that has been implicated in 

many diseases, and further investigation of the role that it plays in diseases can bring a 

therapeutic perspective in treatments. 

 

1.2.1 The Centrosome Cycle 
The duplication of centrosomes occurs once per cycle in dividing cells in 

cooperation with the cell cycle. In quiescent cells, the centrioles can lead to the formation 

of cilia or flagella [61]. The key events that occur during the centrosome duplication 

process are: a) centriole disengagement b) procentriole nucleation c) assembly of 

centriole microtubules d) centriole elongation e) centrosome maturation f) centrosome 

separation [62]. During centriole disengagement, the mother and daughter centriole 

separate at the end of mitosis [62]. This is carried out by the serine/threonine protein 

kinase, PLK1 and SEPARASE [62, 63].  

 

To ensure that centrosomes duplicate only once per cycle, the centrioles undergo 

centriole disengagement, a process that separates the mother and daughter centrioles at 

the end of mitosis [62]. After the centrioles are disengaged, a proteinaceous liner, also 

known as “centrosome cohesion”, physically links the two centrioles from interphase to 

early mitosis [62, 64, 65]. The centrosome cohesion is mediated by C-NAP/CEP250  [65]. 

During the G1/S transition, a procentriole is formed adjacent to the pre-existing centrioles 

[62]. The PLK4 protein kinase is known to be a key player involved in centriole duplication 
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[62, 66-68]. Then, CEP192 is involved in the recruitment of CEP152 and PLK4 to the 

centrioles [69, 70]. Then, CEP192 interacts with the cryptic polo box of PLK4, leading to 

the localization switch of PLK4 from enrichment at the centriole to the location of where 

the procentriole will form [69]. PLK4 recruits SAS-6 and STIL, proteins necessary for 

centriole assembly, to the mother centrioles [71-73]. SAS-6 is restricted only to the 

nascent procentrioles and is thought to form a complex with STIL [68, 74]. STIL has a 

direct interaction with CPAP [74]. This cascade of events occurring among the proteins 

is necessary to ensure proper procentriole formation. 

 

The formation of the procentriole is marked by a 9-fold symmetrical cartwheel-like 

structure [75, 76]. Within the cartwheel, a central hub exists as well radial spokes that are 

rotated by 40° [77]. SAS-6 is highly involved in the assembly of the cartwheel structure. 

The homodimerization of SAS-6 leads to formation of oligomers, subsequently leading to 

a ring-like structure [62]. The establishment of the microtubule triplet involves CEP135 

interacting with both SAS-6 and microtubules, forming the physical link [62, 74]. After the 

procentrioles form, the centrioles begin to elongate during S and G2 phase [62]. There 

are multiple factors involved in centriole elongation. CPAP is a key player that is involved 

in the stabilization of the cartwheel structure as well as the recruitment of microtubules 

during elongation [78-80]. The establishment of an interaction between STIL and CPAP 

while being in a complex is essential for centriole elongation [73, 74, 81, 82]. 

Phosphorylation of CPAP at S589 and S595 by PLK4 is necessary for procentriole 

formation and centriole elongation [83]. Elongation of the distal part of the centrioles 

occurs during the G2 phase [62]. This is done by POC5 and OFD1 proteins [84, 85]. 

CP110 is essential for the regulation of centriole length and is localized to the distal part 

of the centriole [68, 78].  

 

During centrosome maturation, the ability for the centrosomes to nucleate 

microtubules gets enhanced through accumulation of g-TuRCs and other maturation 

factors in late G2 phase [25]. In fact, the ability of the centrosomes to nucleate 

microtubules during mitosis increases 7-fold as compared to interphase [86]. The PCM is 

responsible for microtubule nucleation. CPAP is involved in the recruitment of PCM 
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protein around the centriole via its T complex protein 10 domain, the site where tethering 

occurs [87, 88]. Additionally, PLK1 is involved in the initiation of centrosome maturation 

by phosphorylation of target proteins [89]. After centrosome maturation and for the 

duration of mitosis, PLK1 activity is still required as suppression of its activity 

compromises the centrosome’s structural integrity [90]. The last step of the cycle is 

centrosome separation. This occurs in two steps: a) dissolution of the proteinaceous 

linker b) separation of the centrosome [62]. The dissolution of the proteinaceous linker 

occurs during the transition of G2 to M when the protein kinase NEK2 phosphorylates C-

NAP1/CEP250 and ROOTELIN [62]. After the dissolution of the linker, the centrosomes 

move to the opposite side of the spindle pole with the aid of the motor protein, EG5 [62]. 

EG5 generates enough force, allowing the centrosomes to separate [65]. This is a general 

overview of the centrosome cycle and the events that take place and some of the key 

players involved in ensuring its proper execution. 
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Figure 1.3 The centrosome cycle. The centrosome cycle is divided into four stages and 

is in sync with the cell cycle to ensure that duplication occurs only once. Onset of the 

centrosome cycle involves the procentrioles forming in close proximity to the pre-existing 

centrioles resulting in the transition into a cartwheel-like structure. After, the centriole pairs 

undergo maturation through accumulation of pericentriolar material. Lastly, the 

centrosomes separate after duplication is complete.  
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1.2.2 Centrosome Errors and Disease 
Centrosome abnormalities have been linked to several pathologies. Dysfunction in 

centrosomes have been implicated in cancer, polycystic kidney syndrome, obesity, 

infertility, neurological disorders, and other diseases [91]. The abnormalities in 

centrosomes have been associated in a variety of diseases targeting different organs, 

further elucidating the important role it plays in the cell. The etiology of these pathologies 

is a result of the centrosome abnormalities and centrioles.  

 

Centrosome abnormalities have been detected in many types of cancer including 

breast, urothelial, cervical, ovarian, testicular, gastrointestinal, pancreatic, lung, and 

neural cancer [92]. Additionally, these defects have been observed in hematological 

malignancies such as acute and chronic myeloid leukemia as well as Hodgkin’s 

lymphoma [92]. Approximately 90% of the solid tumors are aneuploid, and many tumor 

cells exhibit chromosome instability (CIN) [93]. One of the leading causes of CIN is due 

to centrosome amplification [93]. Centrosome amplification can lead to aneuploidy in a 

two-step mechanism which involves the formation of a multipolar spindle and the 

maintenance of this error in the transition to a bipolar spindle [93]. The modification leads 

to abnormal kinetochore microtubule attachments, subsequently leading to chromosome 

segregation errors and aneuploidy [93]. There are two categories that centrosomal 

aberrations can be placed in: structural and numerical defects [44]. Examples of structural 

defects can include aberrations in the centriole structure and the PCM size and numerical 

defects include centrosome amplification [44].  

 

Cancer cells have adapted mechanisms to continue to thrive and divide with 

multiple centrosomes, where loss of control would prove to be detrimental to the cell and 

affect cell viability. Some of these mechanisms include the activation of the centrosome, 

centrosome loss, and centrosome clustering [44]. The most prominent mechanism is 

centrosome clustering and this mechanism has been observed in many cell types [44, 

94-97]. In regard to therapeutics, drugs targeting centrosome clustering can prove to be 

advantageous [98]. In BT-549 cells, a breast cancer cell line containing supernumerary 

centrosomes, a screening was conducted to search for molecules that impeded 
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centrosome clustering and led to mitotic arrest [98]. A compound called CCCI-01 was 

found to show selective toxicity to only the BT-549 cells as opposed to a normal mammary 

epithelial cell line [98]. Although there have been many links between centrosomes and 

tumors, it remains controversial whether centrosomes can induce the formation of tumors. 

It remains a question on whether the existence of multiple centrosomes that occur results 

in the development of cancer or if it plays a secondary role [99-101]. Although tumor cells 

with aberrations in centrosomes have abnormal chromosome numbers, there is no direct 

evidence that it is causal [99]. Supporting evidence that centrosome amplification can 

lead to tumorigenesis was seen in Drosophila [102]. Fly lines overexpressing Sak, the fly 

ortholog of PLK4, resulting in supernumerary centrosomes were used [102]. In the 

somatic cells of these flies, cell division was normally occuring with the centrosomes 

being clustered [102]. However, when larval brains containing supernumerary 

centrosomes were transplanted into wild-type flies via injection, it resulted in the formation 

of tumors [102]. Indeed, the relationship between cancer and centrosomes is quite 

complicated. However, ongoing research exploring their links can potentially open new 

possibilities when it comes to treatment.  

 

Additionally, defects in the formation and function of cilia contribute to many 

diseases [103]. Cilia are projections from the cell surface that are comprised of 

microtubules and centrioles [104]. Centrioles make up basal bodies, which give rise to 

cilia and flagella [104]. Motile and nonmotile cilia are the two types of cilia that exist and 

are involved in different processes [105]. Motile cilia can be found in the epithelial cells 

while nonmotile cilia can be found in specialized sensory structures [105]. There are 

several diseases that can be attributed to defects in cilia. These diseases can be 

classified as ciliopathies and they include: Joubert syndrome, orofaciodigital syndrome, 

polycystic kidney disease, and renal dysplasia [103]. 

 

Abnormalities in centrosomes can also play a role in male fertility. A comparison 

in sperm motility revealed immotile sperm had a higher proportion of centriolar defects 

and absence of centrioles as opposed to motile sperm [106]. For instance, in patients 

who had defects in the centriolar protein, CEP135 played a role in male infertility [107]. 
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Additionally, patients with globozoospermia, a condition that leads to a loss of a functional 

acrosome, exhibited reduced aster formation [107]. This abnormality can be linked to a 

defective centriole [107]. In conclusion, centrosomes have been implicated in a wide 

range of diseases from cancer to infertility. Therefore, understanding diseases in the 

context of centrosomes could be important in finding therapeutic solutions. 

 

1.3 Mitotic Spindle 

Mitosis is highly dependent on a properly functioning mitotic spindle to warrant a 

normal cell division. The mitotic spindle is primarily composed of microtubules, the major 

structural component, as well as a myriad of proteins [108]. Proteins found on the mitotic 

spindle include motor proteins and microtubule-associated proteins [109]. The motor 

proteins, dynein and kinesin are essential in regulating polymerization and microtubule 

length to facilitate the movement of chromosomes [108]. Notably, microtubule-associated 

proteins bind to microtubules and are involved in spindle assembly [110]. Together, these 

proteins aid in establishing a bipolar spindle [108]. The formation of microtubules is 

commenced by the g-TuRCs [108]. Dimers of a and b tubulin polymerize to form 

microtubules and they are arranged to build protofilaments in a parallel manner [111]. In 

fact, 13 protofilaments make up the microtubule [111]. The a and b dimers are organized 

asymmetrically where one end of the microtubule has the b tubulin exposed and the 

opposite end has the a tubulin exposed, forming the plus and minus ends respectively 

[112]. Moreover, the rate of growth varies among the two ends where the plus end grows 

more rapidly therefore executing different functions for the microtubule ends [112].  

 

Assembling of a bipolar spindle requires three types of microtubules: kinetochore 

microtubules, aster microtubules, and non-kinetochore microtubules [108]. Kinetochore 

microtubules are required for the attachment of chromosomes to the mitotic spindle while 

aster microtubules are involved in the positioning of the spindle [108]. The non-

kinetochore microtubules give the spindle stability and the opposing sliding forces allow 

for the movement of the chromosomes to opposite poles [108]. In conclusion, many 

components are involved in the formation of a functional spindle. 
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1.3.1 Spindle defects 
As the establishment of a bipolar spindle is a highly coordinated process, there are 

several defects that can result in a loss of bipolarity, consequently resulting in monopolar 

or multipolar spindles. Abnormalities in the spindle can be the result defects in motor 

proteins, centrosomes, spindle pole integrity, microtubule dynamics, and kinases [109, 

113]. For instance, inhibition of the molecular motor protein Eg5 with treatment with 

monastrol results in monopolar spindles exhibiting unseparated centrosomes [114]. 

Typically, Eg5 is involved in centrosome separation through its sliding of microtubules of 

opposite polarity [114]. However, abolishment of Eg5 prevents this force consequently 

resulting in a monopolar spindle [114]. Additionally, interfering with the stability of the 

microtubules can lead to spindle defects [109]. For instance, overexpression of the 

microtubule destabilizing protein XKCM1 results in an increase in the frequency of 

monopolar and monoastral spindles [115]. Depletion CDK11, a protein kinase involved in 

centrosome maturation, leads to monopolar spindles [116]. Additionally, centrosome 

amplification and the loss of accurate kinetochore-microtubule attachments can lead to 

multipolar spindles[113]. In sum, there are multiple factors that lead to spindle defects.  

 
1.4 RNAs are Associated with the Mitotic Apparatus 

RNAs have been implicated in the regulation of mitosis. A hint that translational 

regulation was occurring at the mitotic apparatus was elicited by ribosomes being in close 

proximity with microtubules through classical electron microscopy experiments [117]. 

Furthermore, previous studies have reported that RNA is concomitant with proteins 

involved with the proper execution of mitosis [118, 119]. For example, RNA is required 

for stimulating the activity and localization of AURKB kinase and involved in the trafficking 

of SURVIVIN and INCENP, components of the chromosomal passenger complex [118-

120]. In fact, treatment with RNase led to a half-fold decrease in the capability for AURKB 

to phosphorylate its protein target, MCAK [119]. Additionally, an effort to find mRNAs that 

were associating with microtubules identified a subset of mRNAs that were enriched, as 

depicted by microarrays performed on frog and human extracts [121]. The mRNAs that 

encoded proteins involved in mitosis and DNA replication were over-represented [121]. 

Due to the limitations of microarrays, a RNA-seq approach was later used to reveal the 
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microtubule-interacting transcriptome in frog extracts [122]. This study identified novel 

genes that were associating with the microtubules and implicated in mitosis [122]. In 

conclusion, these findings suggest that RNA plays a role during mitosis. 

 
1.4.1 mRNA Localization and Mitosis 

Localized mRNAs have been found to be associated with the mitotic apparatus 

structures including the centrosome and spindle [122-127]. The first discovery of a 

localized mRNA at these sites was found in syncytial-staged Drosophila melanogaster 

(D. melanogaster) embryos [128]. Cyclin B mRNA was delimited to the centrosomes 

[128]. Additionally, xbub3 and cyclin b1 were found to be enriched to the centrosomes 

and microtubules of Xenopus oocytes [124]. Screening approaches in D. melanogaster 

and human cell lines have also identified several candidates showing enrichment to the 

centrosomes, spindle, and astral microtubules [125, 127]. However, the significance of 

these mRNAs at these sites remains largely unknown. The next sections will delve into 

the current knowledge involving mRNA localization. 

 
1.5 Overview of mRNA Localization 

The trafficking of mRNAs to different parts of the cell is a mechanism that has been 

utilized to restrict transcripts to a particular subcellular compartment. Previously, this 

notion has been seen as a rare phenomenon. However, in recent years, there have been 

many examples of localized mRNAs that have emerged, highlighting its common 

occurrence in a diverse range of species and cell types. The significance of RNAs first 

came about in the study of development. It was suspected that cytoplasmic determinants 

were involved in the development of Smittia embryos [129]. Directing UV radiation to the 

anterior region of the cytoplasm of the egg resulted in an induction of an abnormal double 

abdomen phenotype, suggesting that there factors in the cytoplasm influencing its 

development [129]. To get a clearer picture of specific cytoplasmic determinants, 

treatment with different enzymes including RNase, trypsin, and DNAse I were used as an 

attempt to disrupt embryonic patterning [130]. Only RNase application resulted in a 

double abdomen phenotype, suggesting the involvement of RNA as a determinant of 

developmental progression [130]. These initial experiments showed that the cytoplasmic 
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determinants were involved in embryonic development, opening a new angle on the 

significance of RNA. These findings were later followed by the discovery of the first 

instance of a localized mRNA in ascidian during development [131]. Actin mRNA was 

enriched in different cytoplasmic regions including the myoplasm, ectoplasm, and 

endoplasm in eggs and embryos [131]. From revealing RNA as an important regulator of 

development to finding the first localized RNA, thus far there have been growing 

examples of its localization in diverse cell types and organisms.  

 

1.5.1 The Conservation of mRNA Localization  
Localized mRNAs have been found in a variety of species, cell types, and 

subcellular compartments. As mentioned earlier, the initial finding of subcellular trafficking 

of mRNAs was revealed by the Actin in the developing eggs and embryos in ascidians 

[131]. During this period, localized mRNAs were found in a diverse range of species. 

Some examples include: the concentration of ASH mRNA to the bud tip of the daughter 

cell to prevent mating type switch during anaphase in yeast, the enrichment of b actin to 

the cell protrusion of chicken myoblasts and fibroblasts, and the distribution of transcripts 

along the axes of developing eggs in fruit flies and frogs [132-139] (Figure 1.4). In addition 

to fungi and animals, localized mRNAs have also been found in plants, bacteria, and 

protists [140-145]. During differentiation in amoebas, the a and b tubulin, flagellar 

calmodulin, and class I mRNAs are localized at particular regions during the formation of 

the basal body [141]. Assessing the spatial distribution of mRNAs in Escherichia coli 

(E.coli) revealed that the localization of the mRNA was coincident of that of the protein 

[146]. There was a consensus that transcripts that were concentrated to the inner 

membrane had protein products that exhibited localization to the membrane, whereas 

cytoplasmic transcripts had protein products that were enriched in the cytoplasm [146]. 

Moreover, in rice endosperm cells, prolamine and glutelin mRNAs were found to be 

distributed to the endoplasmic reticulum [143]. These incidences of evidence of localized 

mRNAs in all kingdoms of life further emphasizes its importance as a widespread 

phenomenon that occur for cell function. 
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In fact, mRNA trafficking is important for proper function of many cell types 

including oocytes, cancer cells, neurons, and kidney cells [147-151]. Additionally, the 

localization of mRNAs in neuronal cells is important for its development and behavior as 

well as responding to external factors [150]. The coincidence of the mRNA and protein in 

neurons is essential for carrying out tasks that require a rapid increase in the 

concentration of proteins [150]. For instance, one study found that approximately 400 

mRNAs exhibited localization to the dendrites of rat hippocampal neurons [151]. 

Moreover, the distribution of mRNAs leads to cell polarity during development. For 

instance, the localization of different maternal mRNAs has been found in oocytes and 

embryos including the bicoid (bcd), gurken (grk), and oskar (osk) in Drosophila as well as 

b actin and deleted in azoospermia-like (Dazl) in the mouse [132, 133, 148, 152]. These 

examples depict the versatility of dispersed mRNAs among diverse cell types. 

 

The precise targeting of localized transcripts has been reported in different 

subcellular compartments including the pseudopodia, mitotic apparatus, mitochondria, 

dendrite, and endoplasmic reticulum [121, 122, 151, 153-155]. Fractionation studies in 

migrating fibroblasts showed several transcripts enriched to the cell extremities in 

response to stimuli in NIH/3T3 cells [155]. Additionally, yeast mRNAs that encode 

proteins that are subunits of ATP synthase biogenesis appeared to localize near the 

mitochondria, as revealed by strong punctuate structure in fluorescence in situ 

hybridization (FISH) experiments [153]. In another instance, the bound mRNA from the 

rough endoplasmic reticulum was isolated as part of a search for mRNAs that encode 

membrane and secreted proteins during fly embryogenesis [154]. A complementary DNA 

(cDNA) library was prepared downstream and was used to perform RNA in situ 

hybridization, revealing a variety of expression patterns in the embryo [154]. Overall, the 

discoveries of mRNA enrichment to different subcellular compartments/cell types 

conveys the prevalence of the mechanism. 
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Figure 1.4 Targeting of mRNAs is a conserved process in a diverse range of 
species. Here are some examples of localized mRNAs. (A) Ash1 mRNA is localized to 

the bud tip in yeast. (B) Bcd and osk mRNA are localized to the anterior and posterior 

respectively, while grk is enriched to the anterodorsal corner in the Drosophila oocyte. (C) 
Vg1/vgt mRNA is localized to the vegetal cortex in the Xenopus oocyte. (D) b actin mRNA 

is localized to the cell extremities of chicken fibroblasts.  

 
Adapted from: Bovaird S, Patel D, Padilla JA, Lecuyer E. Biological functions, regulatory 

mechanisms, and disease relevance of RNA localization pathways. FEBS Lett. 

2018;592(17):2948-72. 
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1.5.2 Advantages of Trafficking mRNAs 

Although there are mechanisms that exist including the secretory and endocytic 

pathways for trafficking proteins to their final destination in the cells, there are several 

advantages in localizing RNAs [156]. First, the mRNA can be directed towards and 

enriched to its subcellular destination with precise timing, which can serve to be very 

beneficial for the cell [157]. The ability to localize mRNAs in a timely manner in response 

to extracellular signals and undergo local protein synthesis is crucial in cells, as 

highlighted in neuronal cells [158-162]. For example, tetanic stimulation leads to an 

increase in newly synthesized CAMKII protein to the distal part of the dendrites [160, 162]. 

CAMKII is involved in synaptic plasticity [160, 162]. Second, targeting a mRNA molecule 

is economical, considering that a single mRNA can undergo hundreds of rounds of 

translation [163]. This is beneficial bearing in mind that it is more efficient to localize 

transcripts and translate them locally rather than trafficking the newly synthesized 

proteins to the destination site [157, 164]. There have been several examples of mRNAs 

that undergo local translation. A large scale-screen to find genes that encoded 

subcellularly localized mRNAs in fly embryos showed several of striking examples of 

mRNAs and their respective proteins showing similar localization patterns [125]. 

Furthermore, a co-translational mechanism is required for the recruitment of PCNT to the 

centrosomes in HeLa cells [123]. Third, the delimiting of transcripts reduces the risks of 

mistargeting proteins and prevents them from going to areas of the cells where they can 

serve to be toxic [165]. For instance, MBP is rather sticky and its presence into unwanted 

areas of the cell can lead to aggregation [165]. Therefore, it is more beneficial to target 

its mRNA to the distal parts of the oligodendrocytes [165]. In a similar manner, the ectopic 

localization of nos to the anterior region leads to abnormal embryogenesis in flies, 

consequently resulting in the development of a second abdomen [166]. Fourth, targeting 

mRNAs of the same complex can result in more efficient complex assembly [167]. For 

example, the differentiation of amoebas into swimming flagellates required the co-

localization of a group of mRNAs to the cell periphery [141]. In chicken fibroblasts, it has 

been shown that the mRNAs for the subunits of the Arp2/3 complex all colocalize to the 

cell protrusions [168]. Mathematical modeling have showed that within a cell, the 

proximity between the mRNAs determines the chances of protein interactions [167]. 
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Therefore, having localized mRNAs would be favorable when forming complexes due to 

an increased rate of interactions [167] Lastly, localizing mRNAs can also have coding-

independent functions. The vegt mRNA and xlsirts non-coding RNA serve to hold together 

the cytokeratin network of the vegetal cortex in frog oocytes [169]. The retention of Cat2 

transcripts in the cell nuclei of mouse hepatocytes is released during conditions of stress 

and is cleaved to form a protein-coding version that can be translated [170]. Another 

example is the zygotic mRNAs that are kept in the nuclei when treated with DNA 

damaging reagents, subsequently preventing the translation of these mRNAs [171]. 

Furthermore, Ube3a in mice hippocampal neurons was found to regulate miRNAs during 

neuronal development [172]. The examples mentioned emphasize the many reasons of 

why it is more beneficial to localize mRNAs to specific regions in the cell. 

 
1.5.3 Mechanisms for Localizing mRNAs 

A single mRNA molecule can exhibit two fates after transcription: it can be 

translated immediately, or it has the potential of being transported to its subcellular 

destination and be translated locally where it is required. There are cis regulatory motifs 

(CRMs) residing within the mRNA molecule that RNA binding proteins (RBPs) recognize. 

Together, the ribonucleoprotein complex (RNP) is transported out of the nucleus and into 

the cytoplasm where the RNA complex moves towards its final destination. The following 

mechanisms have emerged in trafficking mRNAs: 1) directed transport 2) cytoplasmic 

diffusion followed by trapping and 3) generalized degradation and local protection (Figure 
1.5) [157, 173-175]. 

 
1.5.3.1 Directed Transport 

The most common way to deliver mRNAs is by directed transport along 

cytoskeletal networks [157, 173, 174]. The RNP complex can be brought to its destination 

by utilizing the cytoskeletal networks: actin microfilaments and microtubules [175]. The 

network that is used is contingent on the distance the mRNA needs to travel [175]. 

Generally for shorter distances, the mRNA utilizes actin microfilaments for travel, whereas 

for longer distances, microtubules are employed [175]. For the transport of mRNA along 

microtubules, kinesin, kinesin-like, and dynein motor proteins are used, while for transport 
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along the actin microfilaments, the myosin-based motor proteins are utilized [175]. One 

of the earliest examples of a cytoskeletal network dependent pathway was the localization 

of vg1 to the vegetal cortex during oogenesis in frogs [176]. Interestingly, the treatment 

of oocytes with nocodazole, a drug that depolymerizes microtubules, disrupted the 

translocation of vg1 [176]. However, treatment with cytochalasin B, a drug that inhibits 

actin microfilament polymerization, did not affect the localization of vg1 but interfered with 

its tight distribution [176]. These results suggest that both microtubules and actin 

microfilaments are involved in the localization of vg1 [176]. On the other hand, in the 

fibroblast cells of chicken embryos, treatment with cytochalasin D, a drug that inhibits 

actin microfilament polymerization, disrupted the distribution of Actin to the periphery 

[177]. These findings suggest an actin microfilament dependent mechanism [177]. 

Looking into mRNAs such as run, wg, and ftz in the cellular blastoderm of fly embryos 

showed that the pre-injection of colcemid, a microtubule-depolymerizing dug, disrupted 

the apical localization of these mRNAs [178]. In addition, injecting an anti-dhc (dynein 

heavy chain) antibody affected the localization of the mRNAs, suggesting that dynein is 

the motor protein responsible for the proper distribution of the mRNAs [178]. Disruption 

of par-1 in fly oocytes results in the disorganization of microtubules, subsequently 

perturbing the localization of osk to the posterior region of the oocyte [179]. Additionally, 

disrupting rab11 expression in fly oocytes, which affects microtubule orientation results in 

abnormal osk localization [180]. Mutations in tropomyosin II, a motor protein that travels 

along the actin microfilaments, results in a loss of osk mRNA localization to the posterior 

part of the oocyte [181]. More recently, a study found that the recruitment of pcnt mRNA 

to the centrosomes is microtubule dependent with the aid of dynein motor proteins in 

HeLa cells [123]. Treatment with ciliobrevin D, an inhibitor of dynein, or nocodazole, a 

microtubule depolymerizing drug, both disrupted pcnt mRNA localization [123]. The 

examples mentioned above all elucidate the importance of the cytoskeletal system along 

with the respective motor proteins in localizing mRNAs. 

 
1.5.3.2 Cytoplasmic Diffusion Followed by Trapping 

The distribution of mRNAs can also occur by the diffusion of transcripts into the 

cytoplasm and becoming trapped at the anchor, subsequently leading to its enrichment 
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at a particular region [157, 173, 174]. The localization of zorba and vg1 in zebrafish oocyte 

occur due to diffusion followed by entrapment at the animal pole in an actin and 

microtubule independent manner [182]. Additionally, nanos mRNA is localized by 

diffusion to the posterior part of the oocyte in flies [183]. Live imaging revealed that the 

displacement of nanos from the nurse cells to the posterior region is achieved by the 

diffusion of transcripts and entrapment of the mRNAs to the germ plasm, where the germ 

plasm serves to be an anchor [183]. Xcat2, xlsirts, and xwnt11 in frog oocytes also 

undergo a similar mechanism [184, 185]. Taken together, these examples show that the 

entrapment of mRNAs is a mechanism utilized to localize mRNAs to a specific 

compartment. 

 
1.5.3.3 Generalized Degradation and Local Protection 

While undergoing localization, transcripts that do not have protection elements can 

be subjected to degradation [157, 173-175]. The concentration of hsp83 mRNA to the 

posterior pole of fly embryos is achieved through this mechanism, as ones that do not 

reach the posterior pole are eliminated [186]. For instance, maternal effect mutations in 

genes that are components of the posterior polar granule leads to the degradation of 

hsp83, suggesting they serve a role in the protection of the mRNA [186]. Additionally, 

determinants located in the cis-acting elements of the mRNA determine whether it will be 

targeted for protection or degradation, as shown in both nanos and hsp83 mRNAs [187, 

188]. In the case of nanos, only 4% of it is localized to the posterior pole in the fly embryo 

while most of it remains scattered in the cytoplasm [189]. The decay of nanos is 

dependent on whether Osk protein prevents the binding of Smaug to the 3’UTR of nanos 

[189]. However, the binding of Smaug leads to the recruitment of the Ccr4-Not complex, 

which leads to deadenylation and eventual decay of nanos [189]. 
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Figure 1.5: Mechanisms for mRNA localization. The mRNAs are trafficked to the 

subcellular destination with the aid of RNA binding proteins. These are three ways in 

which RNAs are transported. (A) Random diffusion with localized entrapment. (B) 
Transport along cytoskeletal networks. (C) Generalized degradation and localized 

protection.  
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1.5.4 mRNA localization Elements 
The transport of mRNAs requires localization elements (LEs) that RBPs can bind 

to which determine the destination of the mRNA (Figure 1.6). This association 

subsequently leads to enrichment to a subcellular compartment (Figure 1.6). The LEs 

are usually found in the 3’UTR, but they can also reside in the coding region or in the 

5’UTR [157]. The length of the LEs can range from a few to a several hundred of 

nucleotides [157, 190]. The LEs can be defined by the primary sequence as well as the 

second/ tertiary structures. There have been many LEs that have been revealed for 

several mRNAs.  

 

One of the earliest defined LE was involved in localizing the bcd mRNA to the 

anterior region in fly oocytes and b actin to the cell periphery in chicken embryo fibroblast 

cells [191, 192]. By utilizing transgenes with deletions within the 3’UTR, several bicoid 

localization elements (BLEs) were revealed in D. melanogaster [134]. Interestingly, the 

bcd oligomerizes forming a stem-loop and this secondary structure is required for the 

RBP Staufen to bind to it and distribute it to the anterior pole [193]. Additionally, monitoring 

the b-galactosidase activity of different b actin chimeras revealed a 54-nucleotide and 43-

nucleotide LE in chicken fibroblasts [191]. Targeting oligonucleotides against the 

identified LEs prevented the trafficking of b actin mRNA and affected the cell morphology 

[191]. In the case of ASH1 in yeast, it contains four localization elements required to 

transport the transcript to the bud tip of the daughter cell [194]. The localization elements 

E1, E2A, and E2B reside in the coding sequence and E3 is in the 3’UTR [194]. The 

localization elements E1 and E3 can form stem-loop containing secondary structures, 

while mutations interfering with these structural features prevent the proper localization 

of ash1 [194, 195]. Additionally, the targeting of vg1 to the vegetal pole requires a 340-

nucleotide sequence located in its 3’UTR in frog oocytes [196]. Similarly, fatvg also shows 

localization to the vegetal pole in frog oocytes, which is mediated by a 25-nucleotide 

sequence residing in its 3’UTR [197]. Even though vg1 and fatvg exhibit a similar 

localization pattern, the sequences of the LEs were not conserved between the two 

mRNAs [197]. Furthermore, localizing osk during fly oogenesis requires its 3’UTR and 

different parts of this region were involved in distinct processes [198]. Mutations in these 
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regions led to defects including compromised movement to the oocyte, increased 

localization to the anterior region, and impaired concentration of transcripts [198]. 

Additionally, a 547-nucleotide sequence was found in the 3’UTR of nanos that was 

involved in its localization to the posterior region during fly oogenesis [199]. Remarkably, 

D. melanogaster and D. virilis both had conserved LEs in the 3’UTR of nanos mRNA 

[199]. The LEs that were mentioned are just a few of the increasing number of identified 

LEs as more research is conducted on understanding the elements that aid in governing 

mRNA localization. 
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Figure 1.6 An overview of mRNA localization. mRNA localization is a mechanism 

used in cells to enrich transcripts to specific subcellular compartments. Within mRNA 

transcripts, localization elements exist that RBPs recognize. Together this 

ribonucleoprotein (RNP) complex is exported out of the nucleus and targeted to its final 

destination. There has been evidence of localized mRNAs to different structures 

including the mitochondria, microtubules, and centrosomes.  
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1.6 RNA Binding Proteins 
RBPs are trans-acting factors involved in the post-transcriptional regulation of RNA 

metabolism. They have a myriad of roles including localization, translation, splicing, 

editing, and decay, essentially controlling all aspects of mRNA life cycle [170, 200, 201]. 

Additionally, these factors are evolutionarily conserved, making up approximately 3% to 

11% of the total protein composition in the different kingdoms [202].  

 
1.6.1 Identification of RNA Binding Proteins 

Over the years, many methods have been utilized to capture the repertoire of 

RBPs that exist within the cell. Commonly used were techniques employing ultraviolet 

(UV) crosslinking combined with oligo(dT) purification [203-206]. In brief, UV crosslinking 

was used to preserve the interactions between the mRNA and RBP, and oligo(dT) beads 

were used to precipitate the complexes. To date, approximately 1500 proteins are 

classified as RBPs in humans [207]. Furthermore, a repertoire of RBPs have been 

identified in diverse species including Saccharomyces cerevisiae, D. melanogaster, and 

human cell lines [204-206, 208]. 

 
1.6.2 RNA Binding Domains 

Interaction between the RBPs and LEs residing within the mRNA molecule is 

mediated by one or multiple RNA binding domains (RBDs), facilitating the recognition of 

the target RNA via its primary sequence or secondary/tertiary structures [200]. RBDs 

serve as the functional unit of the RBP. RBPs are subclassified by their RBDs, and some 

of the well-known RBD domains include RNA recognition motif (RRM), K-homology (KH), 

double stranded RBD (dsRBD), Piwi/Argonaute/Zwille (PAZ), and cold shock domains 

[200, 209]. The RRM is the most common among all, found in over 50% of RBPs [209]. 

The modular nature of the RBDs has many advantages such as the recognition of RNA 

with high accuracy, the ability to recognize multiple RNA sequences, and working as 

spacers to facilitate other RBD-RNA interactions [209]. Whereas many RBDs (KH,RRM) 

bind to single-stranded RNA by recognition of the primary sequence, others interact 

preferentially with double-stranded RNA (dsRBD) [210, 211]. 
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1.7 RNA Binding Proteins and Localized mRNAs in the Context of Disease 
The disruption of RNP complexes has been implicated in the context of disease 

[212]. An analysis conducted on 3470 RBPs showed that approximately one-third of the 

RBPs exhibited mutations in different diseases [212]. Some disorders correlated with 

alterations in ribonucleoprotein components include: dyskeratosis congenita (DC), fragile 

X syndrome, talipes equinovarus syndrome (TARP), spinal muscular atrophy (SMA), 

myotonic dystrophy type 1 and 2 (DM1 and DM2), amyotrophic lateral sclerosis (ALS), 

microcephalic osteodysplastic primordial dwarfism, and multisystem proteinopathies 

[212]. Diseases in the nervous system were highly corelated with mutations in RBPs 

[212]. Albeit the research is ongoing, there have been many discoveries bridging RBP 

and localized RNAs with different diseases. Therefore, understanding how the proper 

function of this multifaceted entity serves to ensure cell harmony is significant when it 

comes to the treatment of various types of pathologies. 

 

1.7.1 Ribonucleoprotein Granules 
To better understand the association of RNP complexes with disease, one needs 

to appreciate RNP granules that exist within all cells. RNP granules are higher order, 

membraneless structures residing in the nucleus and cytosol, composed of RNA-protein 

assemblies that are involved in different parts of RNA metabolism [213, 214]. There are 

several types of RNP granules found in the cell comprising of stress granules, Cajal 

bodies (CBs), paraspeckles, P-bodies, and neuronal granules [215]. Formation and 

maintenance of these entities is mediated by liquid-liquid phase separation (LLPS) 

[kitigawa216]. Granules are prone to responding to stress, thereby influencing its 

features, including function, morphology, and size [216]. For example, in moments of 

stress, structural alterations leading to the reorganization of CB factors occurs when 

subjected to UV-C irradiation [217, 218]. In other cases, specific RNP granules only exist 

in diseased cells, consequently disrupting cellular metabolism [216]. A particular one that 

will be mentioned more in the next section is the stress granule (SG), owing to its links to 

disease. 
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1.7.2 Stress Granules 

Recently, SGs have garnered a lot of attention due to their strong association with 

disease, prominently in neurodegenerative diseases and cancer [215, 219, 220]. SGs are 

essentially RNPs composed of RBPs, non-RBP proteins, mRNAs, and accompanying 

initiation factors that did not undergo translation [215]. For instance, a screening 

conducted in human cells lines revealed several RBPs that were localized to stress 

granules upon exposure to arsenite treatment or heat shock [221].  During instances of 

cellular stress, the formation of stress granules arises as a result of impaired translation 

[215, 222, 223]. Moreover, they aid in coping and recovery, and their disassembly occurs 

when more favorable conditions transpire [215, 222]. Mutations in the SG pathway have 

been linked to disease, and a large number of the ones that were found were RBPs [215]. 

For instance, exhibiting mutations in TAR DNA-Binding Protein 43 (TDP-43) have been 

linked to neurodegenerative diseases including ALS [224]. In conclusion, RNP granules 

are implicated in disease, and it would be important to continue to explore how these 

complex structures function in the cell. 

 
1.7.3 Aberrant Localization of mRNAs 

RNAs have also been implicated in different pathologies. For example, an attempt 

to understand how cancer cells invade revealed that RAB13 and NET1 RNAs concentrate 

to the front part of the leader cells in spheroids of breast cancer cells [147]. Using 

antisense phosphorodiamidate morpholino oligonucleotides against RAB13 and NET1 

RNAs impeded the ability to invade, emphasizing the importance of the enrichment of 

RNAs in the leader cell [147]. Similarly, another study utilized Boyden chamber-based 

method and reported several mRNAs being localized to the cell protrusions of the MDA-

MB-231 cancer cell line [225]. In the case of C9ORF72, a repeat expansion in the non-

coding region leads to the build-up of toxic nuclear RNA foci, accounting for many cases 

of familial ALS [219, 226, 227]. In short, disruption of both mRNAs and RBPs can lead to 

diseases. 
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1.8 mRNA Localization in the Drosophila melanogaster 
A prevalent mechanism occurring during D. melanogaster development is mRNA 

localization. The cytoplasmic restriction of transcripts is essential to ensure the proper 

development of the fly. This process has been studied extensively in the oocyte and 

embryo. For instance, the body axes of the developing embryo are dictated by the 

localization events that occur during oogenesis [228, 229]. The main mRNAs that are 

involved in specifying the embryonic axes are osk, nanos, bcd, and grk [229]. Enrichment 

of these mRNAs to specific regions of the oocyte requires LEs that work in trans with 

different RNA binding proteins to get to the required compartment [229]. The localization 

of bcd to the anterior region of the oocyte and the localization of osk and nanos to the 

pole plasm of the posterior region of the oocyte are necessary in the establishment of the 

anterior-posterior axis [229]. Grk is localized to the anterodorsal corner of the oocyte and 

its localization is critical for patterning of the anterior-posterior axis as well as the dorsal-

ventral axis [229]. Transport of osk, bcd, and grk mRNAs are mediated by the RBPs, Egl-

l and Bic-d, using the dynein motor complex on the microtubule cytoskeleton [229]. The 

precise localization of these mRNAs is necessary for embryonic development. As 

aforementioned, ~70% -79% of transcripts showed subcellular localization in embryos, 

exhibiting many patterns, highlighting its common occurrence [125, 230]. Establishing cell 

polarity mediated by mRNA localization is essential during development and the D. 

melanogaster is a great model to utilize.  

 
1.9 The Drosophila Melanogaster as a Model System 

The D. melanogaster is a commonly used model system to understand gene 

function. Thomas Hunt Morgan popularized Drosophila research. Morgan and his 

colleagues initially started using D. melanogaster to understand the chromosomal theory 

of inheritance [231]. After 100 years, Morgan’s work on Drosophila continues to carry on 

today where laboratories all around the world continue to use this model system to study 

all types of biological processes.  

 

The D. melanogaster serves to be an excellent model to understand the function 

of different genes. Considering that 65% of the genes that cause disease in humans have 
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an ortholog in the fly as well as the similarity in tissue function in both systems allow the 

fly model to be a great system to implement when studying different kinds of pathologies 

[232, 233]. There have been assays developed in different systems including but not 

limited to the cardiovascular and nervous system [233]. For example, the cardiac cycle in 

the fly also includes the diastolic and systolic periods like mammals, thus making it a solid 

model to study and conduct assays to gain further insight into the cardiovascular system 

[233]. Additionally, multiple screens have been conducted using the fly model to study 

different biological processes including metastasis, mRNA localization, and the auditory 

response [125, 234-246]. For example, a screen conducted in the eye imaginal discs of 

larvae searched for genes that promoted metastatic behavior by assessing if localized 

tumors spread to other tissues after gene inactivation or in the presence of a mutation 

[237]. Indeed, they found that RasV12/scrib-/- resulted in metastatic behavior, thus giving 

further insight into genes that are involved in the regulation of metastasis [237].  

 

The D. melanogaster originates from the Sub-Saharan region of Africa [247]. To 

date, approximately over 2000 different species of Drosophila were discovered [248]. The 

generation time of the D. melanogaster is relatively short, taking approximately 9-10 days 

for the fertilized eggs to reach adult stage at 25°C and 19 days at 18°C [249]. 

Embryogenesis, as well as the first and second instar larva stages last approximately 24 

hours, while the third instar larva stage lasts 48 hours [249]. Then, the larva undergoes 

metamorphosis and stays in the pupal case for 4-5 days [249]. During this stage, most of 

the tissue from the embryonic and larval tissues is destroyed and the 19 imaginal discs 

give rise to adult structures such as the wings [249]. After, the adult flies hatch from the 

pupae and reach sexual maturity in approximately 8-12 hours [249]. This cycle is then 

repeated once again. Further details regarding the development of the Drosophila will be 

mentioned in sections 1.9.2-1.9.4. Having a short generation time, a compact genome of 

approximately 13000 protein-coding genes, a high percentage of orthologous genes to 

humans, low cost, the diversity of diseases that can be studied, and the ease at which 

they can be cultured in the lab alludes the D. melanogaster to be a popular and practical 

model system to use [249].  
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1.9.1 The Gal4/UAS System 
The ability to alter gene expression is important in understanding the function of 

the gene. The Gal4/UAS system in Drosophila is a powerful technique that has been 

utilized to result in targeted gene expression and is cell and tissue-specific [250]. Before 

this system was employed, there were other approaches that were used to regulate gene 

expression. The two other techniques that were widely applied were inducible heat shock 

promoters and transcriptional regulatory sequences from specific promoters [250]. 

Although these techniques served the purpose of regulating gene expression, there were 

several drawbacks that had to be addressed. In the case of inducible heat shock 

promoters, they resulted in phenocopies, rendering the mutant phenotypes to be 

indiscernible [251, 252]. The latter technique allowed for targeted gene expression, but 

toxicity from the gene product prevented the formation of stable lines to work with [253-

255].  

 

Because of the caveats mentioned, this allowed for a more practical approach to 

emerge in manipulating gene expression. The GAL4/UAS system utilizes two fly strains: 

a strain with a tissue-specific promoter and a strain carrying a specific gene of interest 

(Figure 1.7) [250]. Since the two fly strains are separate, the parental lines are 

sustainable [250]. Therefore, genes can be activated in a tissue-specific manner to 

understand their functions. This system takes advantage of Gal4 and an Upstream 

Activating Sequence (UAS). Gal4 is a transcriptional activator found in yeast, and it can 

activate gene expression from enhancers [250, 256]. The Gal4 gene is placed under the 

control of a native promoter which controls the expression of the GAL4 protein and 

remains restricted to specific cells and tissues [250]. Additionally, there is a line containing 

the enhancer known as the Upstream Activating Sequence (UAS), that consists of five 

GAL4 binding sites [250]. The gene of interest is subcloned behind the UAS [250]. When 

the two fly lines are crossed, the Gal4 will initiate the transcription of the target genes by 

binding to the UAS [256-258]. The resulting progeny will have restricted expression to 

where Gal4 is expressed, therefore mediating targeted gene expression [250].  
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To induce gene knockdown using the Gal4/UAS system, RNA interference (RNAi) 

is used. RNAi is conserved among different species and has been used as a natural 

defense mechanism against foreign genetic material [259]. This gene regulatory 

mechanism was first discovered in Caenorhabditis elegans (C.elegans) as a way to 

promote gene silencing [260]. In Drosophila, transgenes encoding a double stranded 

RNA (dsRNA) that are complementary to the endogenous gene are located downstream 

of the UAS, consequently resulting in progeny that have undergone gene knockdown 

delimited to a specific compartment when crossed to a fly expressing Gal4 [261]. 

 

The transcription of the hairpin dsRNA results in a complex forming that consists 

of Dicer-2 and R2D2, subsequently leading to the cleavage of the RNAs into short 21-

nucleotide long fragments [261]. The Hsc70/Hsp90 complex are then involved in the 

recruitment of the siRNAs into Argonaute-2 (Ago-2), a major protein involved in the RNA-

induced silencing complex (RISC) [262]. Ago-2 is then responsible for the unwinding of 

the siRNA duplex by the cleavage of the passenger strand, subsequently leading to its 

removal and degradation [261]. This leads to the formation of the active RISC complex 

which is associated with the guide strand [261, 263]. Together, this complex is guided 

towards the complementary RNA resulting in its cleavage and silencing [263]. 
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Figure 1.7 Overview of the GAL4/UAS System. The GAL4-UAS system is used for 

targeted gene expression in the Drosophila melanogaster. To utilize this system, two 

parental lines are employed. The female fly carries GAL4 driver under the control of a 

tissue-specific promoter. In our studies, we used nanos-gal4 to induce expression in the 

female germline. The male fly carries the UAS sequence with the transgenes encoding 

short hairpin RNAs located downstream. Performing the cross results in progeny 

exhibiting a loss of expression in the female germline for the gene of interest. 
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1.9.2 Oogenesis 
During oogenesis, the formation of eggs occurs from the germ cells [264]. The 

process of oogenesis takes approximately 1 week and consists of 14 stages [264] The 

female Drosophila has two ovaries, and it is considered to be the largest organ in the 

female [264]. Each ovary consists of approximately 16-20 ovarioles [265, 266]. An 

ovariole, the functional unit, is made up of germ cells and somatic cells, and is formed 

during larval development [264].The germarium is located in the anterior region of the 

ovariole and serves as the basic unit for the production of the egg chambers, a 

multicellular entity that encapsulates the oocyte [264, 267]. Located at the anterior tip of 

the germarium, approximately 2-3 germline cells divide asymmetrically resulting in a new 

stem cell and cystoblast [264]. The cystoblast then divides four times, via mitosis with 

incomplete cytokinesis, producing a cluster of 16 cystocytes [264]. This results in a cyst 

containing 16 cells, where one of the 16 cells will be selected and differentiated into an 

oocyte, while the rest of the cells will form the polyploid nurse cells [264, 268]. The 

remaining nurse cells play a role in nourishing the oocyte by providing it maternal mRNAs 

and cytoplasmic components [229, 264]. Following the formation of the cyst, follicle cells 

migrate and surround the cystoblast [264]. The egg chambers bud off from the germarium 

and mature as they go down the ovariole, where the most mature eggs that have the 

potential to be fertilized are then located in the posterior end of the germarium [264].  

 

1.9.2.1 Stages of Oogenesis 
Located in the anterior extremity of the ovary, the germarium is divided into four 

regions (1, 2A, 2A, and 3) [269]. In these regions, the cysts form. In region 1, the germline 

stem cells and dividing cysts are present [269]. In region 2B, one of the cells becomes an 

oocyte while the remaining become the accompanying nurse cells [269]. In region 3, the 

cyst exhibits a rounder structure, and it becomes ready to bud off [270]. The region 3 

portion of the germarium, consisting of the follicle cells and cyst is considered a stage 

one egg chamber. Stages 2-7I occur for approximately 2 days, and during this time the 

egg chamber grows [270]. The oocyte nucleus becomes repressed while the nurse cells 

undergo replication and form polyploid nuclei [270]. Follicle cells no longer divide after 

stage 5, and they start to replicate their DNA to form polyploid nuclei [270]. At the onset 
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of stage 8, the oocyte starts to acquire a large mass of yolk, which is required for 

nourishing the potential embryo with nutrients [270]. In stages 10 and 11, nurse cell 

dumping occurs where there is a breakdown of these cells and the cytoplasm is released 

into the oocyte, increasing its volume [271]. After dumping, the nurse cells undergo 

apoptosis [271, 272].  

 

1.9.2.2 Oocyte Selection 
Oocyte selection is dependent on the localization of cytoplasmic determinants, 

movement of the centrioles into the oocyte, and the organization of the microtubules [273, 

274]. The fusome, an organelle that connects the 16 cells of the cyst via the ring canal, 

gives the first signal for oocyte selection [273, 275]. Two of the cells will have four ring 

canals, also known as pro-oocytes, and these two cells will enter prophase of meiosis I 

[276]. On the other hand, the cell that does not differentiate into an oocyte will revert back 

to a nurse cell [276]. Mainly asymmetric distribution of the fusome occurs during 

cystoblast division, as early as the first cystoblast division and continues until the 16-cell 

syncytium is formed [273]. Two of the major players involved in oocyte selection and 

formation of the fusome are the genes, dynein heavy chain and lis-1 [273, 277-279]. The 

fusome and microtubules closely associate with each other as the microtubules are 

necessary for the proper formation of the fusome [273]. Once the fusome is formed, it 

aids in organizing the microtubule cytoskeleton, which is essential for the transport of 

cytoplasmic determinants [273]. The determinants are involved in determining which cell 

will differentiate to form the oocyte [273]. In addition to the fusome, centriole clustering 

and restricted meiosis are involved in influencing oocyte selection [273]. The progression 

of meiosis occurs only in one cell, where Egl and BicD are involved in concentrating the 

“meiosis entry factors” into the selected cell [276]. Furthermore, centriole clustering 

occurs in the selected oocyte [274, 280-282]. All the cells within the cyst have centrioles 

within region 2A of the germarium, however, in region 2B, the centrioles migrate from the 

nurse cells through the ring canals and are enriched into one of the pro-oocytes [274, 

280-282]. The events that have been mentioned are necessary in choosing the cell that 

will differentiate into an oocyte.  
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1.9.3 Spermatogenesis 
The testis is involved in the production of the sperm in Drosophila throughout the 

life of the fly, and spermatogenesis occurs immediately after meiosis [283]. Stem cells 

are responsible for the maintaining spermatogenesis, where a few of them divide 

asymmetrically once every 24 hours [284]. Asymmetric division of the stem cells results 

in two cells: a gonialblast and a cell that preserves the stem cell features [284]. The 

gonialblast, which is also known as the daughter cell, will go on to differentiate into mature 

sperm that has the potential to take part in the fertilization process [284]. Within the 

germline, the gonialblast undergoes 4 rounds of mitosis and 2 rounds of meiosis, resulting 

in 64 haploid spermatids that are interconnected [283, 284]. Lastly, the spermatids exhibit 

maturation and elongation, a process known as spermiogenesis, to form sperm and are 

trafficked to the seminal vesicle [283, 284]. Following elongation, the nuclei undergo a 

transformation in the nuclear shape, where the nuclei become thinner and the chromatin 

undergoes condensation [283]. Finally, the mature sperm undergo individualization, 

where actin cones form around the nuclei in the spermatid cyst [283]. Each sperm cell will 

be encapsulated within its own plasma membrane [283]. After the formation of mature 

sperm, they are trafficked and stored in the seminal vesicle until they are required for 

fertilization [283, 284].  

 

1.9.4 Embryogenesis  
Embryogenesis in D. melanogaster has been extensively studied and has provided 

a lot of insight into the development of other organisms. It occurs relatively quickly, lasting 

approximately a day [249]. After fertilization, the embryo undergoes a series of 13 rapid 

and synchronous nuclear divisions without cellular division resulting in a massive 

cytoplasm called the syncytium [285]. Synchronization of the nuclear cycles is governed 

by the mitotic waves of Cdk1 activity [286]. The first 13 nuclear divisions last 

approximately 8-10 minutes and gradually slow down to 18 minutes [286, 287]. Due to a 

lack of gap phases and short S phases, the first 13 nuclear cycles occur rather quickly 

and take a total of approximately 2 to 2.5 hours [288]. The nuclei migrate from the interior 

of the embryo to the periphery during nuclear cycle 8 [285]. After the completion of 13 

nuclear divisions, nuclear division stops and cellularization occurs, leading to the 
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formation of a cell membrane surrounding the nuclei during interphase of stage 14 [285, 

289]. These cells are involved in gastrulation, a process where invagination of cells occur 

to produce different germ layers such as the mesoderm and endoderm [285]. During the 

onset of gastrulation, the mid blastula transition occurs where gap phases start to appear. 

Transcriptional waves occur in the embryo, where the mRNAs that are enriched support 

its development, including ones that are involved in establishing a body plan [290]. 

 

During the earlier nuclear divisions, the embryo remains transcriptionally silent and 

solely relies on loaded maternal mRNAs and proteins that are deposited in the egg during 

oogenesis [288, 290-293]. At this time, the embryo undergoes maternal-to-zygotic 

transition (MZT), spanning the first 13 nuclear cycles [287]. The slow eradication of 

maternal transcripts and activation of the zygotic genome occurs during MZT [290]. 

Zygotic gene activation occurs (ZGA) within 30 minutes after fertilization [125]. During 

nuclear cycles 9 and 14, a minor and major wave of zygotic genome activation occurs 

[287]. Initially, the egg activation is involved in the destabilization of a subset of maternal 

mRNAs, accounting for 20% of transcripts while zygotic transcription is involved in the 

degradation of another 15% [290, 294]. By the end of the MZT, approximately 35% of the 

maternal transcripts are eliminated [290]. Upon activation of zygotic genes, additional 

maternal transcripts undergo destabilization and degradation [290, 295].  In conclusion, 

embryogenesis in the D. melanogaster is a highly coordinated process.  

 

1.10 A Summary of Major Findings from the Literature Leading to my Ph.D. 
Project 

Since mitosis is a highly coordinated process, the precise targeting of RNA and 

proteins to the mitotic apparatus is essential for an error-free cell division. While many 

studies have established the key protein constituents involved in mitosis, a lot remains 

unknown about their mRNA counterparts [296]. Nevertheless, it has been established 

since the 1950s that RNAs are components of the mitotic apparatus and that microtubules 

are in close contact with ribosomes [117, 297]. To date, there have been several 

experimental approaches including proteomic, biochemical, and imaging that have 

unraveled the mRNAs and RBPs interacting with centrosomes and microtubules [121, 
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122, 125, 298-301]. For instance, RBPs and mRNAs have been found to be purified in 

extracts from mitotic spindles and centrosomes [299-301]. In a recent proteomics survey 

of proteins associated with the spindle purified from HeLa cells, it was found that close to 

10% contained nucleic acid binding domains, including RBPs [301]. Similarly, imaging 

efforts have revealed numerous mRNAs and RBPs being colocalized to the centrosome 

and microtubules [122, 125, 127, 298]. Though countless examples of RNP constituents 

found at these structures hint that RNAs are indeed a component of the mitotic apparatus, 

their functional relevance and mechanisms remain primarily unknown. Based on the 

supporting evidence, we hypothesized that the proper localization of the 
components of the ribonucleoprotein complexes is important for the regulation of 
mitosis and that interfering with the process will result in mitotic defects.  
 
Aims 
This thesis centers around the implication of localized mRNAs in the regulation of mitosis. 

Thus, we set out to answer the following questions: 

Q1 What are the mechanisms of mitosis regulation due to localized mRNAs? 

Q2 What are the functional roles of localizing RBPs to the mitotic apparatus? 

 

We addressed the following aims to answer Q1 in Chapter 2: 

Aim I Determine if the physical linkage of the genes, cen and ik2 influences centrosomal 

targeting 

Aim II Dissect the localization determinants in cen and ik2 mRNAs 

Aim III Elucidate the mechanism for targeting cen and ik2 mRNAs to the centrosomes 

 
We addressed the following aims to answer Q2 in Chapter 3: 

Aim I Identify RBPs that are localized to the mitotic apparatus structures 

Aim II Perform systematic RNAi to determine which RBPs have mitotic functions 

Aim III Assess the impact of localized mRNAs in mitosis regulation 
 
Together, these data identify a distinct mechanism for centrosomal targeting and provide 

insight into the functions of RBPs during mitosis. 
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Chapter 2 Inter-dependent centrosomal co-

localization of the cen and ik2 cis-natural 

antisense mRNAs in Drosophila 
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2.2 Summary 
Overlapping genes are a striking feature of most genomes, but the extent to which 

this organization influences regulatory events operating at the post-transcriptional level is 

unclear. Studying the cen and ik2 genes of Drosophila melanogaster, which are 

convergently transcribed as cis-natural antisense transcripts (cis-NATs) with overlapping 

3’UTRs, we found that their encoded mRNAs strikingly co-localize to centrosomes. These 

transcripts physically interact in a 3’UTR-dependent manner and the targeting of ik2 

requires its 3’UTR sequence and the presence of cen mRNA, which serves as the main 

driver of centrosomal co-localization. The cen transcript undergoes localized translation 

in proximity to centrosomes and its localization is perturbed by polysome-disrupting 

drugs. By interrogating global fractionation-sequencing datasets generated from 

Drosophila and human cellular models, we find that RNAs expressed as cis-NATs tend 

to co-localize to specific subcellular fractions. This work suggests that post-transcriptional 

interactions between RNAs with complementary sequences can dictate their localization 

fate in the cytoplasm.  

 

2.3 Highlights 
• The cen and ik2 mRNAs, cis-NATs encoded by 3’overlapping genes in D. 

melanogaster, co-localize to peri-centrosomal structures in the cytoplasm. 

• Loss of cen mRNA disrupts the centrosomal targeting of ik2, revealing a co-

dependency in their cytoplasmic localization fate. 

• Centrosomal localization requires the coding region sequence of cen and the 

3’UTR of ik2, with the 3’UTRs of these transcripts mediating their physical 

association. 

• Cen mRNA undergoes localized translation at level of centrosomes and its 

localization requires active translation and intact polysomes. 

• Analysis of subcellular transcriptomic datasets reveals that cis-NAT transcript pairs 

tend to co-localize within the same subcellular fraction. 
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2.4 Graphical Abstract 
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2.5 Introduction 
Overlapping genes, defined as genes that share physical linkage within the same 

genomic locus, are a common feature of viral, prokaryotic and eukaryotic genomes [302]. 

Such genetic units can be sub-classified based on their relative transcriptional orientation 

(convergent, divergent or embedded) and the length of their sequence overlap [303]. 

Genome and transcriptome sequencing efforts in diverse species have identified large 

collections of cis-natural antisense transcripts (cis-NATs) encoded by overlapping gene 

pairs, either coding or non-coding [304-309]. Indeed, convergent antisense transcription 

of protein coding genes is frequently observed across the yeast (>60%) and human 

(>30%) genomes [310, 311]. Moreover, genomic sequence overlap has been found to 

modulate different aspects of gene regulation [312, 313] , including genomic imprinting 

[314], transcription [315-320], RNA editing [321-323], RNA stability [324-326], and 

translation [327, 328]. 

 
The subcellular localization of RNA molecules is an important aspect of post-

transcriptional gene regulation, which involves the precise targeting of transcripts to 

specific regions of the cell [157, 329, 330]. RNA localization is a widespread regulatory 

mechanism, observed in species ranging from bacteria to humans, with functional roles 

in biological processes such as cell motility, embryonic axis establishment and 

asymmetric cell division [157, 173]. Moreover, high-throughput subcellular transcriptomic 

studies, either using fluorescent in situ hybridization (FISH), cell fractionation combined 

with RNA sequencing (CeFra-seq) or recent proximity-dependent RNA labeling 

methodologies, have revealed the high prevalence of RNA localization [125, 331-333]. 

For example, mRNAs are often targeted to precise organelles and subcellular structures 

in developing Drosophila embryos [125]. 

 

The process of RNA localization is generally governed by cis-regulatory elements 

residing within the RNA molecule, which are recognized by trans-acting RNA Binding 

Proteins (RBPs) that help specify the transport route [157, 329]. While trans interactions 

between RNA molecules are also likely to influence intracellular RNA trafficking, this 

paradigm remains poorly explored. In the present study, we characterize an example of 
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two centrosomally localized mRNAs, centrocortin (cen) and IkB kinase like-2 (ik2), which 

are encoded by 3' overlapping genes in Drosophila melanogaster. We find that the 

localization of these transcripts is inter-dependent, with cen mRNA serving to recruit ik2 

to centrosomes in a 3’UTR dependent manner. Our results thus reveal a mechanism of 

cytoplasmic mRNA targeting, mediated by the trans-interactions of distinct mRNA 

species.  

 

2.6 Experimental Procedures 
2.6.1 Drosophila stocks 

Oregon-R (OreR) flies were used as wild-type for all experiments. Nanos-Gal4-

VP16 (NGV), Cenf04787, Cen-RNAi-TRIP and Ik2-RNAi-TRIP stocks were obtained from 

the Bloomington Drosophila Stock Center (BDSC).  D. Simulans, D. Virilis and D. 

Mojavensis flies were purchased from the Drosophila Species Stock Center. GFP-fusion 

transgenes were generated as described below. Embryos were collected 4 h after egg 

laying for D. Melanogaster and D. Simulans flies. Due to longer development times, 

embryos were collected at 7 h after egg laying for D. Virilis and D. Mojavensis flies. 

 

2.6.2 Plasmid Construction 
To produce GFP fusion constructs, the sequences of cen and ik2 were amplified 

by PCR using Drosophila Gene Collection bacterial cDNA clones (ik2= SD10041; cen= 

LD41224) or OreR genomic DNA as template. The cen or ik2 CR+3’UTR, CR or 3’UTR 

segments, or the truncated versions of the ik2 3’UTR, were amplified by PCR with primers 

indicated in Table S1. Purified PCR fragments were digested using the restriction sites 

indicated in the corresponding primer sequences and ligated into the base pGem4-GFP 

vector (sequence available upon request), in order to generate in-frame fusion cassettes 

with the GFP coding region in 5’ to the cen or ik2 sequences. Expression and 

transgenesis vectors were constructed by sub-cloning the GFP-fusion cassettes into the 

pUASP-attB plasmid using the restriction enzymes KpnI or EcoRI/KpnI. All plasmid 

constructs were verified by sequencing. 
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2.6.3 Drosophila Transgenesis 
Column purified pUASP-attB constructs were further cleaned via Na+ 

acetate/ethanol precipitation and resuspended in water at a concentration of 500ng/µL. 

DNA preparations were diluted in 10X injection buffer (1.5M NaCl, 200mM Hepes) and 

injected into the PBac-attP-3B syncytial stage embryos using a Leica DMIL microinjection 

microscope. Given that the pUASP-attB transgenesis vector carries a white allele to 

confer red eye color, the resulting flies were crossed with W118 flies (white eyes) to select 

the transgenic progeny, which were then balanced with the Ly/TM3 Drosophila stocks. 

Transgene expression was induced by crossing pUASP transgenic flies to the NGV driver 

line [334]. 

 
2.6.4 Embryo Viability Tests 

The hatching frequency of OreR, cenf04787, cen-RNAi, and ik2-RNAi embryos was 

determined by counting the number of embryos that hatched on apple juice plates at 25°C 

of a three day time frame. Three independent experiments were conducted, each of which 

had two replicate plates contained 120 embryos each.  
 

2.6.5 RT-qPCR 
Total RNA was isolated from homogenized embryos using TRIzol reagent 

according to manufacturer’s protocol (Life Technologies, Inc). Complementary DNA was 

generated using random hexamers, oligo dT and MMLV reverse transcriptase (Invitrogen) 

using 500ng of total RNA from each sample. Quantitative PCR (qPCR) analysis was 

performed with gene-specific primer pairs (Table S2), using the Power upTM SYBR® 

green Master Mix (Applied Biosystems) on an ABI ViiA7 instrument (Life Technologies, 

Inc). Each reaction was carried out in duplicates and three independent experiments were 

run. RPL32, RPL23, or RPL49 were used as an internal control.  

 

2.6.6 Probe Synthesis For FISH 
DNA templates to synthesize RNA probes were obtained from PCR amplification 

from the Drosophila Gene collection cDNA clones (cen= LD41224, ik2= SD10041). For 

Simulans, Virilis, and Mojavensis flies, templates were made by PCR amplification from 
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cDNA prepared from embryo total RNA samples. The GFP probe template was produced 

by PCR amplification of the GFP sequence. All probe templates were designed to be 

flanked by T7, T3 or SP6 promoter sequences, using the PCR primers listed in the Table 
S3. Each amplified DNA template was gel purified using Qiagen extraction kits and 

ethanol precipitated. From these templates, antisense RNA probes were synthesized by 

in vitro transcription in the presence of Dig-UTP nucleotide labeling mix with T7, T3 or 

SP6 RNA polymerases at 37°C for 4-12h. Transcription reactions were subsequently 

precipitated, dosed and stored at -80°C. 

 

2.6.7 Immunofluorescence and FISH 
Embryos were harvested from population cages, and processed for IF and FISH 

as described previously [125]. Briefly, embryos were harvested, dechorionated with 3% 

bleach, fixed with 4% paraformaldehyde (PFA) in a 25% PBS and 75% heptane mixture 

for 20 min, transferred to a 50:50 methanol:heptane mixture to crack vitelline membranes, 

then stored in methanol at -20°C. 

 

For IF using cen-N-terminal (Dilution 1/25) or g tubulin (Dilution 1/25) antibody, 

stored embryos were rehydrated into PBT (1X PBS, 0.1% Triton-X), they were then 

saturated with PBT + 2% BSA (PBTB) for 1h and incubated with appropriate primary 

antibodies overnight at 4°C on a nutator. After 5 washes with PBTB, samples were 

incubated with appropriate species-specific secondary antibodies for 2h at room 

temperature (RT), followed by an additional series of PBTB washes. The DAPI staining 

was performed during the last PBTB washes, after which the samples were mounted in 

a DABCO solution (2.5% DABCO, 70% Glycerol, 1X PBS). 

 

For the Ik2 antibody, a tyramide amplification protocol was adapted from Perkin 

Elmer. The embryos were washed with PBT for 5 min each time on a nutator. Next, the 

embryos were blocked with PBTB for 1 h on a nutator. Next, the Ik2 antibody (Dilution 

1/5) was diluted in PBTB and the embryos were incubated at 4°C overnight on a nutator. 

The next day, the embryos were washed with PBTB for 5 min each time on a nutator. The 

HRP conjugate antibody (Dilution 1/100) was diluted in PBTB for 1.5 hours. Next the 
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embryos were washed with PBTB for 5 min each time on a nutator. Next, the embryos 

were washed once with PBT and PBS respectively for 5 min on a nutator. Next, the 

embryos were incubated with the Cy3 tyramide antibody (Dilution 1/50). The embryos 

were incubated for 1.5 h. Next, the embryos were washed 6 times with PBS for 5 min 

each time on a nutator. The embryos were counterstained with DAPI (dilution 1/1000) 

during the first wash. Lastly, the samples were mounted with DABCO. 

 

For FISH, embryos were rehydrated with successive washes of methanol, 

methanol:PBT (50:50) and PBT. After another 4% PFA fixation, the embryos were 

washed 3 times with PBT and incubated with 3 µg/mL of Proteinase K in PBT for 10min 

at RT and 1h on ice. Proteinase K was removed and embryos were rinsed twice with 2 

mg/mL of glycine and 3 times with PBT. Embryos were fixed again with 4% PFA, rinsed 

3 times with PBST and once with PBT:hybridization solution (50:50).  In parallel, 100 μL 

per sample of hybridization (Hyb) solution (50% Formamide, 5× SSC, 0.1% Tween-20, 

100 μg/mL Heparin and 100 μg/mL salmon sperm DNA) was boiled at 85°C for 5 min and 

then cool on ice for 5 min. Washes were removed and embryos were pre-hybridized with 

the boiled Hyb Solution at 56°C for 2h in a bead bath. For each sample, ~100ng of probe 

were diluted in 100µL of Hyb solution and boiled at 80°C for 3 min. After 2h, the pre-hyb 

was replaced with the probe solution and the samples were incubated overnight at 56°C 

in a bead bath. The next day, samples were successively washed with Hyb solution, 

Hyb:PBT (75:50,50:50, 25:75) and PBT in the bead bath. Embryos were then saturated 

with PBT + 1% non-fat dry milk (PBTM) for 15 min with shaking on a nutator and incubated 

with a biotinylated mouse Anti-Dig antibody (Dilution 1/400) for 2h in PBTM. After 5 x 8min 

washes, the embryos were then incubated on a nutator at RT with streptavidin-HRP 

reagent (Dilution 1/100) in PBTM for 2h. Finally, following several PBTM washes, the 

samples were incubated with Tyramide-Cy3 (Dilution 1/50) from the TSA Kits (Perkin 

Almer) for 2h, prior to washing them in PBT and their storage in DABCO mounting 

solution. 

 

For single molecule FISH, the embryos were processed as described above, 

consistent with recommendations from a recently published protocol [335]. The main 
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difference was the inclusion of custom fluorescently-labelled Stellaris tiling 

oligonucleotide DNA probes (Table S4) targeting cen and ik2 mRNAs, which were 

designed using the Stellaris Probe Designer tool, and used at a final concentration of 1-

2µM respectively in smFISH hybridization solution (2X SSC, 10% formamide, 10% 

dextran sulfate, 100 μg/mL salmon sperm DNA, 100 μg/mL E.coli tRNA, 2mM BSA, and 

2mM VRC). The embryos underwent one wash in methanol, two washes in a 1:1 mixture 

of methanol and PBT and two washes in PBT respectively for 5 min on a nutator.  Next, 

the embryos were fixed with a final concentration of 3.7% formaldehyde in PBS on a 

nutator for 20 min. The embryos were washed three times with PBT on a nutator for 2 

min each time. Next, proteinase K (3µg/mL) was added to the samples and incubated for 

13 min at RT, inverting the tubes frequently. Next, the samples were placed on ice for 1 

h, and the samples were inverted every 15 min. The embryos were washed twice with 

glycine (2mg/mL) for 2 min each time on a nutator to inactivate the proteinase K. The 

embryos were washed with PBT for 2 min each time on a nutator. Next, the embryos were 

again fixed with a final concentration of 3.7% formaldehyde on a nutator for 20 min. Next, 

the embryos were washed 5 times with PBT on a nutator for 2 min. Next, the samples 

were incubated in prehybridization solution (10% formamide and 2x SSC) for 10 min. 

Lastly, the embryos were placed in hybridization solution. After overnight hybridization of 

embryos at 37°C, the samples were washed with pre-hybridization buffer for 15 min twice 

at 37°C. Lastly, the samples were washed twice with PBS for 1 h on a nutator followed 

by DAPI staining. The samples were mounted with DABCO mounting solution. For 

smFISH experiments on ovary specimens, we followed recently detailed procedures 

[336]. Briefly, ovaries were dissected from well-fed females in PBS, followed by a fixation 

consisting of 3.7% formaldehyde in PBS containing 0.1% DEPC and 1% DMSO on the 

nutator at RT for 1 h. The specimens were then rinsed three times in PBS for 5 min each 

time on a nutator at RT and dehydrated in dilutions successive PBS:ethanol solutions at 

1:3, 1:1, 3:1 and 100% ethanol, with subsequent storage at -20°C. 

 

For RNA-protein co-stainings, IF was performed before the FISH procedure, as 

previously described [171]. After rehydration, embryos were saturated for 20 min at RT 

with PBT containing 50 μg/mL Heparin and 250 μg/mL tRNA. All the antibodies 
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incubations and washes were performed in presence of RNaseOUT (Invitrogen). After IF, 

the fluorescent signal was fixed for 20 min on a nutator at RT with a PBT solution 

containing 10% PFA, then the embryos were washed with PBT and used for the FISH 

procedure.  

 

2.6.8 Microscopy 
Samples were imaged on a Leica DM5500B microscope (Leica Microsystems, 

Canada) equipped with a QImaging Exi Aqua camera (QImaging), on a Zeiss LSM700 

confocal microscope or on a Zeiss Elyra super resolution microscope (Carl Zeiss Canada 

Ltd). Images were collected on the Zeiss LSM700 confocal laser-scanning microscope or 

on the Leica DM5500B microscope. Figures were constructed using Photoshop and 

Illustrator (Adobe Systems Inc). 

 

2.6.9 Drug Treatments 
Staged 0-4h OreR embryos were collected and treated with harringtonine or 

emetine dihydrochloride diluted in Robb’s solution to a final concentration of 100µM. 

Following dechorionation, the embryos were placed into a 1:1 mixture of heptane and 

Robb’s solution with the appropriate drug or an equivalent volume of vehicle DMSO. The 

embryos were incubated on a nutating mixer at RT for 15 min, after which they were fixed 

by addition of formaldehyde to a 3.7% final concentration while shaking on a vortex mixer 

for 15min at the lowest setting and processed as described above for storage in methanol 

at -20°C until further use. FISH analyses were then conducted as detailed above.  

 
2.6.10 Puro-PLA and Immunostaining 

Puro-PLA was performed essentially as previously described [337], with several 

modifications tailored to Drosophila embryos. To begin, embryos were harvested and 

dechorionated, as detailed above, and were transferred to a 1:1 heptane and Robb’s 

solution mixture containing appropriate protein synthesis inhibitor compounds.  To 

conduct puromycylation, 50µg/mL of puromycin was added to the heptane:Robb’s 

solution mixture, contrasted to a ‘no puro’ control sample processed in parallel, both of 

which were incubated for 5min on a nutator at room temperature. For the anisomycin 
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control, embryos were first pretreated with 100µM of anisomycin for 15min in the 

heptane:Robb’s solution mixture, prior to the addition for puromycin for an addition 5min. 

The embryos were then immediately fixed by addition of PFA to a 4% final concentration 

for 20min on a vortex at the lowest setting, transferred to a 1:1 methanol:heptane mixture 

and vigorously shaken for 30sec to crack the vitelline membranes, washed and stored in 

methanol until further use. Upon retrieval from storage, the embryos were rehydrated and 

washed 3x in PBT, incubated in Duolink blocking solution for 1h at 37°C and then 

incubated with rabbit anti-Cen [338] and mouse anti-puromycin (Millipore) antibodies for 

1.5h in Duolink antibody diluent (Sigma) at room temperature. Following 2x 5min washes 

with Duolink wash buffer, anti-rabbit PLAplus and anti-mouse PLAminus probes (Sigma) 

were added (diluted 1:40 in Duolink antibody diluent) and incubated at 37°C for 1h. 

Following 2x 5min washes, the Duolink Detection reagents Orange (Sigma) were added 

for the ligation and amplification steps of the PLA, according to company 

recommendations, with the amplification step running overnight at 37°C. Upon completion 

of Puro-PLA, embryos were immune-labelled with donkey anti-rabbit Alexa Fluor 488 

secondary antibody (Invitrogen) for 1h in PBTB. Embryos were subsequently stained with 

DAPI (Invitrogen) and washed 3 x 30min with PBT,and mounted in DABCO mounting 

medium. Samples images were captured using the Zeiss LSM 700 confocal microscope 

with a 40x oil objective and a pinhole setting of 1AU. 

 

2.6.11 RNA Capture Experiments 
For in vitro RNA interaction experiments, the CR+3’UTR or CR alone (3’UTR 

truncated) versions of cen and ik2 mRNAs were synthesized by in vitro transcription using 

T7 RNA polymerase (NEB). To make DNA templates, GFP-cen-CR+3’UTR or GFP-cen-

CR  pGem4 fusion plasmids, or non-GFP fused expression vectors for ik2-CR+3’UTR or 

ik2-CR were used. The in vitro transcriptions of GFP-cen RNAs were performed with of 

Biotin-16-UTP (Roche) containing NTP mix, to generated biotinylated mRNA products, 

whereas the ik2 RNA variants were synthesized with regular NTPs. For the binding 

assays, 0.5ug of each appropriate in vitro transcribed RNA species were mixed and 

incubated in 50uL of dimerization buffer (50mM cacodylate, 300mM KCl, 5mM MgCl2, 

and 0.1U/uL RNaseOUT) for 30min.  Psoralen (40µg/mL, Sigma) was then added to the 
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RNA binding reactions and incubated for 15min on ice in the dark. The samples were 

then transferred to a 96-well plate on an icy tray and UV cross-linked at 365nm for 15min 

in a Stratalinker apparatus (Analytik Jena, Upland CA, USA). The samples were then 

mixed with streptavidin magnetic beads for 15min at RT. To avoid the nonspecific binding, 

1mg/mL of tRNA and 5µg/mL of sheered salmon sperm DNA were added to the buffer. 

Bound RNAs were eluted with a 95% formamide /10mM EDTA buffer at 90°C for 5min, 

and input and pull downed RNAs were subjected to RT-qPCR analysis.  

 

For RNA capture experiments on embryo extracts, staged 0-4h embryos were 

collected and lysed by douncing in 250µL of lysis buffer (50mM Tris-HCl pH 7.5, 1mM 

EDTA, 150mM KCl, 0.5 % Triton X-100, 0.1 U/µL RNaseOUT and protease inhibitors). 

After two centrifugations at 10,000 rpm for 10 min at 4°C, 100µg of cleared lysate was 

used for each pull-down. Samples were completed up to 200µl with lysis buffer and 100µl 

of hybridization buffer (500mM NaCl, 1% SDS, 100mM Tris-HCl pH 7.0, 10mM EDTA, 

15% formamide with fresh 1mM DTT, 0.1 U/µL RNaseOUT and protease inhibitors) 

containing 100 pmol of biotinylated probe was added. Reactions were incubated for 4h at 

37°C with rotation before being mixed with BSA- and tRNA-saturated streptavidin 

magnetic beads (Invitrogen) for 1h at 37°C. Supernatant was removed and beads were 

washed 4 times with washing buffer (2x SSC, 0.5% SDS, 1mM DTT). Bound RNAs were 

eluted with 500µL of TRIzol, purified and subjected to RT-qPCR analysis. 

 
2.6.12 Phenotypic counts and RNA expression levels 

For the quantifications of RNA expression levels and embryo phenotypic counts, 

statistical tests were performed using PRISM software (Graphpad). P-values are 

indicated in each graph and the statistical tests used are indicated in the figure legends. 

 
2.6.13 smFISH Analysis 

Analysis on smFISH samples image stacks was performed using IMARIS (Oxford 

Instruments). Surface masks were created for cen particles and spot masks were created 

for ik2 particles due to the nature of their shapes respectively. For the ik2 particle, we set 

the threshold for the estimated XY diameter to 0.2µM. For both of the mRNA particles, 
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thresholds were adjusted accordingly to avoid picking up background. Analysis was 

conducted on all Z-stack slices that encompassed all cen particles. After setting the 

thresholds, the volume of individual ik2 and cen particles, and the number of ik2 particles 

that are co-localized with particular cen particles, was outputted. Based on these data, 

we were able to perform calculations on the percentage of co-localizing particles for each 

mRNA. To control for random co-localization events, we shuffled the cen and ik2 channels 

from different images and repeated the co-localization analysis. 

 

2.6.14 Analysis of overlapping genes and CeFra-seq data  
Transcripts encoded as cis-NATs with overlapping sequences in either their 

3’UTR, 5’UTR or within gene bodies were retrieved via the UCSC table browser, by 

selecting for the gene and gene prediction group, Ensembl gene track and filtering for the 

positive or negative strand into two custom tracks and extracting their intersection. 

Transcriptomic data for subcellular fractions of Drosophila DM-D17-c3 and K562 cells, 

which were recently characterized [331, 339], were retrieved from the ENCODE portal 

(https://www.encodeproject.org/) under the experiment ID numbers: ENCSR283YJX 

(D17-Cytosol-PA); ENCSR053CWY (D17-Membrane-PA); ENCSR622ROA (D17-Cyto-

insoluble-PA); ENCSR384ZXD (K562-Cytosol-PA); ENCSR596ACL (K562-Membrane-

PA); ENCSR594NJP (K562-Cyto-Insoluble-PA). The distance measurement between 

two RNAs was derived by summing the absolute values of the differences between their 

read enrichment scores within each cytoplasmic fraction. For example, assuming 

transcripts A and B, the 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 = 	 |𝐼𝑛𝑠(𝐴) − 𝐼𝑛𝑠(𝐵)| + |𝐶𝑦𝑡(𝐴) − 𝐶𝑦𝑡(𝐵)| +	 |𝑀𝑒𝑚(𝐴) −

𝑀𝑒𝑚(𝐵)|. These values range from 0 (perfect co-localisation) to 2 (perfectly asymmetric). 

For each type of cis-NAT classes that were analyzed, while comparative analyses on 

randomly selected RNA pairs were conducted to assess background distance values. 

 

2.7 Results 
2.7.1 The cen and ik2 mRNAs, encoded by 3’overlapping genes, co-localize to 
centrosomes 

In a previous FISH-based screen for localized mRNAs in Drosophila, ~30 

transcripts were found to localize to structures of the mitotic apparatus (e.g. centrosomes, 
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astral microtubules and mitotic spindles) and were collectively enriched for functions 

related to cell division processes [125]. Among these transcripts, the cen mRNA, which 

encodes a coiled-coil domain protein orthologous to human Cerebellar degeneration 

related-2 [340], shows a striking localization to peri-centrosomal foci and astral 

microtubule (MT) networks in syncytial stage embryos at different phases of mitosis 

(Figure 2.1A). During interphase, cen concentrates within prominent foci in the cortical 

cytoplasm in close proximity to the centrosomal marker Centrosomin (CNN) 

(Supplemental Figure 2.1A). Cen protein has been reported to exhibit a similar peri-

centrosomal localization, while cen loss of function leads to mitotic defects (e.g. multipolar 

spindles) and perturbed actin organization at cleavage furrows in fly embryos [338]. The 

mRNA encoding Ik2, a protein kinase implicated in cytoskeleton organization [341, 342], 

was also found to exhibit a centrosome-like pattern in syncytial stage embryos 

(Supplemental Figure 2.1B) and co-labeling of ik2 and cen mRNA by FISH revealed a 

co-localization of both transcripts within prominent centrosomal foci (Figure 2.1B). During 

late syncytial nuclear divisions, both cen and ik2 mRNAs, as well as their encoded 

proteins, also tend to display an asymmetric centrosomal localization to one of the two 

replicated centrosomes (Figures 2.1C-D). Intriguingly, the cen and ik2 genes are 

organized in a tail-to-tail configuration at the same locus on chromosome 2L in D. 

melanogaster, overlapping on opposite DNA strands by 390 nucleotides (nts) at their 3’ 

ends, according to the BDGP-R5/dm3 assembly, or by 59 nts as described in the more 

recent BDGP-R6 /dm6 assembly (Figure 2.1C). Thus, these distinct mRNAs species, 

which are expressed as cis-NATs, exhibit a striking co-localization to a common 

cytoplasmic destination. 

 

To assess more clearly the degree of co-localization of cen and ik2 mRNAs, we 

next performed single-molecule FISH (smFISH) combined with high-resolution structured 

illumination microscopy (SIM) on syncytial blastoderm embryos (Figure 2.2A). 

Hybridizations were performed with mixtures of 20-nt tiling DNA oligonucleotide probes 

(48 per transcript) complementary to cen (Quasar 670-labelled) or ik2 mRNAs (Quasar 

570-labelled). The cortical cytoplasm of labelled embryos was then imaged as Z-stacks 

taken at 0.18 µm steps, followed by quantitative image analysis using Imaris software, 
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which revealed the distribution features of both transcripts. Indeed, ik2 mRNA formed 

numerous small foci with consistent size that likely corresponding to individual mRNA 

molecules (Figure 2.2A-A’’), ~20% of which co-localized with cen mRNA structures 

(Figure 2.2B). By contrast, cen mRNA localized within larger, but less numerous, 

structures of broader volumetric size range (i.e. from 0.025 to 2.3 µm3), from small 

particles of similar size to ik2 mRNA foci, which we attribute to single cen mRNA 

molecules, to larger clusters, ~60% of which were co-localized with ik2 mRNA foci (Figure 
2.2A-B). Using the smaller cen particles as a reference, we calculated that the larger cen 

aggregates have a volume corresponding to ~20.6 ± 14.3 cen molecules. To control for 

signal co-localization due to chance, comparative analyses were performed on shuffled 

image sets, which revealed a low level of signal overlap of ~1-2% (Figure 2.2B). Finally, 

as shown in Figure 2.22C, we noted a robust correlation between the size of cen mRNA 

clusters and the number of associated ik2 molecules, whereas shuffled images showed 

no correlation. 

 

The cytoplasmic pools of ik2 and cen mRNAs appear to be of maternal origin, since 

neither transcript exhibits the nuclear nascent RNA foci pattern typically observed for 

zygotically-expressed genes in early embryogenesis. To assess whether these mRNAs 

are co-localized during their synthesis in oogenesis, we next performed smFISH co-

labelling on dissected ovaries, followed by confocal microscopy. This analysis revealed 

that cen and ik2 mRNAs co-localize at several sites within developing egg chambers 

(Figure 2.2D). Indeed, both transcripts are enriched and co-localized within transcript foci 

localized in the periphery of ovarian nurse cell nuclei (Figure 2.2D’) and within the 

cytoplasm of stage 8 oocytes (Figure 2.2D). Of note, both mRNAs also co-localize within 

cloudy structures in the nurse cell cytoplasm, a pattern reminiscent of the distribution 

noted for mitochondria in previous studies [343, 344]. Altogether, these results reveal that 

the cen and ik2 mRNAs, which are expressed as cis-NATs, exhibit a striking co-

localization at different stages of development and in different subcellular compartments, 

from the time of their synthesis in nurse cell nuclei. Their centrosomal co-localization in 

embryos suggests that the antisense genomic organization of these genes may influence 
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the downstream cytoplasmic localization properties of their encoded mRNAs, a 

hypothesis that we explored further. 

 
2.7.2 Centrosomal targeting of ik2 mRNA is dependent on the presence of cen 
mRNA 

To assess whether the centrosomal targeting of cen and ik2 transcripts is inter-

dependent, we next evaluated the impact of perturbing either gene on the localization 

behaviour of both mRNAs. To evaluate the consequences of cen perturbation, we 

analyzed : i) homozygous cenf04787 mutant embryos, which harbour a coding region 

transposon insertion that disrupts cen mRNA expression [338], and ii) embryos in which 

cen mRNA was depleted by RNA interference (RNAi) via inducible expression of a cen-

targeting hairpin RNA (hpRNA) in the female germline with the Gal4-UAS system [250], 

using the nanos-Gal4-VP16 (NGV) driver [334]. Because ik2 mutations disrupt oogenesis 

and prevent embryo harvesting [345], an hpRNA-mediated RNAi strategy was also used 

to disrupt ik2 expression. As shown in Figure 2.3A, RT-qPCR analysis of cenf04787, cen-

RNAi or ik2-RNAi embryos revealed a selective and near complete loss of cen or ik2 

mRNA expression, respectively, without affecting expression of the neighbouring gene.  

 

Phenotypically, disruption of cen or ik2 strongly impaired viability, as assessed by 

measuring embryo-hatching frequencies (Figure 2.3B). Moreover, these specimens 

displayed a variety of abnormalities (Supplemental Figure 2.2), with a majority of mutant 

embryos exhibiting mitotic (e.g. aberrant mitotic figures, multipolar spindles, 

asynchronous mitoses) and morphological defects (e.g. abnormal yolk nuclei, enhanced 

nuclear fallout and misshapen embryos) (Figure 2.3C). Strikingly, in addition to 

confirming a loss of cen mRNA expression, FISH analysis of cen-deficient embryos 

revealed a disruption in the centrosomal localization of ik2 mRNA, which became diffusely 

localized to the yolk region of the embryo (Figure 2.3Di-ii). By contrast, while we 

observed a disruption in the expression and centrosomal targeting of ik2 mRNA in ik2-

RNAi embryos, the localization of cen mRNA was normal in these samples (Figure 
2.3Diii). Consistent with the observed effects on mRNA localization features, perturbation 

of cen also disrupted the centrosomal-like patterns of Cen and Ik2 proteins (Figure 2.3E). 
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We conclude that centrosomal targeting of ik2 mRNA depends on the presence of the 

cen transcript, suggesting that cen mRNA is the main driver of this co-localization 

 
2.7.3 Evolutionary conservation of cen and ik2 localization in different Drosophila 
species 

We next investigated the evolutionary conservation of cen and ik2 mRNA 

localization properties across Drosophila species. Inspection of the genomic sequences 

of various drosophilids reveals a physical linkage of cen and ik2 orthologs in species 

closely related to D. melanogaster (D.mel), such as D. simulans (D.sim), while these 

genes are on different chromosomes in more distant relatives, such as D. mojavensis 

(D.moj) and D. virilis (D.vir) (Figure 2.4A-B). Notably, orthologs of the genes 

neighbouring the cen/ik2 locus in D. mel, namely CG31678, CG2617 and hr38, are 

associated with ik2 in D. moj and D. vir, but not with cen (Figure 2.4B). The expression 

levels of cen and ik2 mRNAs in early stage embryos were comparable across species, 

as assessed by RT-qPCR analysis (Fig. 2.4C). As shown in Fig. 2.4D (upper panels), the 

peri-centrosomal foci localization of cen orthologs is clearly observed in D. sim and D. 

moj, while the D.vir ortholog shows an apically-enriched microtubule-like pattern that is 

reminiscent of, but more diffuse than cen in D.mel. By contrast, ik2 targeting centrosome-

like foci is observed in D. sim, where the cen and ik2 genes are linked, but not in D. moj 

and D. vir, in which they are separated (Fig 2.4D, lower panels). These results suggest 

that the cen mRNA harbours conserved determinants for centrosomal localization and 

that the capacity of ik2 mRNA to target to centrosomes was acquired evolutionarily 

following association of the cen gene with the ik2 locus. 

 
2.7.4 Sequence determinants of cen and ik2 mRNA localization 

To delimit the regions of cen and ik2 mRNAs required for peri-centrosomal 

targeting, we next conducted in vivo structure-function analyses through site-specific 

transgenesis [346]. Transgenes were constructed in which the GFP mRNA coding 

sequence was fused in 5’ to the coding region + 3’UTR (CR+3’UTR), coding region alone 

(CR) or the 3’UTR of either cen or ik2 mRNAs. These transgenic GFP fusion cassettes 

were then placed under control of a UAS promoter, enabling us to induce their expression 
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in the female germline by crossing them to the NGV driver line (Fig. 2.5A-B). All 

transgenes were inserted in the same genomic landing site on chromosome 3L, at 

cytological position 65B2, and they were all efficiently expressed as assessed by RT-

qPCR (Supplemental Figure 2.3A-C). FISH analysis of transgenic GFP-Cen fusion 

mRNAs, using a GFP sequence probe, revealed the robust centrosomal targeting of the 

GFP-cen-CR+3’UTR and GFP-Cen-CR transcripts, but not of GFP-Cen-3’UTR for which 

the localization was similar to GFP mRNA (Figure 2.5Ai-ii). These results indicate that 

cen localization to centrosomes is independent of its 3’UTR, but rather relies on 

determinants present in its coding region.  

 
By contrast, FISH of GFP-ik2 transcripts revealed that its centrosomal localization 

is dictated by its 3'UTR sequence, whereas its coding region is dispensable (Figure 
2.5Aiii). Refined sequence truncation analyses, starting from the longer ik2 3’UTR 

sequence initially described in the BDGP genomic Release 5, identified a 114 nt region 

important for the centrosomal targeting of transgenic GFP fusion mRNA (Figure 2.5B). 

This sequence spans the region of overlap between cen and ik2 transcripts in the shorter 

3’UTR sequence defined in the BDGP genome Release 6 (Supplemental Figure 2.3D). 

Inspection of the ik2 3’UTRs of Drosophila orthologues reveals a close sequence 

conservation in D. melanogaster and D. simulans, in particular within the regions of 

antisense complementary with the cen 3’UTR, but a high sequence divergence in D. 

mojavensis and D. virilis (Supplemental Figure 4). Since ik2 requires the presence of 

cen mRNA for its localization, our data suggest that the 3’UTR overlapping segment likely 

mediates base pairing interactions that allow co-targeting with cen mRNA. Moreover, 

since this co-targeting can occur in trans, i.e. with a GFP-ik2-3’UTR mRNA expressed 

from a different chromosome, we also conclude that genomic proximity of cen and ik2 

genes is not required for their co-localization, but rather the evolutionary acquisition of 

sequence complementarity is likely to be critical. 

 
2.7.5 The cen and ik2 mRNAs physically associate in vitro and in vivo  

The requirement of cen expression for proper ik2 mRNA targeting suggests that 

these transcripts may physically associate to enable their co-localization. We first sought 
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to assess whether cen and ik2 mRNAs can interact in vitro and whether this interaction 

could be mediated by their complementary 3’UTR sequences (Figure 2.5C). For this, we 

synthesized versions of cen and ik2 mRNAs bearing the coding region and 3’UTR 

(Cen/Ik2-CR+3’UTR) or coding region alone (Cen/Ik2-CR) of each transcript, with the cen 

variants having been labelled with biotin-UTP. After incubating biotinylated Cen-

CR+3’UTR or Cen-CR transcripts with non-biotinylated Ik2-CR+3’UTR or Ik2-CR in 

dimerization buffer, psoralen was then added to the reactions followed by UV irradiation 

at 365 nm to cross-link RNA-RNA complexes. The samples were then purified on 

streptavidin beads and subjected to RT-qPCR analysis using ik2 coding region primers. 

This analysis revealed that the Cen-CR+3’UTR mRNA was able to interact and co-purify 

the Ik2-CR+3’UTR transcript, but not Ik2-CR (Figure 2.5C). By contrast, pull-downs 

conducted with Cen-CR led to a similar low-level co-purification of Ik2-CR+3’UTR or Ik2-

CR. These results reveal that cen and ik2 mRNAs can interact physically in vitro in a 

manner dependent on their 3’UTR sequences. 

 

To test whether these mRNAs could associate physically in a more in vivo setting, 

we next performed RNA pull-down assays using wildtype fly embryo extracts. For this, 

biotinylated antisense RNA probes, either complementary to endogenously expressed 

ik2 or cen mRNAs, or a GFP probe used as a negative control, were incubated with OreR 

whole-embryo lysates. Labelled probes were then captured with streptavidin beads and 

associated RNAs identified by RT-qPCR. As shown in Figure 2.5D, both ik2 and cen 

mRNAs were efficiently captured in their respective pull-downs. Moreover, we observed 

that cen mRNA was robustly retained in ik2 capture samples and vice-versa, that ik2 

mRNA was captured in cen pulldowns, although to a much weaker extent. In contrast, 

control transcripts such as cyclin B, another known mitotic mRNA, were not selectively 

captured with either the cen or ik2 probes. These results indicate that ik2 and cen mRNAs 

can also physically associate in vivo in fly embryos. 

 

To assess whether the 3’UTR-mediated interaction of cen and ik2 mRNAs is 

functionally important in vivo, we next performed genetic complementation assays in 

which the GFP-cen-CR+3’UTR or GFP-cen+CR mRNAs, or GFP as a negative control, 
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were expressed in a cenf04787 (i.e. cen -/-) mutant background (Figure 2.5E-F). Strikingly, 

immuno-FISH assays to detect cen or ik2 mRNAs in conjunction with the g-Tubulin 

centriolar marker revealed that expression of GFP-cen-CR+3’UTR rescued the 

localization of endogenous ik2 mRNA to peri-centrosomal foci in the embryonic apical 

cytoplasm (Figure 2.5E), as well as the mitotic and morphological defects associated with 

cen loss of function (Figure 2.5F). By contrast, GFP-cen-CR transgenic mRNA was 

unable to rescue ik2 mRNA localization defects in cen -/- embryos and displayed a weaker 

capacity to rescue embryonic phenotypes (Figure 2.5E-F). We conclude that the 3’UTR-

mediated centrosomal co-targeting of ik2 and cen mRNAs is functionally important in vivo. 

 

2.7.6 cen mRNA is locally translated at the level of centrosomes and requires intact 
polysomes to maintain its localization 

We next investigated whether centrosomally localized mRNAs undergo localized 

translation in Drosophila embryos. To address this question, we adapted the puromycin-

labelling with proximity-ligation assay (Puro-PLA) strategy in fly embryos, a method 

previously utilized to study localized translation in mammalian neuronal cells [337, 347]. 

The method first involves treating embryos for a short time (5min) with puromycin, which 

labels nascent peptide chains, leading to translation termination and the release of 

truncated proteins, followed by immediate fixation to preserve tissue integrity and the 

precise localization of molecules (Figure 2.6A). Immuno-labelling is then performed with 

an anti-puromycin antibody, which recognizes puromycylated proteins, and a second 

antibody targeting a protein of interest. Samples are then labelled with species-specific 

secondary antibodies that are conjugated to specific oligonucleotide probes that, when 

located in close proximity, can be hybridized to circle-forming oligonucleotides to allow 

rolling circle amplification and fluorescence labelling of the amplified product (Figure 
2.6A). The availability of a rabbit anti-Cen antibody [338], enabled us to implement the 

Puro-PLA procedure for this protein in syncytial blastoderm stage embryos. As shown in 

Figure 2.6Bi, the Cen/Puro-PLA approach revealed the presence of newly synthesized 

Cen protein in bright centrosome-like foci within the embryonic cortex. Through addition 

of a fluorescently labelled anti-rabbit secondary antibody to our completed Cen/Puro-PLA 

reactions, we were also able to visualize residual Cen protein signal by IF. While the 
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signals observed for Cen/Puro-PLA versus Cen-IF were generally non overlapping, which 

we attribute to the competition between secondary antibodies for the same epitopes, 

several Cen/Puro-PLA foci showed a striking co-localization with Cen-labelled structures 

(Figure 2.6Bi, arrowheads). To confirm labeling specificity, several negative control 

samples were run in parallel, including: staining of non-puromycin treated embryos 

(Figure 2.6Bii), puromycin-treated embryos that were processed in the absence of Cen 

antibody (Figure 2.6Biii), and embryos that were pre-treated with anisomycin, a 

translation inhibitor that blocks peptidyl transferase activity within ribosomes, prior to 

puromycin exposure (Figure 2.6Biv). All of these controls showed a loss of Cen/Puro-

PLA foci, demonstrating the specificity of the bright centrosome-like PLA signal observed 

in test specimens (Figure 2.6Bi). 
 

Next, we sought to test whether the centrosomal localization of cen mRNA is 

dependent on intact translating polysomes by treating embryos with translation inhibitors. 

To address this question, we performed FISH analyses on embryos treated with emetine, 

which stalls translation during elongation and stabilizes polysomes, or with harringtonine, 

a polysome disruptor that blocks the initiation step of translation [123, 348]. While emetine 

induced morphological aberrations in a small subset of embryos, the centrosomal 

localization pattern of cen mRNA was similar to untreated or vehicle (DMSO) treated 

embryos, both during interphase and in mitosis (Figure 2.6C). By contrast, exposure to 

harringtonine led to a marked disruption of cen mRNA localization, which became 

diffusely distributed in the cytoplasm (Figure 2.6C). We conclude that the cen mRNA can 

undergo localized translation at the level of centrosomes and that its localization is 

dependent on the maintenance of intact polysomes, similar to recent observations for 

centrosomally-localized pericentrin (PCNT) mRNA in HeLa cells [123]. 

 

2.7.7 Cis-NATs tend to co-localize in the same subcellular compartment in 
Drosophila and human cells 

Finally, we sought to evaluate whether the co-targeting behaviour observed for cen 

and ik2 may also extend to other transcripts encoded by genes with genomic sequence 

overlap. To assess if RNAs encoded by overlapping genes have a tendency to co-localize 
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in the same subcellular compartment, we took advantage of our recently published 

CeFra-seq datasets, in which we defined the transcriptomic signatures of nuclear, 

cytosolic, membrane (endomembrane) and cytoplasmic insoluble (cytoskeletal) 

compartments of fractionated Drosophila DM-D17-c3 cells and human K562 cells, via 

RNA sequencing (Figure 2.7A) [331, 339]. From these datasets, we analyzed the 

cytoplasmic compartment distribution properties of pairs of cis-NATs, across all RNA 

biotypes, for which the genes are arranged either with a 3’End (tail-to-tail), 5’End (head-

to-head) or a fully (embedded) overlapping configuration (Figure 2.7B). The number of 

RNA pairs ranged from 100-1391, depending on the type of cis-NAT and the species 

(Figure 2.7C). For each RNA pair, we defined a localization distance measure, which 

conveys the steady-state relative distribution properties of a given pair of RNAs (Figure 
2.7C),  

	𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒	𝑓𝑜𝑟	𝑅𝑁𝐴𝑠	𝐴	𝑎𝑛𝑑	𝐵 = 	 |𝐼𝑛𝑠(𝐴) − 𝐼𝑛𝑠(𝐵)| + |𝐶𝑦𝑡(𝐴) − 𝐶𝑦𝑡(𝐵)| +	 |𝑀𝑒𝑚(𝐴) −𝑀𝑒𝑚(𝐵)| ,  

by summing up their differences in fraction-specific FPKM expression levels [i.e. ranging 

from 0 (highly similar) to 2 (highly divergent)]. For each class of cis-NAT, we analyzed the 

distribution of distance scores of all cis-NAT pairs, compared to control pairs of an equal 

number of random RNAs from non-overlapping genes (Figure 2.7C). These analyses 

revealed that, in Drosophila D17 cells, transcripts from 3’overlapping or embedded genes 

exhibit a significantly smaller distance compared to controls. In comparison, interrogation 

of CeFra-seq data of human K562 cells revealed a highly significant shorter distribution 

of distance scores for all cis-NAT classes. Finally, as an alternative strategy to assess the 

co-localization behaviour of cis-NATs, we took advantage of recently published datasets 

by Fazal et al., who developed an ascorbate peroxidase (APEX)-based RNA proximity 

labeling method, designated APEX-seq, to define subcellular compartment enriched 

transcriptomes in HEK293T cells [332]. Our analyses of the organelle-specific RNA 

populations defined by APEX-seq revealed that cis-NATs with overlapping 3’UTRs are 

enriched within the ‘nuclear’ and ‘nucleolar’ subcellular transcriptomes compared to 

transcripts encoded by non-overlapping genes located with 10kb of each other (p-

value<0.05, Fisher exact test). Altogether, our analyses of subcellular transcriptomic 

datasets generated via orthogonal methodologies indicate that cis-NATs tend to co-

localize to specific subcellular compartments in human and fly cellular models. 
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2.8 Discussion 

Despite the realization that overlapping transcriptional units represent a pervasive 

feature of genomes, the biological and mechanistic significance of this organization 

remains incompletely understood. For instance, while NATs have been found to modulate 

gene expression at the transcriptional level [319, 320], they can also impact post-

transcriptional regulation, notably through the formation of double-stranded RNA leading 

to RNA masking, RNA interference or RNA editing [313, 349-351]. We report here a post-

transcriptional function of NATs in mRNA subcellular localization. Indeed, we show that 

the cen and ik2 mRNAs, two NATs expressed in Drosophila melanogaster, are tightly co-

localized to centrosomes in the cytoplasm. We further demonstrate that the centrosomal 

localization of ik2 is strictly dependent on cen mRNA and requires the 3'UTR overlapping 

region, which mediates their physical association (as modeled in Fig. 7D). More 

generally, our analyses of subcellular transcriptomics datasets, either based on 

biochemical cell fractionation or proximity labeling, suggest that the co-localization of cis-

NATs is a common occurrence in Drosophila and human cells. 

While several studies have shown that convergent transcription of NATs can lead 

to inhibitory interactions due to transcriptional interference [320, 352], our findings reveal 

an alternative scenario in which NATs can impose selectivity in downstream RNA 

subcellular localization behaviour. Early Drosophila embryogenesis may offer a 

favourable environment for such a regulatory mechanism, considering the diverse RNA 

populations they contain of either maternal or zygotic origin. The cen and ik2 transcripts 

undergo co-localization as maternally-provided transcripts in syncytial-stage embryos, 

after being transcribed from polyploid nurse cells prior to their deposition in the maturing 

oocyte. While their 3’-overlapping sequence is important for centrosomal targeting of ik2 

mRNA, our transgenic reporter assays revealed that a gfp-ik2-3'UTR reporter mRNA can 

undergo proper localization when expressed in trans from a different chromosome landing 

site. These results are consistent with a previous study in yeast, showing that 

transcriptional interference mediated by 3’overlapping transcripts could also occur in trans 

[320]. Our findings thus suggest that, in addition to NATs, transcripts containing 

complementary sequences to other cellular RNAs may influence their subcellular 

localization properties. Interestingly, emergent methods used to define RNA-RNA 
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interactomes have shown that trans-interactions between mRNA molecules are prevalent 

in eukaryotic cells [353-356], which may profoundly influence post-transcriptional gene 

regulation, including RNA subcellular localization. 

 

The number of RNA molecules that are present within RNA transport granules has 

remained a question of debate. While some studies support the concept that messenger 

ribonucleoprotein (mRNP) granules contain single mRNA molecules [357, 358], others 

have reported examples where such granules may contain multiple mRNA species [359]. 

Previous studies have revealed a role for RNA-RNA interactions in localization control. 

Indeed, the bicoid and oskar mRNAs have been shown to localize as homo-dimers in 

Drosophila embryos and oocytes, respectively [193, 360]. Our results define an alternate 

mechanism of transcript co-targeting mediated by hetero-duplexing of distinct mRNA 

species, a process that is required to allow centrosomal targeting of ik2 mRNA in a cen-

dependent manner. While our data indicate that cen and ik2 co-localize at different 

subcellular locations during oogenesis and embryogenesis, it is unclear whether this 

involves a mechanism of co-transport within mobile RNP granules or whether their 

observed centrosomal co-targeting involves ik2 mRNA capture by pre-localized cen 

transcripts. It is also unclear whether cen and ik2 centrosomal co-targeting is dependent 

on direct RNA-RNA interactions between these transcripts or whether their association is 

mediated by specific protein interactors. Future experiments will aim to clarify these 

different possibilities.  

 

Several studies in different organisms have characterized mRNAs that are 

specifically localized to mitotic structures [121, 122, 124, 125, 361-366], leading to 

different models of the potential functional roles of this process. For example, work in 

Ilyanassa embryos showed that the asymmetric localization of mRNAs to centrosomes 

provides an elegant mechanism to drive the selective inheritance of specific transcripts 

between daughter cells during embryonic cleavage divisions [363, 365]. Other mitotic 

transcripts encode proteins with mitotic related functions [124, 125, 364], implying that 

they may fulfill more active roles in cell division regulation via localized translation [124]. 

The possibility of localized translation at the level of the mitotic apparatus is supported by 
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various lines of evidence, including traditional electron microscopy approaches that 

revealed the presence of ribosome like particles in proximity to the mitotic spindle and 

centrosomes[117, 367], as well as more recent transcriptomic and mass spectrometry 

based approaches that co-purified various RNAs and RNA binding proteins with mitotic 

structures [121, 299, 368]. Our observations that cen and ik2 mRNAs, as well as their 

encoded proteins, display peri-centrosomal targeting, combined with our Puro-PLA 

results, suggest that they undergo localized translation. This would be consistent with the 

established role of Cen in regulating mitotic spindle and cleavage furrow function [338]. 

While Ik2 (also known as I-KappaB Kinase Epsilon/IKK-E) has been implicated in various 

biological processes in Drosophila, including cytoskeleton regulation during oogenesis, 

endosome shuttling and dendritic pruning [341, 342, 345, 369, 370], our work uncovers a 

role of Ik2 in mitotic regulation, which we speculate may have evolved through the 

localization properties of its mRNA. Taken together, our findings reveal a mechanism of 

co-dependent localization of two mRNA species which has been acquired during 

evolution via genomic sequence reorganisation, leading to a potential acquisition of 

protein function. Understanding the spatial and temporal dynamics of the translation of 

centrosomal mRNAs will be an important area of future research. 

 

2.9 Data and Software Availability 
Transcriptomic data for subcellular fractions of Drosophila DM-D17-c3  and human 

K562 cells were retrieved from the ENCODE portal (https://www.encodeproject.org/). 

 

2.10 Lead Contact and Materials Availability 
Further information and requests for resources and reagents should be directed to 

and will be fulfilled by the Lead Contact, Eric Lecuyer (eric.lecuyer@ircm.qc.ca). 
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2.13 Figures and Figure Legends 
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Figure 2.2 
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Figure 2.3 
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Figure 2.4 
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Figure 2.5 
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Figure 2.6 
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Figure 2.7 
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Figure 2.1. The Drosophila cen and ik2 mRNAs, encoded by 3'overlapping genes, 
localize to centrosomes and astral microtubules in developing embryos. 

(A) FISH staining of wildtype (OreR) embryos showing that cen mRNA (blue) localizes to 

centrosomes and astral microtubules at different phases of the cell cycle. Red: DNA; SV: 

surface view; CV: cross-section view. Scale bar = 10 µm. 

(B) Co-localization of cen (green) and ik2 (red) mRNAs revealed by double FISH. Blue: 

DNA; SV: surface view; CV: cross-section view. Scale bar = 10 µm. 

(C) Schematic representation of the cen/ik2 locus, captured from the Integrated 

Genomics Viewer genome browser, revealing their tail-to-tail 3’overlapping arrange of the 

cen (pink) and ik2 (orange) genes on chromosome 2L in D. melanogaster. For ik2, 

different isoforms with altered 3’UTR lengths were mapped in the BDGP genome 

sequence Releases 5 and 6, which respectively share 390 or 59 nt overlaps with the 

3’UTR of cen mRNA.  

 

Figure 2.2. Precise co-localization of cen and ik2 mRNAs in syncytial embryos and 
oocytes. 

(A) smFISH imaging of cen (red) and ik2 (blue) mRNAs within the cortical cytoplasm of a 

syncytial blastoderm stage wildtype OreR embryo. A’ and A’’ show magnified views of 

the regions outlined by the hatched boxes in A. Scale bar = 2 µm. 

(B) Quantification of the percentage of overlap of cen and ik2 mRNA signals, as assessed 

from the perspective of cen (left graph) or ik2 (right graph) mRNA foci. To control for 

random co-localization events, comparative analyses were conducted on the original 

images and on sets of images for which the cen and ik2 channels were shuffled. The 

number of cen and ik2 particles analyzed in each condition is indicated by ‘n’. Data are 

shown as mean ± SD. Statistical significance was assessed via unpaired t-tests using 

GraphPad Prism and p-values are indicated. 

(C) The number of co-localizing ik2 mRNA particles is strongly correlated with the size of 

cen clusters. The volume of cen mRNA clusters in µm3 was plotted against the number 



 80 

of co-localized ik2 mRNA foci, either on the real experimental images (upper graph) or on 

shuffled image specimens (lower graph). 

(D) smFISH for cen (red) and ik2 (green) particles in dissected stage 8 wildtype ovaries. 

D’ and D’’ show magnified views of the regions indicated by hatched boxes in D, which 

reveal signals associated with a nurse cell nucleus (D’) or within the oocyte cytoplasm 

(D’’). Blue: DNA. Scale bar = 20 µm. 

 

Figure 2.3. Centrosomal localization of ik2 transcripts is dependent on the 
presence cen mRNA.  

(A) Relative expression levels of cen and ik2 mRNAs (normalized to rpl32) assessed by 
RT-qPCR in 0-4h control (OreR), ik2 RNAi, cen RNAi and cenf04787 embryos. Data indicate 

the mean ± SD from one experiment and are representative of at least three independent 

experiments. Statistical significance was assessed via unpaired t-tests, for which the p-

values are indicated. 

(B) Hatching frequency of control (OreR), ik2 RNAi, cen RNAi and cenf04787 embryos 

arrayed on apple juice agar plates counted over a 3 day time course. Data represent the 

average ± SD from three independent experiments for which 720 embryos of each 

genotype were analyzed. A two tailed t-test was used for statistics (**=p<0.01, 

***=p<0.001). 

(C) Phenotypic quantification of control (OreR), ik2 RNAi, cen RNAi and cenf04787 

embryos. Syncytial blastoderm stage embryos were evaluated for their phenotypic 

features, classified according to whether they looked normal, or whether they presented 

mitotic or morphological defects. The number of embryos analyzed in each condition is 

indicate by ‘n’. Statistical significance was assessed via unpaired t-tests, for which the p-

values are indicated; n.s.: non-significant. 

(D) FISH for cen and ik2 mRNAs in (i) OreR, (ii) cenf04787 or (iii) ik2 RNAi embryos. Red: 

mRNAs; Blue: DNA; SV: surface view; CV: cross-section view. Scale bar = 10 µm. 

(E) Immuno-fluorescence labelling of Cen and Ik2 proteins in (i) OreR and (ii) cenf04787 

mutant embryos. Red: protein IF signal; Blue: DNA. Scale bar = 10 µm. 
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Figure 2.4. Localization of cen and ik2 mRNA orthologues in different Drosophila 
species. 

(A-B) Phylogenetic tree of Drosophila species (A) and organizational features of the cen 

(red) and ik2 (green) loci, or of flanking genes, in the indicated species (B). Note that the 

cen and ik2 genes are organized in a tail-to-tail configuration in D. mel and D. sim, while 

these genes are located at separate loci in D. moj and D. vir.  

(C) Expression levels of cen and ik2 mRNAs in the indicated fly species, as assessed by 

RT-qPCR. Data are normalized to rpl23 mRNA levels and represent the mean ± standard 

error to the mean (SEM) of at least 3 independent experiments.  

(D) FISH labelling of cen and ik2 mRNA orthologues (blue) in syncytial blastoderm stage 

embryos of the indicated species. Note the centrosomal like pattern observed for cen 

mRNA in all species and for ik2 mRNA in D. mel and D. sim. Red: DNA; SV: surface view; 

CV: cross-section view. Scale bar = 10 µm. 

 

Figure 2.5. Mapping localization determinants of cen and ik2 mRNAs.  

(A) GFP-fusion reporter transgenes were constructed to map localization determinants of 

cen and ik2 mRNAs. For these, the GFP sequence was inserted upstream of the coding 

region (CR) + 3’UTR, CR or 3’UTR of cen or ik2 mRNAs (upper schematic). These UAS-

promoter driven transgenes were maternally expressed by mating to the NGV Gal4 driver 

line. FISH analysis depicting the localization of the (i) GFP, (ii) GFP-cen or (iii) GFP–ik2 

reporter mRNAs expressed in transgenic embryos, detected with a GFP sequence probe. 

Note that the centrosomal targeting of cen is dictated by its coding region, while ik2 

targeting requires its 3’UTR. Scale bar = 10 µm. 

(B) GFP-fusion reporters used to test truncated forms of the ik2 mRNA 3’UTR. Different 

truncated versions of the ik2 3’UTR were inserted downstream of the GFP coding 

sequence (upper schematic). FISH analyses reveal that the sequence lying between 

positions 139-253 is required for centrosomal localisation (lower panel). This region in 

depicted by the black-box in the upper panel. Red: mRNA; blue: DNA; SV: surface view; 

CV: cross-section view. (C,D) RT-qPCR analysis of in vitro and in vivo pull-down samples. 
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(C) In vitro transcribed Cen-CR+3’UTR, Cen-CR (both labeled with Biotin-UTP), Ik2-

CR+3’UTR, IK2-CR mRNA were dimerized and pulled down on streptavidin beads. 

Results are presented as the relative ik2 mRNA levels which is normalized to 

streptavidin/biotin captured cen RNA levels.  Data represent the mean ± SD of three 

independent experiments. Statistical significance was assessed via unpaired t-tests, for 

which the p-values are indicated. (D) The result from in vivo pull-down samples from OreR 

whole embryo lysates conducted using biotinylated antisense RNA probes for cen and 

ik2 mRNAs, or a GFP probe as a control. RT-qPCR analysis for ik2, cen or cyclin B 

(normalized to gapdh) mRNAs across pull-down samples. Note that ik2 and cen mRNAs 

are enrichment in ik2 or cen mRNA pull-downs, whereas negative controls cyclin B is not 

enriched. Data represent the mean ± SEM from across replicate experiments. Statistical 

significance was assessed via unpaired t-tests, p-values are indicated. 

(E,F) Genetic complementation of cenf04787 (cen-/-) mutant embryos with the GFP, GFP-

cen-CR and GFP-cen-CR+3’UTR transgenes presented in (A) using the Gal4-UAS 

system. (E) Immuno-FISH analysis of embryos of the indicated genotypes was performed 

with cen or ik2 probes (red) and with an antibody to g-Tubulin (blue). Scale bar = 10 µm. 

(F) Quantification of embryonic phenotypes (normal or defective) from crosses presented 

in (E). 

 

Figure 2.6. cen mRNA is locally translated at the level of centrosomes and intact 
polysomes are required to maintain its localization. 
(A-B) Visualizing the local translation of Cen protein with the Puro-PLA assay and 

confocal microscopy. (A) Diagram showing the general principle of the Puro-PLA method 

to study the site of de novo protein synthesis. (B) Confocal imaging of the Cen-Puro-PLA 

(green) and Cen protein IF (red) signals. (i) Puro-treated samples show Cen synthesis in 

situ. As negative controls, (ii) no puromycin was used, (iii) protein-specific antibody was 

omitted (anti-puro only), and (iv) anisomycin treatment was performed prior to the addition 

of puromycin. Arrow heads indicate sites of coincident Cen-Puro-PLA and Cen 

immunofluorescence signals. Red: DNA; SV: surface view; CV: cross-section view. Scale 

bar = 10 µm. 
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(C) FISH performed on OreR embryos exposed to DMSO, emetine (100µM) or 

harringtonine (100µM) to visualize cen mRNA (blue) localization during interphase and in 

mitosis. Red: DNA. Scale bar = 25 µm. 

 

Figure 2.7. Transcripts encoded by cis-NATs tend to co-localize in specific 
subcellular compartments. 
(A) Schematic detailing the previously performed cell fractionation and RNA-seq (CeFra-

seq) procedure [331]. Drosophila Dm-D17 and human K562 cells were fractionated into 

biochemically defined cytoplasmic compartments, including cytosol, membrane and 

cytoplasmic insoluble fractions, through hypotonic lysis and ultra-centrifugation steps. 

Each fraction was then subjected to RNA-seq, as described previously [331].  

(B) Schematic representation of different cis-NAT classes, including those with tail-to tail 

(3’end), head-to-head (5’end) or full (embedded) overlap. 

(C) A distance measurement score for all classes of Drosophila or human cis-NATs was 

calculated by summing the differences in fraction-specific RNA expression levels. This 

metric was used to evaluate the distance values of groups of RNAs encoded by genes 

with different overlapping arrangements. The violin plots convey the distance measure 

scores of pairs of RNAs encoded by genes with overlapping transcriptional units at the 

level of their 3'UTRs, 5'UTRs or through embedded exonic sequences, compared to 

control randomly shuffled mRNA pairs from non-overlapping genes. P-values were 

calculated with a Wilcoxon test and are indicated. (D) Model for the cen-ik2 mRNA co-

localization to centrosomes. Owing to the tail-to-tail configuration of their genes, 

maternally-expressed cen and ik2 mRNAs interact through their 3'UTR, either via direct 

RNA-RNA interactions or through associated RNA binding proteins. The centrosomal co-

localization of theses mRNAs, mediated by signals with the coding region of cen, may 

occur through co-transport or localized co-assembly. LE indicates potential cis-

localization element residing within the coding region of cen. 
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2.14 Supplemental Figures and Figure Legends 
 
Supplemental Figure 2.1 
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Supplemental Figure 2.2 
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Supplemental Figure 2.3 
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Supplemental Figure 2.4 
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Supplemental Figure 2.1. Cen and ik2 mRNAs exhibit mitotic localization patterns 
in Drosophila embryos. Related to Figure 2.1. 
(A) Cen mRNA foci localize closely to a subset of structures define by the Centrosomin 

(CNN) protein. Immuno-FISH labelling performed on syncytial blastoderm stage embryos 

revealing cen mRNA (green) and CNN-GFP protein (red). Blue, DNA. 

(B) FISH staining of wildtype (OreR) embryos showing that ik2 mRNA (blue) exhibits a 

centrosomal localization pattern during mitosis. Red: DNA; SV: surface view; CV: cross-

section view. 

(C-D) Asymmetric localization of cen or ik2 mRNAs (C, red), or Cen and Ik2 proteins (D, 
red), to one of the two replicated centrosomes during mitosis. Blue, DNA; Green, CNN. 

 
Supplemental Figure 2.2. Phenotypic classes of mutant embryos. Related to Figure 
2.3. 
Microscopy images of DAPI stained Drosophila embryos. Examples of mitotic, yolk and 

morphological defects observed in cen-RNAi, cenf04787 and ik2-RNAi embryos. 

 

Supplemental Figure 2.3. Expression levels of reporter gfp-cen and gfp-ik2 mRNAs 
in transgenic flies. Related to Figure 2.5. 
(A) Relative expression of gfp-cen fusion reporter mRNAs in the different transgenic 

embryos measured by RT-qPCR and normalized by rpl49 mRNA. Data represent the 

mean ± SEM from at least 3 experiments. 

(B) Relative expression of the reporter gfp-ik2 fusion mRNAs in the different transgenic 

embryos, as measured by RT-qPCR and normalized by rpl49 mRNAs. Wildtype (OreR) 

flies are used as a negative control for gfp expression. Data represent the mean ± SEM 

from at least 3 experiments. 

(C) Relative expression of the truncated forms of the gfp-ik2-3'UTR mRNAs in the 

different transgenic embryos measured by RT-qPCR and normalized by rpl49 mRNA. 

Data represent the mean ± SEM from at least 3 experiments (ns: non significant p-value). 

(D) Schematic representation of the region involved in the ik2 localization (black box), 

which includes the region of overlap with the cen 3’UTR according to the BDGP R6 + 

ISO1 MT/dm6 assembly. 
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Supplemental Figure 2.4. Sequence analysis of the cen and ik2 mRNA orthologues. 
Related to Figure 2.5.  
(A) Table showing the percent of identity and gaps for the coding sequence (CDS) and 3’ 

UTR of the cen (red) and ik2 (green) genes from D. melanogaster, D. simulans, D. 

mojavensis, and D. virilis calculated from a local alignment obtained with the Smith-

Waterman algorithm, using default parameters. The predicted lengths from the 

annotations of both regions are shown. 

(B,C) Multiple alignment, obtain by MUSCLE (Edgar, 2004), of the genomic region 

following the stop codon of the cen (B) and ik2 (C) genes. Alignment was performed using 

additional nucleotides after the annotated 3’UTRs in order to have sequences of identical 

length. Nucleotides added after, or remaining from the truncation of the UTR, in order to 

achieve a better resolution of the overall alignment are noted in the text to the left of the 

alignments. Annotated 3’UTR sequences are highlighted in grey. Nucleotides from a 

pairwise alignment with D. melanogaster are colored in green for a match and red for a 

mismatch; hyphens represent indels. Stars indicate identical nucleotide alignment in all 4 

species. The overlapping region of cen and ik2 is marked in bold for D. melanogaster and 

D. simulans. 
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2.15 Tables 
Table 2.1 Key Resources Table 

REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 
Biotinylated Mouse Anti-Dig  Jackson 

Immunoresearch 
Cat# 200-062-156 

Rabbit Anti-Cen N-terminus Megraw, T.L laboratory [338] 
Mouse Anti-Ik2 Hayashi,S.  laboratory [341] 
Rabbit Anti-γ-Tubulin Sigma Cat# T0950 
Mouse Anti-Puromycin Millipore Cat# MABE343 
Rabbit Anti-GFP Abcam Cat# 6556 
Anti-Rabbit-Alexa488 Jackson 

Immunoresearch 
Cat# 711-545-152 

Anti-Rat-Cy5 Life technology Cat# A10525 
Anti-Mouse HRP Jackson 

Immunoresearch 
Cat# 715-035-150 

Anti-Rabbit PLAplus Sigma-Aldrich Cat# DUO92002 
Anti-Mouse PLAminus Sigma-Aldrich Cat# DUO92004 
   
Chemicals 
Paraformaldehyde Sigma-Aldrich Cat# 252549 
Trizol Invitrogen Cat# 15596026 
Dynabeads M-270 Streptavidin Invitrogen  Cat# 65305 
Digoxigenin-11-UTP (DIG-UTP) Roche Cat# 11209256910 
Biotin-16-UTP Roche Cat# 11388908910 
NTPs Promega Cat# E601B, E602B, E603B, E604B 
Streptavidin-HRP  Sigma-Aldrich Cat# S911 
Harringtonine LKT Laboratories Cat# H0169 
Emetine Dihydrochloride MilliporeSigma Cat# 324693 
Anisiomysin Tocris Cat# 1290 
Puromycin Sigma-Aldrich Cat# P8833 
Psoralen Sigma-Aldrich Cat# P8399 
   
Critical commercial assays  
Power up SYBR Green Master 
Mix 

Applied Biosystem Cat# A25741 

M-MLV Reverse Transcriptase Invitrogen Cat# 28025-013 
T7 RNA polymerase Invitrogen Cat# 18033-019 
T3 RNA polymerase Thermo Scientific Cat# EP0101 
SP6 RNA polymerase New England Biolabs Cat# M02075 
Tyramide Signal Amplification 
Kits-Alexa Fluor 488 

Perkin Almer Cat# T20932 

Duolink detection kit Sigma-Aldrich Cat# DUO92007 
Duolink wash reagents Sigma-Aldrich Cat# DUO82049 
   
Deposited data 



 91 

Raw data files for RNA 
sequencing 

ENCODE project : 
www.encodeproject.org/ 

Dm-D17 Cells : 
ENCSR283YJX (Cytosol-PA) ; 
ENCSR053CWY (Membrane-PA); 
ENCSR622ROA (Cyto-Insoluble-
PA) 
 
K562 Cells : 
ENCSR384ZXD (Cytosol-PA); 
ENCSR596ACL (Membrane-PA); 
ENCSR594NJP (Cyto-Insoluble-
PA). 

 
Experimental models: organisms/strains 
Drosophila Simulans Drosophila Species 

Stock Center 
N/A 

Drosophila Mojavensis  Drosophila Species 
Stock Center 

N/A 

Drosophila Virilis Drosophila Species 
Stock Center 

N/A 

Drosophila Melanogaster 
Oregon R (OreR) 

BDSC N/A 

PBac-attP-3B (VK00033)  BDSC  Cat# 24871 
Cenf04787   BDSC Cat# F04787 
Cen RNAi TRIP stock BDSC Cat# 43139 
Ik2 RNAi TRIP stock BDSC Cat# 35266 
Nanos-Gal4-VP16 (NGV) BDSC Cat# 4937 
pUASP-Gfp This paper N/A 
pUASP-Gfp-cenCR+3'UTR This paper N/A 
pUASP-Gfp-cen-CR This paper N/A 
pUASP-Gfp-cen-3'UTR This paper N/A 
pUASP-Gfp-ik2CR+3'UTR This paper N/A 
pUASP-Gfp-ik2-CR This paper N/A 
pUASP-Gfp-ik2-3'UTR This paper N/A 
pUASP-Gfp-ik2-3'UTR (1-537) This paper N/A 
pUASP-Gfp-ik2-3'UTR (1-470) This paper N/A 
pUASP-Gfp-ik2-3'UTR (1-273) This paper N/A 
pUASP-Gfp-ik2-3'UTR (139-537) This paper N/A 
pUASP-Gfp-ik2-3'UTR (253-537) This paper N/A 
pUASP-Gfp-ik2-3'UTR (366-537) This paper N/A 
   
Plasmids 
pGEM4 Promega Corporation N/A 
pUASP-attB Howard Lipshitz N/A 
   
cDNA bank clones 
Cen cDNA  Drosophila Gene 

Collection  
LD41224 
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Ik2 cDNA  Drosophila Gene 
Collection 

SD10041 

   
Software and algorithms 
Prism Graphpad  
Zen lite Zeiss  
Photoshop, Illustrator Adobe Systems Inc.  
Imaris Oxford Instruments  
   
Sequence-Based Reagents 
Please see Table 2.2 for primers  
sequences used for transgenic 
flies 

This paper N/A 

Please see Table 2.4 for qPCR 
primer sequences  

This paper N/A 

Please see Table 2.3 for qPCR 
primer sequences used for 
Probes synthesis 

This paper N/A 

Please see Table 2.5 for primer 
sequences of Stellaris probes for 
cen and ik2. 

This paper N/A 
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Table 2.2 Plasmid Construction Primers 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

BamH1-Cen_Cod_Fw ATTAGGATCCATGGAGGAATCCAATCACG 
BamH1-Cen_Cod_Rv ATTAGGATCCTTACTTTTGACGAAACTGATGATGATG 
BamH1-Cen_3'UTR_Fw ATTAGGATCCACTTGTTTAGAGAATGTAAAT 
BamH1-Cen_3'UTR_Rv ATTAGGATCCTTTCTGTAGGTCATTAAATTATTTA 
BamH1-Ik2_Cod_Fw ATTAGGATCCTGTTTGTCACAATCGAGAAG 
EcoRI-Ik2_Cod_Rv ATTAGAATTCCTAACTACTTTCCAGACTTCCG 
BamH1-Ik2_3'UTR_Fw ATTAGGATCCACGGGCATATCATGAAAG 
EcoRI-Ik2_3'UTR_Rv ATTAGAATTCGTCGAGTTTTATCATAACACGG 
BamH1-Ik2_3UTR_139_Fw ATTAGGATCCCGTAGGAGTAAGATTTCTGTAGG 
EcoRI-Ik2_3UTR_156_Rv ATTAGAATTCCCTACAGAAATCTTACTC 
BamH1-Ik2_3UTR_253_Fw ATTAGGATCCCGTAGGGACTAGACTGCATGGCA 
EcoRI-Ik2_3UTR_270_Rv ATTAGAATTCTGCCATGCAGTCTAGTCC 
BamH1-Ik2_3UTR_366_Fw ATTAGGATCCCGTAGGATGATGATGACTCTTGC 
EcoRI-Ik2_3UTR_383_Rv ATTAGAATTCGCAAGAGTCATCATCATC 
BamH1-Ik2_3UTR_453_Fw ATTAGGATCCCGTAGCCCGGCGCAAAACTTCGG 
EcoRI-Ik2_3UTR_470_Rv ATTAGAATTCCCGAAGTTTTGCGCCGGG 
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Table 2.3 Probe Synthesis Primers 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

POT2 Fw AATGCAGGTTAACCTGGCTTATCG 
POT2 Rv AACGCGGCTACAATTAATACATAACC 
SP6 ACGATTTAGGTGACACTATAGAA  
T7 GTAATACGACTCACTATAGGGC 
Moja_Vir_T3_Ik2_Fw AATTAACCCTCACTAAAGGGAGAGCCGATGTGCAGATGCGCGA 
Moja_Vir_T7_Ik2_Rv TAATACGACTCACTATAGGGAGACAGTCGCGCACGTCTTTCTC 
Moja_Vir_T3_Cen_Fw AATTAACCCTCACTAAAGGGAGATGCGAGCCGGATGTGGATG 
Moja_Vir_T7_Cen_Rv TAATACGACTCACTATAGGGAGATCAGCACGGCGCAATACTTC 
Cen_Cons_T3_Fw AATTAACCCTCACTAAAGGGAGAAACCGAGTTTTCGGAATCAGA 
Cen_Cons_T7_Rv TAATACGACTCACTATAGGGAGATTCTTGAGCACTCCAAATAT 
Ik2_Cons_T3_Fw AATTAACCCTCACTAAAGGGAGACTGGTGACGCCTCTTCTAGC 
Ik2_Cons_T7_Rv TAATACGACTCACTATAGGGAGAAATACGCTCTCGGAAGTT 
GFP_T3_Fw AATTAACCCTCACTAAAGGGAGAGACGTAAACGGCCACAAGTT 
GFP_T7_Rv TAATACGACTCACTATAGGGAGATGTTCTGCTGGTAGTGGTCG 
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Table 2.4 RT-qPCR Primers 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Cen_RT _Fw AAGCGCGAACCACTCGAATA 
Cen_RT _Rv ATTCGATGCGATCTCCAGATG 
Ik2_RT _Fw GCGTGGACATCTTTACTTCCA 
Ik2_RT _Rv TGCATCTGCGAGATCACATC 
Cen_RT_Vir_Fw GATCTGTATGAACGCGCGG 
Cen_RT_Vir_Rv GCATTGTCTCGCGGTTCTTA 
Cen_RT_Moj_Fw TCCGTACAGTCACATGCGA 
Cen_RT_Moj_Rv CTTTGCCGCGTCCTTCTTG 
Ik2_RT_Vir_Fw CAAGCCCGGCAACATAATGA 
Ik2_RT_Vir_Rv CACCGCGCGTTCATACAG 
Ik2_RT_Moj_Fw TCCGTACAGTCACATGCGA 
Ik2_RT_Moj_Rv ACCGGCACATAGATGCTCC 
RPL23_RT_Fw AGGAAGAAGGTCATGCCTG 
RPL23_RT_Rv TATAGAGCTTGCATTGGATGC 
RPL49_RT_Fw ATGACCATCCGCCCAGCATAC 
RPL49_RT_Rv ATGTGGCGGGTGCGCTTGTTC 
RPL23_RT_Vir/ Moj_Fw CGTAAGCCGTTCAGAAGGAG 
RPL23_RT_Vir/Moj_Rv TGAATTGGGGAACTGTTGCT 
GFP_RT_Fw AGAACGGCATCAAGGTGAAC 
GFP_RT_Rv TGCTCAGGTAGTGGTTGTCG 
CyclinB_RT_Fw GGGCAGCAAGTTCCAGAAGA 
CyclinB_RT_Rv CCTTGGACCGCACTATTTCC 
GAPDH_RT_Fw ACCGAACTCGTTGTCGTACC 
GAPDH_RT_Rv TCAAGGCTAAGGTCGAGGAG 
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Table 2.5 Stellaris Probe Sequences 
 
 cen probe ik2 probe 
1 GAGCATGAACTGCGATACGT GCATGTGACTGTAGGGATTA 
2 CCTTAATCTTGTACTCCTTG TCGCCAACAGCTTTACTATA 
3 AGATGCAAGATCTCCAGTTC ATGTTAAAGAGACTTCCGCC 
4 GTCATCGCATTAATGTGCTT TACGAGTTCTCAGGATCGTC 
5 ACCTTAAGCCGTGAATCATT CACAAGTGTTCCAAGACCAG 
6 GATTCTTCTCCAGATTTAGC AACTTCATTATGTTTCCGGG 
7 CGTCTTAATCTGCTTCTTGT AAGCTTGTATATGGTTTGCC 
8 TCGCTCAGAAGTTGACTCAG TTCTCTAGCAGCACCGAAAT 
9 TCGAATGCTGCATCCTATAG AGAGAGGCAAACGGCTGATT 
10 GAATGCTGTGACTGGACACA TGAAGATACTCTTCTGTGCC 
11 GGAGAACTCAACACTCTGCT GAACGATCGCTGGATTGACT 
12 GCTATGGCCATAACATCTAG CGACCACAAATCCACATTGG 
13 CATGGTGGCATTACTGAAGG AAAAGGCAGATTTCCGGTGG 
14 CTGAGCAGCTTTACCAATTC TTTTTCCTTCCACCAAAAGG 
15 ACGTTTTAACACCTCCATTT CAGAAGCCTTTTTGGTAGTG 
16 GTTGTCTTGGATTATGGTCA AACGTGGTGGACCATTCAAT 
17 TTTCGTTAATATCCCTCAGG CTCGAGAAGTCCAGCTAGAA 
18 CTTCGTAGATTTCTTCGGTT TCGAAAGACCAGGTCTTTTC 
19 CTAGAGTTGGGATTGAGGTC CGTCACCTCGTGGAAGAAAC 
20 CCCGATAAGGATTTGGTTTG ACATGAATGACACGCTTGCG 
21 ACCAGAGCTTCATATTTCTC TAGGAACACTTCCACCGAAC 
22 CATCTGGATTGCTGGTGAAG GCTCTCGGAAGTTGTCAATT 
23 TCTGATTTTTTGCCTTGACT CACCTCTGTTTGCAGGAAAA 
24 CAGATTCCTTTGAGCTGTTA CAAAAGGATCTGCTTCTCCA 
25 CGCTTACGTGTTGAATCCAA TTTAGCTATCGTTCGTGGAG 
26 CGATGTAGTTTCTGATTCCG TATTGGCTGATCTGTTGTGG 
27 GCTAGTTTCATCCGAGAATC AACATTGTTGTCGTCGTTGC 
28 AAGGAAGTAACTCGGTCGCT AGATCTAATTGCTGGGGCAA 
29 TGAGATTCAATGGGGCTGAC AGGGAACACTGGGAACTTGG 
30 TGAGCACTCCAAATATCTCC GTCGTTCTCCACTGAAACAT 
31 TCTTCGTTATTATCAGCTGC TAAAGATGTCCACGCGTCTT 
32 TTTCTGTAATCTGTGCGTCG TCCACTCCCTTCTTAATAAG 
33 AAGTCATCTGGAGATTCCTC GAGTTATTGTGGTCACTAGC 
34 AACTGAGGATACGACGCTCT TGCACCACATCTGCATAATC 
35 ACTCGGACATTGCAATGGAC CTCCATCAAAGTCGCTTTTG 
36 AGATGTGTTTTTTGGCTGTC AATGTTTGTGCATCTGCGAG 
37 GTTTTGTTGGTTTCGGACAT GGTCCATTGATCGTTAAGTT 
38 AAGTGGATTGCGTTAGGGAC CTTGCAAGGACACTTCTTTC 
39 TCTCCCTTATGGGTTTATAA CTTTCTACCAGATACTTGGC 
40 GAGTGGAGTAAGTATCTGGC GCATGAAACTGTTCGTCGTT 
41 CGGTTAGATATTCGAGTGGT GATCCACTTTAATCTTCTCC 
42 TCGGTTCTTCTTCTTGATTC TGTCGGATTTACGTTATCCA 
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43 CCCGGGAGTTAAACAATTCG TTAAGGTAGACGGTCTGAGC 
44 GTATCCGTACACATCTTTGA CACGTCCTTCTCCAAAATTT 
45 CCATTGAGCTCTATTACTCG TTCCGTTCAACTTTCTTTCG 
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3.1 Contributions of the Authors 
Figure 3.1: Dhara Patel, Sulin Oré Rodriguez, Xiaofeng Wang 

Figure 3.2: Dhara Patel 

Figure 3.3: Dhara Patel 

Figure 3.4: Dhara Patel 

Figure 3.5: Dhara Patel 

Figure 3.6: Dhara Patel 

 

Supplemental Figure 3.1 Dhara Patel 

Supplemental Figure 3.2 Dhara Patel 

 

Dhara Patel and Eric Lecuyer designed the project and planned the experiments. 

Dhara Patel, Sulin Oré Rodriguez, and Xiaofeng Wang carried out the experiments.  

Dhara Patel analyzed the results. 

Dhara Patel made the figures and wrote the manuscript.  
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3.2 Summary 

The trafficking and localization of mRNA molecules is an exquisite mechanism to 

target proteins throughout the cell. This mechanism is mediated by interactions with RNA 

binding proteins (RBPs). Previous studies have identified both mRNAs and RBPs being 

localized to mitotic apparatus structures including centrosomes and the spindle, therefore 

we hypothesized that the RBP localization to the mitotic apparatus is involved in the local 

regulation of mitotic mRNAs. We implemented a combination of systematic imaging 

approaches and loss-of-function studies in human cells, as well as in vivo studies in flies 

to identify RBPs implicated in mitotic mRNA localization and cell division regulation. 

Through an imaging screen with approximately 300 RBP antibodies, we identified 30 

RBPs localized to mitotic structures in HeLa cells and 6 RBP candidates for which the 

knockdown perturbs mitosis and mRNA localization. Similarly, loss of RBP orthologs in 

Drosophila melanogaster (D. melanogaster) embryos disrupted mitosis. Our studies 

highlight that RBPs are involved in post-transcriptional regulation during mitosis.  

 
3.3 Introduction 

RNA binding proteins are involved in the post-transcriptional regulation of mRNAs 

including polyadenylation, localization, alternative splicing, and degradation [371]. The 

malfunction of RBPs has been linked to cancer, neurological disorders, cardiovascular 

diseases, and diabetes [372]. To date, approximately 1500 proteins have been 

categorized as RBPs [207]. RBPs recognize and bind to the sequence and/or structural 

motifs in mRNAs via through their RNA binding domains (RBDs) [157, 173, 373]. 

Together, the ribonucleoprotein (RNP) complex, composed of mRNAs and RBPs 

undergoes nuclear export and becomes trafficked to a specific subcellular compartment 

[157, 173]. At the final site of localization, the mRNA has the potential to be locally 

translated [157, 173].  

 

The partitioning of mRNAs into different subcellular compartments is important in 

processes such as establishing cell polarity and determining cell fate [133, 136, 166, 374-

379]. Localized mRNAs have been found in structures including the mitochondria, 

centrosomes, spindle, and the endoplasmic reticulum [121-123, 127, 153, 154]. A 
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potential advantage of localized translation in contrast to transporting proteins is that a 

single mRNA can undergo several rounds of translation. Furthermore, there is spatial and 

temporal precision of the protein to the site where it is needed [157, 173, 175]. Strikingly, 

approximately 70% of genes in the Drosophila melanogaster (D. melanogaster) embryos 

encoded subcellularly localized mRNAs, including ones that were co-localized with mitotic 

apparatus structures [125]. In recent years, there have been several examples of mRNAs 

and RBPs that have been implicated in the context of mitosis [121-123, 125, 127]. 

Interestingly, a screening conducted in HeLa cells to look for transcripts localized to the 

centrosome identified 8 mRNAs that showed accumulation at the centrosomes [123]. 

Additionally, the loss of the RBP LARP1 resulted in a failure in the formation of a bipolar 

spindle [380]. Although there has been clear evidence of mRNAs and RBPs being 

associated with mitotic apparatus structures, the functional roles remain largely 

unexplored. 

 

To further understand the roles that mRNAs and RBPs have in regulating mitosis, 

we first performed an imaging screen in HeLa cells with a validated collection of RBP 

antibodies, which identified a group of 30 RBPs that exhibit steady state co-localization 

with mitotic structures including centrosomes and the mitotic spindle. Subsequent loss-

of-function (LOF) assays using siRNAs against the candidates revealed that depletion of 

several of these RBPs led to mitotic defects. Additionally, our results suggest that RBPs 

are involved in the localization of Assembly Factor for Spindle Microtubules (ASPM) 

mRNA, where loss of RBPs leads to defects in mRNA localization in HeLa cells. 

Complementary to our studies in human cells, we utilized the D. melanogaster model 

system and studied how the depletion of orthologous RBPs influenced the rapid mitotic 

divisions and viability in early fly embryos. We demonstrated that RBPs are indeed 

involved in the regulation of mitosis and cytoplasmic mRNA localization is implicated 

during mitosis. 
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3.4 Experimental Procedures 
3.4.1 Drosophila melanogaster stocks 

Oregon R (OreR) flies were used as wild-type for all experiments. OreR, Nanos-

Gal4-VP16 (NGV), CG6695-RNAi-TRIP, CG8549-RNAi-TRIP, CG13387-RNAi-TRIP, 

CG10466-RNAi-TRIP, CG6799-RNAi-TRIP, CG5808-RNAi-TRIP, CG7008-RNAi-TRIP, 

CG7946-RNAi-TRIP, CG12085-RNAi-TRIP, and CG31368-RNAi-TRIP stocks were 

obtained from the Bloomington Drosophila Stock Center (BDSC).  Embryos were 

collected 4 hours after egg laying. 

 

3.4.2 Immunofluorescence and FISH on D. Melanogaster embryos 
Embryos were harvested from population cages and collected 4 hours after laying. 

After harvesting, they were processed for IF and FISH as described previously [125] 

(Refer to Sections 2.6.6 and 2.6.7). For IF, embryos were stained with primary 

antibodies (a Tubulin, 1:50, rat; g Tubulin, 1:50, rabbit) and secondary antibodies (FITC, 

1:100, rat; CY3, 1:100, rabbit). 

 

3.4.3 Embryo Viability Tests 
The hatching frequency of OreR, CG6695-RNAi-TRIP, CG8549-RNAi-TRIP, 

CG13387-RNAi-TRIP, CG10466-RNAi-TRIP, CG6799-RNAi-TRIP, CG5808-RNAi-TRIP, 

CG7008-RNAi-TRIP, CG7946-RNAi-TRIP, CG12085-RNAi-TRIP, and CG31368-RNAi-

TRIP embryos was determined by counting the number of embryos that hatched on apple 

juice plates. 120 embryos were arrayed on agar apple juice plates and the percentage of 

hatched embryos was noted each day for a 3-day time course at 25°C. 
 

3.4.4 Cell culture 
HeLa cells were maintained in Dulbeccos modified Eagle’s medium (DMEM) 

containing 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S) at 37°C in 

a humidified incubator with 5% carbon dioxide.   
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3.4.5 Transfections 
Knockdowns were performed using Lipofectamine RNAi Max transfection reagent 

on HeLa cells. Plates were coated with Poly-L-Lysine according to the manufacturer’s 

instructions. For IF and smiFISH-IF experiments, cells were seeded onto coverslips. 

50nM of siRNA (Refer to Table 3.5) of the target gene was transfected. 2.5µL of 

Lipofectamine RNAiMAX was diluted in 100µL of OptiMEM and a mix containing a final 

concentration of 50nM of siRNA was diluted in 100µL of OptiMEM in a separate tube. 

Next, the components of the two tubes were mixed, and incubated for 10 minutes at room 

temperature. Lastly, 800µL of DMEM + 10% FBS was added to the tube making the final 

volume 1mL. The final mix was added to the cells. A Non-Targeting siRNA control was 

used for all experiments. The total incubation time was 48 hours, however after 24 hours, 

the cells were replenished with fresh DMEM + 10% FBS.  

 

3.4.6 RNA Extraction, Precipitation, and cDNA Synthesis 
HeLa cells were seeded on plates and the transfection procedure was carried out 

as mentioned previously. When cells were ready for harvesting, total RNA was isolated 

using TRIzol reagent according to the manufacturer’s instructions. 

 

Next the RNA underwent precipitation for purification. 0.1 volumes of 3M sodium 

acetate pH 5.2 and 2.5 volumes of cold 100% ethanol was added to each sample. The 

samples were precipitated at -80°C for 1 hour. Next, the samples were centrifuged at full 

speed at 4°C for 30 minutes. After, the pellet was centrifuged with 200µL of cold 75% 

ethanol for 10 minutes. This step was performed twice. Lastly, the samples were air dried 

for 10 minutes and resuspended in 25µL of 0.1% DEPC water.  

 

Complementary DNA (cDNA) was generated using random hexamers, oligo dT, 

and M-MLV reverse transcriptase using 1µg of total RNA from each sample in line with 

the manufacturer’s instructions. 
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3.4.7 Quantitative Real Time PCR (qRT-PCR)  
Diluted 1/10 cDNA was used to perform qRT-PCR experiments. 1µL of diluted 

cDNA was added to each well. A master mix was made with 5µL of PowerUpTM SYBR® 

green Master Mix. 2µL of forward primer (5µM), and 2µL of reverse primer (5µM) per 

sample. The ABI ViiA7 instrument (Life Technologies, Inc) was used for detection of the 

amplified product. Each reaction was carried out in triplicates. The expression levels were 

normalized to GAPDH mRNA. 

 

3.4.8 Immunofluorescence 
HeLa cells were seeded on coverslips in plate and the transfection procedure was 

carried out as described previously. Cells were stained with PCNT, a Tubulin, and DAPI 

to visualize mitotic cells. Note, all solutions were made using PBS 1X unless otherwise 

stated. Cells were fixed with 3.7% formaldehyde for 20 minutes. After, the cells were 

washed with PBS three times for 5 minutes. The cells were subjected to permeabilization 

with 0.5% Triton-X for 5 minutes and washed 3 times with PBS for 5 minutes. Next, the 

cells were blocked with 0.1% Triton-X, 2% BSA for 10 minutes. Lastly, the primary 

antibodies (PCNT, 1:250, mouse; a Tubulin, 1:500, rat) were diluted in blocking solution 

and the cells were incubated overnight 4°C. The next day, the cells were washed 3 times 

with PBS for 5 minutes each time. The secondary antibody (CY3, 1:500, mouse; FITC, 

1:500, rat) was diluted in 0.2% Tween-20, 2% BSA and the cells were incubated for 2 

hours at room temperature in the dark. After the incubation period was over, the cells 

were washed with 0.2% Tween-20 three times for 5 minutes and 2 times with PBS for 5 

minutes. Lastly, the coverslips were mounted using a mounting media containing DAPI.  

 

3.4.9 Single Molecule Inexpensive FISH combined with IF (smiFISH-IF) 
A. Probe preparation 

Probe set: Each individual primer for the probe set was diluted in sterile water to a 

final concentration of 100µM. To make the probe set for each gene, 1µL of each primer 

was added to a microcentrifuge tube and diluted in sterile water to make a final 

concentration of 0.833µM. 

B. FLAP preparation 
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The fluorescent FLAP was resuspended in sterile water to make a final 

concentration of 100µM. 

Table 3.1 Synthesis of FLAP-Structured Duplexes 
 
 

 

 

 

 

The reaction was placed on a heating block and underwent the following cycles: 

1. 85°C for 3 minutes 

2. 65°C for 3 minutes 

3. 25°C for 5 minutes 

 

C. Procedure 

For the smiFISH-IF procedure, I adapted the protocol from [381]. To design the 

primers, the Oligostan script that was compatible with R was used to make ASPM, b 

ACTIN, and GFP probes against the mRNA. HeLa cells were seeded on coverslips in a 

plate and the transfection procedure was carried out as mentioned previously. Note, all 

solutions were made using sterile PBS 1X unless otherwise stated. When cells were 

ready to undergo smiFISH-IF, the cells were washed with PBS 3 times for 5 minutes. 

After, the cells were permeabilized for 15 minutes with 0.1% Triton-X and washed with 

PBS 3 times for 5 minutes. Primary antibody (ASPM, 1:1000, rabbit; a Tubulin, 1:500, rat) 

diluted in 0.1% Triton-X was added to the cells, incubating for 1 hour at room temperature. 

After the incubation, the cells were washed 3 times with 0.1% Triton-X for 5 minutes. Next, 

the cells were incubated with secondary antibody (CY3, 1:500, rabbit; FITC, 1:500, rat) 

diluted in 0.1% Triton-X for 2 hours at room temperature. After the incubation, the cells 

were washed 3 times with 0.1% Triton-X for 5 minutes. The cells were fixed again with 

3.7% formaldehyde for 10 minutes and washed 3 times with sterile PBS for 5 minutes. 

Next, the cells were incubated in 15% formamide, SSC 1X buffer diluted in double distilled 
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water for 15 minutes at room temperature. During this incubation period, a hybridization 

mix consisting of two components: Mix 1 and Mix 2, was prepared.  

Table 3.2 Preparation of Hybridization Solution 
 

 

 

 
 
 
 
 
 
 
 

 

Mix 2 was vortexed thoroughly and then both mixes were combined and vortexed again. 

Hybridization mix was added to each well and incubated at 37°C overnight in a plate 

sealed with parafilm to avoid excess evaporation. The next day, the cells were washed 

for 30 minutes 2 times in 15% formamide, SSC 1X buffer at 37°C. After, the cells 

underwent 2 washes in PBS for 5 minutes. Lastly, the coverslips were mounted using a 

mounting medium containing DAPI.  

 

3.4.10 Flow Cytometry 
HeLa cells were seeded on a plate and the transfection procedure was carried out 

as mentioned previously. For controls, unstained, propidium iodide only, and Histone H3 

only conditions were used. Note, that the samples were spun down at 4°C at 7000rpm, 

all solutions were made using sterile PBS 1X, the supernatant was removed after each 

spin unless noted. When cells were ready for harvesting, they were detached by using 

200µL trypsin and incubated for 5 minutes at 37°C. 800µL of media (DMEM + 10% FBS) 

was added to inactivate the trypsin and the samples were spun down at 1700rpm for 5 

minutes at room temperature. 1mL of cold 70% ethanol was added to fix the cells. Next, 
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the samples were spun down for 5 minutes. After, the samples were suspended in 500µL 

of Krishan’s solution (0.1% sodium citrate, 0.3% Nonidet, 0.02 mg/mL RNase A, and 0.05 

mg/mL propidium iodide diluted in double distilled water). Samples underwent incubation 

on ice for 30 minutes and spun down. Next, the cells were resuspended in Krishan’s 

solution and stained with propidium iodide. After Histone H3 staining was performed. Note 

that in the following steps, the solutions were made using cold PBS 1X. The cells were 

fixed with 1% formaldehyde for 15 minutes on ice. After samples were spun down and 

the cells were blocked using 0.5% BSA, 0.2% Triton-X for 15 minutes at room 

temperature. The cells were stained with primary antibody (Histone H3, 1:1000, rabbit) 

using the blocking solution and left on ice for 30 minutes. After, the cells were washed 

with blocking solution for 5 minutes twice on ice. Next, secondary antibody (FITC, 1:1000, 

rabbit) diluted in blocking solution was added to the sample and incubated for 30 minutes 

on ice. Cells were washed once with blocking solution and twice with PBS 1X for 5 

minutes. Lastly, the cells were then ready to be processed using the FACSCalibur. 

 

3.4.11 Microscopy 
The samples were imaged on Leica DM5500B microscope, ZEISS spinning disc 

confocal microscope, or a Molecular Devices high content screening microscope. 

 

3.4.12 Analysis of smiFISH-IF 
Images were taken using the ZEISS spinning disc confocal microscope. The 

samples were analyzed using IMARIS software. A surface mask was created using the 

ASPM protein channel to identify the centrosomes, with an absolute intensity threshold 

was set to select them. This surface mask of ASPM protein was used to measure the 

mean voxel intensity of ASPM mRNA.  

 
3.5 Results 
3.5.1 RNA binding proteins show localization to mitotic apparatus structures. 

While mRNAs have been shown to localize to mitotic structures, it is unclear which 

RBP machineries are involved in the localized regulation of such transcripts. To address 

this question, we conducted an imaging screen in HeLa cells to look for RBPs that show 
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localization to the mitotic apparatus structures. HeLa cells underwent a double thymidine 

block treatment to enrich for a population of mitotic cells and IF was performed against 

~300 RBP antibodies (Figure 3.1A). Images were taken on the high content screening 

microscope and were analyzed. Analysis of the images revealed that a subset of these 

RBPs, 30 proteins were identified accounting for 10% of the screened RBPs [201] (Figure 
3.1A and Figure 3.1B). Hits were scored as positive when they showed co-localization 

with either the a Tubulin or PCNT antibodies, markers for the spindle and centrosomes, 

respectively. Some RBPs including AKAP1, PPIL4, FXR2, and CCDC86 show 

localization exclusively to the centrosome whereas other RBPs such as SSB, CDC40, 

and ZNF622 were enriched solely to the spindle (Figures 3.1B and 3.1C). However, 

PUF60, SF1, and HNRNPUL1 exhibited dynamic localization to both the spindle and the 

centrosomes (Figures 3.1B and 3.1C). Interestingly, a closer look at the candidate RBPs 

revealed that they exhibit a myriad of functions including alternative splicing (Table 3.8). 

The enrichment of RBPs to these mitotic apparatus structures suggests that there is post-

transcriptional regulation occurring during mitosis.  

 

3.5.2 Loss of RNA binding proteins results in mitotic defects. 
To address the hypothesis of whether RBPs localized to the mitotic apparatus are 

involved in mitotic regulation, we next sought to investigate whether the depletion of these 

RBPs results in defects. Treatment with siRNA to silence the endogenous mRNA 

expression of the RBPs of interest was performed and the knockdown was validated by 

performing qRT-PCR (Figure 3.2A and Supplemental Figure 3.1). The mRNA 

expression levels of the target RBPs were less than 10% after siRNA treatment for all 

candidates (Supplemental Figure 3.1). Cells were stained with a Tubulin and PCNT 

antibodies and prometaphase/metaphase cells were imaged and analyzed. Defects in the 

spindle (multipolar/monopolar and morphological defects) and centrosome (abnormal 

number) were quantified microscopically. We found that depletion of 8 of the candidates: 

CCDC86, PUF60, XPO1, WDR43, SF3A3, SF1, RPS3, and RBMX2 showed a higher 

incidence of mitotic defects (Figure 3.2B and Figure 3.2C). For instance, the loss of 

PUF60 resulted in multiple centrosomes and aberrant spindle whereas the reduction of 

CCDC86 resulted in an elongated spindle and multiple centrosomes (Figure 3.2B). A 
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higher incidence of mitotic defects upon RBP depletion suggests that they are involved in 

the regulation of mitosis. XPO1 was removed from further downstream analyses due to 

its function as a nuclear export factor, which would make its role as a RBP to be 

indiscernible [382, 383]. Since the loss of RBPs resulted in mitotic defects, we wanted to 

assess whether the cells were cycling normally. There could be a possibility that the cells 

can be arrested due to the higher incidence of errors. After 48 hours of treatment with 

siRNA, the cells were harvested and stained with propidium iodide and Histone H3. The 

samples were subjected to flow cytometry to calculate the mitotic index. Treatment of 

siRNA against RAD21, a major player in maintaining sister chromatid cohesion was used 

as a positive control. As expected, loss of RAD21 resulted in an increased mitotic index 

[384]. However, upon RBP depletion of the different candidates, the cells did not undergo 

a cell cycle arrest despite exhibiting errors (Figure 3.2D). In summary, these results 

suggest that RBPs are involved in mitosis but do not affect cell cycling. 

 

3.5.3 Depletion of orthologs in fly embryos affects viability and mitosis. 
As the knockdown of RBPs in the human model disrupted mitosis, we wanted to 

test if this was the case in the fly embryos of D. melanogaster. Utilizing DIOPT, an online 

tool to predict putative orthologs, the equivalent RBPs in the fly are identified [385]. From 

the 30 RBP hits found during the IF screen, we tested the fly ortholog of 10 RBPs. We 

used the GAL4/UAS system to perform knockdown using RNA interference (Figure 
3.3A). The depletion targeted the female germline using the nanos-Gal4-VP16 (NGV) 

driver (Figure 3.4A). These flies were crossed with ones carrying the Upstream Activating 

Sequence (UAS) that contained transgenes downstream expressing hairpin RNA 

(hpRNA) against the RBP of interest. Consequently, the cross resulted in RBP 

knockdown in the female germline resulting in RBP-depleted embryos (Figure 3.3A). 

First, we assessed the viabilities of the crosses that we performed. We found that loss of 

4 of the RBPs, CG7946 RNAi, CG7008 RNAi, CG31368 RNAi, and CG12085 RNAi all 

resulted in impaired viability, suggesting a defect during embryonic development (Figure 
3.3B). Next, we took a further look at the embryos by performing IF and FISH. Further 

analyses of CG7946 RNAi embryos revealed that they were developmentally blocked and 

displayed a loss of centrocortin (cen) localization (Figure 3.3C). Cen is a dynamic mRNA 



 111 

that shows localization to both the centrosomes and astral microtubules, exhibiting high 

expression during early embryonic development of D. melanogaster and its 

downregulation leads to spindle defects [338, 386].  Furthermore, our preliminary data 

showed that the loss of 2 of the RBPs, CG12085 RNAi and CG31386 RNAi  resulted in 

mitotic defects as they exhibited spindle abnormalities and free centrosomes 

(Supplemental Figure 3.2). Crosses performed using CG13387 RNAi, CG10466 RNAi, 

CG6799 RNAi, and CG5808 RNAi flies resulted in 4 of the RBP knockdown groups having 

sterile females that did not lay eggs, suggesting that these RBPs may be implicated during 

oogenesis (Figure 3.3D). In summary, 80% of the screened RBPs in D. melanogaster 

embryos showed defects, emphasizing the importance of RBPs in the regulation of 

development.  

 

3.5.4 ASPM mRNA shows localization throughout mitosis and loss of RNA binding 
proteins disrupts ASPM localization at the centrosomes. 

We wanted to assess how loss of RBPs affects the localization of mitotic mRNAs. 

We adapted the smiFISH protocol and combined it with IF (smiFISH-IF) to obtain co-

staining of the protein and mRNA of interest [381]. To perform smiFISH, two types of 

probes were used: a primary and secondary probe. The primary probes contain a gene-

specific sequence with a common FLAP sequence and the secondary probe contains two 

fluorophores that recognize the FLAP sequence. Hybridization of the fluorophores to the 

primary probes occurs through the shared FLAP sequence in vitro (Figure 3.4A). First, 

we tested the localization of GFP and b ACTIN, the negative and positive controls, 

respectively. As expected, GFP did not exhibit a specific localization whereas b ACTIN 

was enriched in the cytoplasm (Figure 3.4B). Next, we performed smiFISH-IF for ASPM 

mRNA and ASPM protein and found that both the mRNA and protein co-localize and 

exhibit localization to the centrosomes throughout mitosis as previously reported [123, 

127, 387] (Figure 3.4C). Although a previous screen identified 8 mRNAs localized at the 

centrosomes in HeLa cells, we chose to focus primarily on ASPM due to its robust 

localization during metaphase, therefore making it serve as a good marker for readout 

when scoring phenotypes [127]. Earlier studies have shown that ASPM protein is involved 
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in spindle organization in human U2OS cells [388]. Similarly, the putative ortholog Asp 

also displays a related function in D. melanogaster [389-391].  

 

Next, we wanted to test if loss of RBPs affected the localization of the mitotic 

mRNA, ASPM, at the centrosomes. The localization of ASPM mRNA in knockdown of 7 

of the RBP candidates that were identified in the siRNA screen was tested. Therefore, we 

performed smiFISH-IF and co-stained with ASPM mRNA, as well as ASPM and a Tubulin 

proteins. We found that the loss of SF3A3, SF1, RBMX2, PUF60, RPS3, and WDR43 

disrupted ASPM localization at the centrosomes (Figure 3.5A). The localization of ASPM 

transcripts either appeared diffused or there appeared to be more than two foci (Figure 
3.5A). Despite the reduced amount of ASPM mRNA, its protein counterpart was still 

present and remained unaffected (Figure 3.5A). Next, we wanted to quantify the mRNA 

localization defects that existed in RBP depleted cells. Cells that had more than two foci 

at the centrosomes or had a diffused mRNA signal were scored as having a mRNA 

localization defect. We found that there was a general trend where the loss of RBPs 

exhibited a higher incidence of cells with mRNA localization defects (Figure 3.5B). Note, 

that the siSF3A3 group (p-value: 0.0566) and siCCDC86 group (p-value: 0.0786) was 

close to reaching significance. Lastly, we wanted to test if there was indeed reduced 

ASPM mRNA at the centrosomes. Therefore, quantitative image analysis was conducted 

using IMARIS software. ASPM protein was used as a mask and the amount of ASPM 

mRNA inside of the protein mask was measured. The mean pixel intensity was 

representative of the amount of ASPM mRNA. Indeed, we saw that in all cases of RBP 

depletion, there was reduced ASPM, with the exception of siCCDC86 cells (Figure 3.5C). 

These results indicate that our candidate RBPs are involved in the recruitment of ASPM 

mRNA to the centrosomes, and loss of the RBPs disrupts mRNA localization. 

 

3.6 Discussion 
In this paper, we demonstrated that RBPs are involved in the regulation of mitosis, 

and the loss of some of these proteins results in mitotic defects. Moreover, we provide 

evidence for the first time that the loss of RBPs disrupts mRNA localization of the mitotic 

mRNA, ASPM. Similarly, orthologs in fly embryos experience developmental problems.  
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Importantly, these results support the notion that RBPs play a role during mitosis, and 

their interaction with mRNAs impact cell cycle fidelity. 

 

Among the 300 RBPs, we observed that 30 of the RBPs exhibited localization to 

the mitotic apparatus structures (Figure 3.1C). In fact, there have been several examples 

in the literature supporting the association between the RBP and the centrosome/spindle 

[121-123, 127, 301]. Isolation of the mitotic spindle combined with mass spectrometry 

identified large number proteins co-purified association with the spindle in human cells 

[301]. Notably, 21% of proteins, were classified as nucleic acid binding proteins, including 

RBPs [301]. Similarly, a subset of proteins that were purified from the centrosomes in 

human cells were also RBPs [50]. Due to the high incidence of RBPs being associated 

with these structures, we decided to interrogate their functional attributes.  

 

Although the localization of ASPM to the centrosome was disrupted, a question 

that still remains is whether the interaction between the RBP and mRNA is direct or not. 

It is quite possible that the phenotypes that have been observed were due to an indirect 

consequence of the loss of RBPs. The RBP can be interacting with other proteins and its 

removal can lead to a cascade of downstream events, affecting ASPM localization. To 

test this idea, RNA immunoprecipitation (RIP)-qRT-PCR could be conducted [392, 393]. 

Performing this procedure will allow us to unravel the RNA-protein interactions. If there is 

an increase in ASPM mRNA expression after performing the assay, it would support that 

there is a direct interaction between the RBP and mRNA. This would suggest that the 

observed mitotic defects are due to a disruption of the RBP-mRNA interaction. 

Furthermore, a smiFISH screening for mRNAs that includes other mitotic mRNAs as well 

as non-mitotic mRNAs can also be conducted in RBP depleted cells. A screening 

conducted in HeLa cells revealed that mRNAs exhibit localization to several 

compartments including the cell edge and protrusions [394]. These non-mitotic mRNAs 

can also be used to observe whether the interaction between the mRNA and RBP is 

direct. In conclusion, these experiments would further validate that recruitment of the 

mRNAs to the centrosomes is conducted by the RBP.  
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Typically, one of the purposes that localizing mRNAs serves is that it allows for 

local translation. It has been previously reported that ASPM undergoes local translation 

at the centrosomes [123, 127]. We expected that the loss of ASPM mRNA localization at 

the centrosomes would also lead to reduced levels of ASPM protein. However, it appears 

that the ASPM protein remains unaffected even at sites where there is reduced mRNA 

(Figure 3.5A). A technical caveat is that although we have validated that the endogenous 

mRNA levels of the RBPs were reduced, the protein levels were not tested. There could 

still be residual protein that is transporting ASPM mRNA. It could be that some of the 

RBPs have a slower turnover. Therefore, verifying the amount of endogenous RBP after 

siRNA knockdown by performing a Western blot would be essential. If the technical 

caveats are addressed and indeed we see RBP knockdown, it would hint that that there 

is something occurring in the cell. Perhaps, there are two populations of ASPM proteins, 

ones that come from local translation and the latter that are recruited by other proteins 

(Figure 3.5A). Since ASPM is a major player involved in spindle organization, it could be 

that the cell has multiple ways of recruiting the protein to ensure it gets to the 

centrosomes. For instance, CTN-RNA is retained in the nucleus [170]. However, upon 

stress the CTN-RNA is cleaved to form a version that is competent to code for protein 

[170]. Analogously, there could be a reserve of ASPM protein when one mode is 

withdrawn. In sum, our findings were unexpected in the sense that the distribution of the 

mRNA did not affect its counterpart protein.  

 

Although mitotic defects were present upon knockdown of RBPs, it did not lead to 

a cell cycle arrest as shown by our flow cytometry data. These results suggest that the 

cells were continuing to cycle. A likely possibility is that the depletion of RBPs affects the 

surveillance systems during the cell cycle, consequently allowing the cells to surpass and 

progress. For instance, one study found that siMAD2 treated HeLa cells continued to 

progress throughout mitosis despite exhibiting mitotic errors after microtubule 

depolymerization with colcemid treatment [395]. In line with this, it would be interesting to 

observe how the factors of the SAC impacted. Perhaps, there is aberrant expression of 

its components.  
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As knockdowns in D. melanogaster embryos interfered with viability, oogenesis, 

and embryogenesis, these results indicate that RBPs are a major player when it comes 

to the development of an organism (Figure 3.3D). It should come as no surprise 

considering that spatial and temporal resolution for mRNAs is required during 

embryogenesis and gametogenesis. RBPs have been implicated in development in a 

wide range of organisms including the fly, mouse, and zebrafish [396-398]. Since a great 

number of RBP knockdowns of our candidates led to sterile females, it made us question 

how these RBPs are involved in oogenesis (Figure 3.3D). A likely possibility is that these 

RBPs are involved in recruiting maternal mRNAs during oogenesis to different regions of 

the egg as in the case of Staufen [398, 399]. We speculate that the loss of the RBP 

candidates prevent the mRNAs required during oogenesis from being localized, 

consequently disrupting the process. Similarly, CG7946 RNAi, CG31368 RNAi, and 

CG12085 RNAi disrupted mitosis during embryogenesis (Figures 3.3D and 
Supplementary Figure 3.2). A likely possibility is that these RBPs are involved in 

recruiting mitotic mRNAs to ensure that the rapid nuclear divisions are occurring properly. 

For example, it has already been well-established that cen localization is required at the 

centrosomes during mitosis [386, 400]. Furthermore, in CG7946 RNAi embryos the cen 

exhibits a diffused signal. At earlier stages, the cen displays a perinuclear pattern. 

However, in CG7946 RNAi embryos, they are developmentally blocked, suggesting a 

high likelihood that the developmental block appears before cen recruitment. In 

conclusion, these results suggest that development is a highly intricate process requiring 

a choreography of dynamic interactions between protein and RNA. Disruption of this 

process can impede development.  

 

Our current working model suggests that in a normal cell, RBPs are involved in the 

localization of ASPM mRNA to the centrosomes (Figure 3.6). This enrichment to the 

structure by the RBP is required for an error-free mitosis to occur. Whether the interaction 

is direct is to be further investigated. However, when there is a depletion of the RBP, it 

disrupts the localization of ASPM mRNA. Interestingly, the cells that have disrupted 

ASPM localization at the centrosomes also exhibit mitotic defects (Figure 3.5A). 

Furthermore, the reduced levels of ASPM at the centrosomes could potentially contribute 
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to mitotic defects (Figure 3.5C). This paper sheds light into the potential interactions 

among the components of the RNP complex during mitosis. Exploration of these 

interactions can possibly serve to understand the underlying mechanisms that lead to 

mitotic errors from an RNA angle.  
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3.9 Figures and Figure Legends 
Figure 3.1 
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Figure 3.2 
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Figure 3.3 
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Figure 3.4 
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Figure 3.5 
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Figure 3.6 
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Figure 3.1: Screening reveals that approximately 10% of RBPs localize to the 
mitotic apparatus structures including the spindle and centrosomes. 
 (A) Schematic depicting the pipeline for the RBP screening. Hela cells were seeded onto 

96 well plates and underwent a double thymidine block treatment to enrich for a mitotic 

cell population. To perform the double thymidine block, cells were treated with 2mM of 

thymidine followed by an 8-hour release in cell media. The 16-hour treatment was 

repeated once more and followed by a 9-hour release in cell media. After the second 

release, the cells were fixed and immunofluorescence was conducted for ~300 validated 

RBPs. A high content screening microscope was used for the initial screening to annotate 

RBPs that showed co-localization with the spindle and centrosome makers, a Tubulin and 

PCNT. (B) Immunofluorescence images taken on the spinning disc confocal microscope 

showing the localization of different RBPs during interphase, prometaphase, metaphase, 

and late-staged (telophase/cytokinesis). These results are representative of three 

independent experiments. Scale bar represents 10µm. (C) Venn diagram showing the 

different mitotic apparatus structures that the RBP localizes. Some RBPs are enriched to 

either the centrosome or spindle while others show dynamic localization to both 

structures.  

 
Figure 3.2: RBP depletion leads to mitotic defects but does not compromise cell 
cycling. (A) Schematic showing the pipeline for RBP depletion in Hela cells. Cells were 

cultured on coverslips using 24-well plates. 50nM of siRNA was transfected using 

Lipofectamine RNAi Max transfection agent and the wells were replenished with fresh 

media after 24 hours. After 48 hours, the cells were fixed and stained with DAPI, 

a Tubulin, and PCNT. The cells were imaged, and mitotic defects were quantified on 

prometaphase and metaphase cells. (B) Representative images of metaphase-staged 

Hela cells treated with 50nM of siRNAs against the following RBP targets: siNON-

TARGETING, siPUF60, siRBMX2, siCCDC86, and siWDR43. Scale bars represent 

10µM. Blue, DAPI; Green, a Tubulin; Red, PCNT (C) A quantification of the percentage 

of Hela cells that exhibited mitotic defects against the indicated RBP targets. All groups 

were conducted in triplicates with the exception of the siSBDS group, which was 
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performed in a duplicate. A minimum of 150 cells were analyzed for each group. The data 

represent the mean ± SD of a minimum of two independent experiments. An unpaired 

two-tailed t test was performed to assess statistical significance (**p<0.01, ***p<0.001). 

(D) The mitotic index after treatment with the indicated siRNAs. The siRAD21 was used 

as a positive control. This experiment was conducted in triplicates and the data represent 

mean ± SD of three independent experiments. An unpaired two-tailed t test was 

conducted to assess statistical significance (*p<0.05). 

 

Figure 3.3: Loss of RBPs in fly orthologs leads to impaired viability and mitotic 
defects. (A) Schematic of fly cross in D. melanogaster. Virgin female (NGV) flies were 

crossed to males (UAS-RBP) and the result of this cross were flies with depletion of the 

RBP in the female germline. Virgin females were collected and crossed to wild-type 

(Oregon R) males and the embryos were harvested. (B) Hatching frequency of control 

and the indicated RBP RNAi embryos. The data indicate the mean ± SEM of a minimum 

of two independent experiments. The statistical significance was determined by an 

unpaired two-tailed t test at the 72-hour time point (n.s. not significant, ***p<0.001). (C) 

Immunofluorescence labeling of a/g Tubulin and DAPI as well as FISH for cen mRNA in 

the indicated genotypes of embryos. These results are representative of two independent 

experiments. Scale bar represents 10µm. Blue, DAPI; Green, a TUBULIN; Red, g 

TUBULIN; Magenta, cen (D) Summary table of observed phenotypes of the indicated 

RBP-RNAi crosses.  

 

Figure 3.4: ASPM mRNA localizes to the centrosomes during mitosis. (A) Schematic 

of the smiFISH technique. Primary probes contain a gene-specific sequence and a shared 

FLAP sequence. The secondary probe contains two fluorophores that recognize the 

FLAP sequence when hybridized in vitro. This allows the detection of the mRNA in the 

cell. (B) smiFISH-IF was performed on HeLa cells to detect mRNA and protein. Negative 

(GFP) and positive (b ACTIN) controls for smiFISH-IF in HeLa cells. Scale bar represents 

10µM. Blue, DAPI; Green, a Tubulin; Red, PCNT; Magenta, ASPM (C) Images of 

smiFISH-IF on ASPM mRNA and ASPM protein throughout different stages in mitosis. 

Scale bar represents 10µM. Magenta, ASPM; Cyan, ASPM 



 125 

Figure 3.5: Loss of RBPs results in mRNA localization defects of ASPM at the 
centrosomes. (A) Representative confocal images of smiFISH-IF conducted on siRNA 

treated HeLa cells against the RBPs of interest. After treatment with 50nM of siRNAs, 

smiFISH was performed 48 hours later and imaged on a spinning disc confocal 

microscope. The zoom panels signify the merged and individual ASPM mRNA and ASPM 

protein channels in mitotic cells as well as the merged DAPI and a Tubulin protein 

channels. Scale bar represents 10µm. Blue, DAPI; Green, a Tubulin; Cyan, ASPM; 

Magenta, ASPM (B) Representative images of cells that are scored as normal or 

exhibiting a mRNA localization defect (diffused signal or multiple foci). B’ Quantification 

of the percentage of cells exhibiting a mRNA localization defect in the indicated groups. 

Analysis was conducted on a minimum of 45 cells per group in two independent 

experiments. The data indicate the mean ± SEM of two independent experiments. An 

unpaired two-tailed t test was performed to assess statistical significance (n.s. not 

significant, *p<0.05, **p<0.01). (C) Quantification of the mean pixel intensity of ASPM 

mRNA on RBP depleted cells. Analysis was conducted with IMARIS software using the 

ASPM protein as a mask and then measuring the intensity of the ASPM mRNA. Analysis 

was conducted on a minimum of 100 centrosomes per group in two independent 

experiments. The data indicate the mean ± SEM of two independent experiments. An 

unpaired two-tailed t test was performed to assess the statistical significance (n.s. not 

significant, **p<0.01, ***p<0.001). a.u.- arbitrary units 

 

Figure 3.6: Model for mRNA localization to the centrosomes. Our data identified 6 

RBPs that are involved in the process of recruiting ASPM mRNA to the centrosomes. 

When RBPs are present in the cell, this allows ASPM to be appropriately localized, 

subsequently resulting in cell cycle fidelity. However, the loss of RBPs disrupts the 

localization of ASPM and impacts mitosis, consequently leading to mitotic defects. It 

remains unknown whether the RBP directly binds to the mRNA or if there are other factors 

involved. In conclusion, our data support that RBPs play a role in trafficking ASPM to the 

centrosomes during mitosis. 
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3.10 Supplemental Figures and Figure Legends 
Supplemental Figure 3.1 
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Supplemental Figure 3.2 
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Supplemental Figure 3.1. Validation of mRNA expression levels after siRNA 
knockdown. Related to Figure 3.2. Relative expression levels of RBP candidates after 

treatment with 50nM siRNA for the respective RBP. The values above the bar indicate 

the mean. Data are normalized to GAPDH mRNA levels and represent the mean ± SEM 

from one experiment that was conducted in triplicates. An unpaired two-tailed t test was 

performed to assess the statistical significance ( *p<0.05, **p<0.01, ***p<0.001). 

 

Supplemental Figure 3.2. RBP depletion in fly embryos disrupts mitosis. Related to 
Figure 3.3. Immunofluorescence labeling of a/g Tubulin and DAPI in the indicated 

genotypes of embryos. Scale bar represents 10µm. Blue, DAPI; Green, a Tubulin; Red, 

g Tubulin 
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3.11 Tables 
Table 3.3 Key Resources Table 
 
REAGENT or RESOURCE SOURCE IDENTIFIER 
Reagents 
Paraformaldehyde Sigma-Aldrich Cat#252549 
Trizol Invitrogen Cat#15596026 
Dextran Sulfate Millipore Sigma Cat#S4031 

 E. coli tRNA Sigma Cat#10109541001  

 
FLAP Y CY5 IDT Custom 
FLAP X CY5 IDT Custom 
Lipofectamine RNAi Max Invitrogen Cat#13778150 

 
OptiMEM 1X Life Technologies Cat#31985070 

 GlycoBlue Coprecipitatant Invitrogen Cat# AM9516 
 NEBuffer3 New England Biolabs Cat#B7003S 
 RNAseOUT ThermoFisher Scientific Cat#10777019 
 ProLongGlassAntifa 

Mountant with NucBlue Stain 
Invitrogen Cat#P36985 

Albumin BioShop Cat#9048-46-8 
Digoxigenin-11-UTP (DIG-

UTP) 

Roche Cat#11209256910 
Biotin-16-UTP Roche Cat#11388908910 
Streptavidin-HRP  Sigma-Aldrich Cat# S911 
Propidum Iodide Sigma-Aldrich Cat#25535-16-4 
NTPs Promega Cat#E601B, E602B, E603B, 

E604B 
Thymidine Sigma-Aldrich Cat#50-89-5 
RNase A New England Biolabs Cat#7013S 
NonidetTM P-40 Sigma-Aldrich Cat#9002-93-1 
   
Fly Stocks   
CG6995 RNAi TRIP Stock BDSC Cat#51759 
CG8549 RNAi TRIP Stock BDSC Cat#54466 
CG13387 RNAi TRIP Stock BDSC Cat#34021 
CG10466 RNAi TRIP Stock BDSC Cat#55263 
CG6799 RNAi TRIP Stock BDSC Cat#35410 
CG5808 RNAi TRIP Stock BDSC Cat#55208 
CG7008 RNAi TRIP Stock BDSC Cat#34865 
CG7946 RNAi TRIP Stock BDSC Cat#55274 
CG12085 RNAi TRIP Stock BDSC Cat#34785 
CG31368 RNAi TRIP Stock BDSC Cat#55172 
Drosophila Oregon R 
Oregon R 

BDSC n/a 
Nanos-Gal4-VP16 (NGV) BDSC Cat#4937 
   
Antibodies   
Rabbit Anti- g Tubulin Sigma-Aldrich Cat#T0950 
Rabbit Anti-ASPM Bethyl  Cat#IHC-00058 
Mouse Anti-PCNT Abcam Cat#ab28144 
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Rat Anti-a Tubulin Bio-Rad Cat#MCA78G 
Anti-Rat-Alexa488 Invitrogen Cat#A21208 
Anti-Rabbit-Alexa647 Invitrogen Cat#A31573 
Anti-Rabbit-Alexa555 Jackson Immunoresearch Cat#711-605-152 
Rabbit Anti-AKAP1 Bethyl Cat#A301-379A 

A301-379A 
 
A301-379A 
 
A301-379A 
 

Rabbit Anti-AKAP1 Genetex Cat#GTX102578  
Rabbit Anti-AQR Bethyl Cat#A302-547A  
Rabbit Anti-CCDC86 Bethyl Cat#A302-482A  
Rabbit Anti-CDC40 Bethyl Cat#A303-699A  
Rabbit Anti-CPSF6 Bethyl Cat#A301-356A  
Rabbit Anti-CPSF6 Genetex Cat# GTX115537 
Rabbit Anti-CUGBP1 Genetex Cat#GTX114129 
Rabbit Anti-CUGBP1 MBL Cat#RN034PW 
Rabbit Anti-DDX1 Genetex Cat#GTX105205 
Rabbit Anti-DDX21 MBL Cat#RN090PW 
Rabbit Anti-DGCR8 Genetex Cat#GTX130061 
Rabbit Anti-DGCR8 Bethyl Cat#A302-468A 
Rabbit Anti-eIF4G2 MBL Cat#RN003P 
Rabbit Anti-FUBP1 Genetex Cat#GTX115154 
Rabbit Anti-FXR2 Bethyl Cat#A303-894A 
Rabbit Anti-FXR2 Genetex Cat#GTX109465 
Rabbit Anti-GPKOW Genetex Cat#GTX117716 
Rabbit Anti-GRWD1 Bethyl Cat#A301-576A 
Rabbit Anti-HNRNPF Genetex Cat#GTX114476 
Rabbit Anti-HNRNPUL1 Bethyl Cat#A300-862A 
Rabbit Anti-KHDRBS2 MBL Cat#RN041P 

RN041P 
 

Rabbit Anti-KRR1 Bethyl Cat#A303-898A 
Rabbit Anti-KRR1 Genetex Cat#GTX105761 
Rabbit Anti-LARP1 Bethyl Cat#A302-089A 
Rabbit Anti-MARK2 Bethyl A303-135A 
Rabbit Anti-NUSAP1 Bethyl Cat#A302-596A 
Rabbit Anti-PABPC4 Bethyl Cat#A301-466A 
Rabbit Anti-PPIL4 Genetex Cat#GTX117014 
Rabbit Anti-PRPF4 MBL Cat#RN093PW 
Rabbit Anti-PSIP1 Bethyl Cat#A300-848A 
Rabbit Anti-PUF60 Bethyl Cat#A302-817A 
Rabbit Anti-PUM1 Bethyl Cat#A302-576A 
Rabbit Anti-RBM27 Bethyl Cat#A301-233A 

A301-233A 
 

Rabbit Anti-RBM39 Bethyl Cat#A300-291A 
Rabbit Anti-RBMX2 Bethyl Cat#A302-222A 
Rabbit Anti-RPS3 Bethyl Cat#A303-840A 
Rabbit Anti-SART3 Genetex Cat#GTX107684 

GTX107684 
 

Rabbit Anti-SBDS Genetex Cat#GTX109168 
Rabbit Anti-SF1 Genetex Cat#GTX104540 
Rabbit Anti-SF3A3 Genetex Cat#GTX118225 
Rabbit Anti-SF3A3 Bethyl Cat#A302-506A 
Rabbit Anti-SLBP MBL Cat#RN045P 
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Rabbit Anti-SLTM Bethyl Cat#A302-834A 
Rabbit Anti-SND1 Bethyl Cat#A302-883A 
Rabbit Anti-SRSF5 MBL Cat#RN082PW 
Rabbit Anti-SRSF9 MBL Cat#RN081PW 
Rabbit Anti-SSB MBL Cat#RN074PW 
Rabbit Anti-TIAL1 MBL Cat#RN059PW 
Rabbit Anti-WDR43 Bethyl Cat#A302-478A 
Rabbit Anti-XPO1 Bethyl Cat#A300-469A 
Rabbit Anti-ZNF622 Bethyl Cat#A304-075A 
Rabbit Anti-ZONAB Bethyl Cat#A303-070A 
   
siRNAs   
siNON-TARGETING Horizon Discovery Ltd Cat#D-001810-10 

 siAKAP1 Horizon Discovery Ltd Cat#L-011426-00 
siCCDC86 Horizon Discovery Ltd Cat#L-014304-02 
siHNRNPUL1 Horizon Discovery Ltd Cat#L-004132-00 
siNUSAP1 Horizon Discovery Ltd Cat#L-004754-00 
siRBMX2 Horizon Discovery Ltd Cat#L-020763-02 
siRPS3 Horizon Discovery Ltd Cat#L-013607-00 
siWDR43 Horizon Discovery Ltd Cat#L-022651-01 
siSND1 Horizon Discovery Ltd Cat#L-010657-01 
siSBDS Horizon Discovery Ltd Cat#L-019217-00 
siSSB Horizon Discovery Ltd Cat#L-006877-01 
siDGCR8 Horizon Discovery Ltd Cat#L-015713-00 
siGRWD1 Horizon Discovery Ltd Cat#L-027146-01 
siPUF60 Horizon Discovery Ltd Cat#L-012505-01 
siPSIP1 Horizon Discovery Ltd Cat#L-015209-00 
siSF3A3 Horizon Discovery Ltd Cat#L-019808-00 
siSLTM Horizon Discovery Ltd Cat#L-014434-01 
siPPIL4 Horizon Discovery Ltd Cat#L-010401-01 
siHNRNPF Horizon Discovery Ltd Cat#L-013449-01 
siSF1 Horizon Discovery Ltd Cat#L-012662-01 
siFXR2 Horizon Discovery Ltd Cat#L-011955-00 
siXPO1 Horizon Discovery Ltd Cat#L-003030-00 
siZNF622 Horizon Discovery Ltd Cat#L-015113-00 
   
Sequence-Based Reagents   
Please see Tables 3.4-3.6 for 
primer sequences of smiFISH 
probes. 

This paper n/a 

Please see Table 3.7 for qRT-
PCR sequences. 

This paper n/a 
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Table 3.4 smiFISH: GFP Probe 

 
 
 
 
 
 
 
 

 
 
 

Name Sequence 
GFP_FLAPY_1 CTTGTACAGCTCGTCCATGCCGAGAGTTTACACTCGGACCTCGTCGACATGCATT 
GFP_FLAPY_2 CAGGACCATGTGATCGCGCTTCTCGTTTTACACTCGGACCTCGTCGACATGCATT 
GFP_FLAPY_3 GGTCTTTGCTCAGGGCGGACTGGGTGTTACACTCGGACCTCGTCGACATGCATT 
GFP_FLAPY_4 CAGGTAGTGGTTGTCGGGCAGCAGCACTTACACTCGGACCTCGTCGACATGCATT 
GFP_FLAPY_5 GGCCGTCGCCGATGGGGGTGTTCTTTACACTCGGACCTCGTCGACATGCATT 
GFP_FLAPY_6 TGGTAGTGGTCGGCGAGCTGCACGCTTACACTCGGACCTCGTCGACATGCATT 
GFP_FLAPY_7 GTTCACCTTGATGCCGTTCTTCTGCTTTTACACTCGGACCTCGTCGACATGCATT 
GFP_FLAPY_8 CGGCCATGATATAGACGTTGTGGCTGTTGTTTACACTCGGACCTCGTCGACATGCATT 
GFP_FLAPY_9 TCAGCTCGATGCGGTTCACCAGGGTGTTACACTCGGACCTCGTCGACATGCATT 
GFP_FLAPY_10 GTCTTGTAGTTGCCGTCGTCCTTGAAGAAGATTTACACTCGGACCTCGTCGACATGCATT 
GFP_FLAPY_11 ATGGCGGACTTGAAGAAGTCGTGCTGCTTTACACTCGGACCTCGTCGACATGCATT 
GFP_FLAPY_12 ATGTGGTCGGGGTAGCGGCTGAAGCACTTACACTCGGACCTCGTCGACATGCATT 
GFP_FLAPY_13 TGGGCCAGGGCACGGGCAGCTTGTTACACTCGGACCTCGTCGACATGCATT 
GFP_FLAPY_14 GGTGGTGCAGATGAACTTCAGGGTCAGCTTACACTCGGACCTCGTCGACATGCATT 
GFP_FLAPY_15 TGTGGCCGTTTACGTCGCCGTCCAGTTACACTCGGACCTCGTCGACATGCATT 
GFP_FLAPY_16 TCCCGGCGGCGGTCACGAACTCCTTACACTCGGACCTCGTCGACATGCATT 
GFP_FLAPY_17 CCGTCCTCGATGTTGTGGCGGATCTTGTTACACTCGGACCTCGTCGACATGCATT 
GFP_FLAPY_18 TTGTACTCCAGCTTGTGCCCCAGGATTACACTCGGACCTCGTCGACATGCATT 
GFP_FLAPY_19 TTGCCGTCCTCCTTGAAGTCGATGCCTTACACTCGGACCTCGTCGACATGCATT 
GFP_FLAPY_20 GCCCTCGAACTTCACCTCGGCGCTTACACTCGGACCTCGTCGACATGCATT 
GFP_FLAPY_21 TGCGCTCCTGGACGTAGCCTTCGGTTACACTCGGACCTCGTCGACATGCATT 
GFP_FLAPY_22 CACGCCGTAGGTCAGGGTGGTCACGAGTTACACTCGGACCTCGTCGACATGCATT 
GFP_FLAPY_23 TCGCCCTCGCCGGACACGCTGAATTACACTCGGACCTCGTCGACATGCATT 
GFP_FLAPY_24 CGACCAGGATGGGCACCACCCCGTTACACTCGGACCTCGTCGACATGCATT 
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Table 3.5 smiFISH: b ACTIN Probe 

 

 

 

 

 

 

 
 
 

Name Sequence 
BACT_FLAPY_1 AAGGTGTGCACTTTTATTCAACTGGTCTCAAGTTACACTCGGACCTCGTCGACATGCATT 
BACT _FLAPY_2 AGAAGCATTTGCGGTGGACGATGGAGGGGTTACACTCGGACCTCGTCGACATGCATT 
BACT _FLAPY_3 GCTCAGGAGGAGCAATGATCTTGATCTTCTTACACTCGGACCTCGTCGACATGCATT 
BACT _FLAPY_4 GGATGTCCACGTCACACTTCATGATGGAGTTACACTCGGACCTCGTCGACATGCATT 
BACT _FLAPY_5 GAAGGTAGTTTCGTGGATGCCACAGGACTCTTACACTCGGACCTCGTCGACATGCATT 
BACT _FLAPY_6 CAGCGGAACCGCTCATTGCCAATGGTTTACACTCGGACCTCGTCGACATGCATT 
BACT _FLAPY_7 CAGCCTGGATAGCAACGTACATGGCTGTTACACTCGGACCTCGTCGACATGCATT 
BACT _FLAPY_8 GTGTTGAAGGTCTCAAACATGATCTGGGTCATTTACACTCGGACCTCGTCGACATGCATT 
BACT _FLAPY_9 TCGGGAGCCACACGCAGCTCATTGTATTACACTCGGACCTCGTCGACATGCATT 
BACT_FLAPY_10 ACGAGCGCGGCGATATCATCATCCATTTACACTCGGACCTCGTCGACATGCATT 
BACT_FLAPY_11 ACGAGCGCGGCGATATCATCATCCATTTACACTCGGACCTCGTCGACATGCATT 
BACT_FLAPY_12 CATTGTGAACTTTGGGGGATGCTCGCTCTTACACTCGGACCTCGTCGACATGCATT 
BACT_FLAPY_13 GACTGCTGTCACCTTCACCGTTCCAGTTACACTCGGACCTCGTCGACATGCATT 
BACT_FLAPY_14 GGACTCGTCATACTCCTGCTTGCTGATTACACTCGGACCTCGTCGACATGCATT 
BACT_FLAPY_15 CAGTGATCTCCTTCTGCATCCTGTCGTTACACTCGGACCTCGTCGACATGCATT 
BACT_FLAPY_16 GACAGCACTGTGTTGGCGTACAGGTCTTTTTACACTCGGACCTCGTCGACATGCATT 
BACT_FLAPY_17 CGTGGCCATCTCTTGCTCGAAGTCCATTACACTCGGACCTCGTCGACATGCATT 
BACT_FLAPY_18 GCGACGTAGCACAGCTTCTCCTTAATGTTTACACTCGGACCTCGTCGACATGCATT 
BACT_FLAPY_19 AGGTGTGGTGCCAGATTTTCTCCATGTCGTTACACTCGGACCTCGTCGACATGCATT 
BACT_FLAPY_20 CCAGTTGGTGACGATGCCGTGCTCGATTTACACTCGGACCTCGTCGACATGCATT 
BACT_FLAPY_21 GGTACTTCAGGGTGAGGATGCCTCTCTTTACACTCGGACCTCGTCGACATGCATT 
BACT_FLAPY_22 CCTCGTCGCCCACATAGGAATCCTTCTTACACTCGGACCTCGTCGACATGCATT 
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Table 3.6 smiFISH: ASPM Probe 

 

 

 

 

 

 

 
 

Name Sequence 
ASPM_FLAPX_1 TTCACTTCTGCCACCTCCTCGTTAGGCCTCCTAAGTTTCGAGCTGGACTCAGTG 
ASPM _FLAPX_2 TCATAGCCAAGTTTTCACAAGCTTGTAGTGGGCCTCCTAAGTTTCGAGCTGGACTCAGTG 
ASPM _FLAPX_3 AACGTTGGCACTGTGTACATTTAATAGTTCCCCCTCCTAAGTTTCGAGCTGGACTCAGTG 
ASPM _FLAPX_4 ATAGCTTTGGGAGATTTTGAACCCTGACATTCCCTCCTAAGTTTCGAGCTGGACTCAGTG 
ASPM _FLAPX_5 CAACTGAAGCTGTTGTCGAAGAGGGTGTTACCCCTCCTAAGTTTCGAGCTGGACTCAGTG 
ASPM _FLAPX_6 TTTCTTAACAGCTGATGTTTTAGGCTCTGAGGCCTCCTAAGTTTCGAGCTGGACTCAGTG 
ASPM _FLAPX_7 TCTGAGAGACATTTCCTCTTTTGTAGGTGCTCCTCCTAAGTTTCGAGCTGGACTCAGTG 
ASPM _FLAPX_8 TCTATACAGGTGAGGAACAGTGGGGTGTCTACCTCCTAAGTTTCGAGCTGGACTCAGTG 
ASPM_FLAPX_9 AGTTCTGTGTGAGAAGTTCCATGGTTCGCACCCTCCTAAGTTTCGAGCTGGACTCAGTG 
ASPM_FLAPX_10 TTCCAAAGCAACCTGAGAGTTTTTTCTCTGTGCCTCCTAAGTTTCGAGCTGGACTCAGTG 
ASPM_FLAPX_11 TTGTTCAAAGGAACCACTATCCCTTTTGCCCCTCCTAAGTTTCGAGCTGGACTCAGTG 
ASPM_FLAPX_12 TTTCTCCATGTTGTTTGTATGAGTCGAGCAGCCCTCCTAAGTTTCGAGCTGGACTCAGTG 
ASPM_FLAPX_13 GTAATTGAATGGCTGCAGCTCGTTTCTGCCCTCCTAAGTTTCGAGCTGGACTCAGTG 
ASPM_FLAPX_14 TCTGTCGTTGTTGATGTTTTCTTACATGTGCCCCTCCTAAGTTTCGAGCTGGACTCAGTG 
ASPM_FLAPX_15 GATGTGAGGATGTGAATATACATTTTCCTGGCCCTCCTAAGTTTCGAGCTGGACTCAGTG 
ASPM_FLAPX_16 AGCTGCTTTTTTGACTTGCAAGAAGTTCTTCCCCTCCTAAGTTTCGAGCTGGACTCAGTG 
ASPM_FLAPX_17 GCTCTGAAATTTTGCTGGATGACTAATGCTGCCTCCTAAGTTTCGAGCTGGACTCAGTG 
ASPM_FLAPX_18 CATACATTGCTTCCTTCCTGCAGTCCCCTCCTAAGTTTCGAGCTGGACTCAGTG 
ASPM_FLAPX_19 AATGAGTGTTGCTGCAGTCTGCATCTTTCCCTCCTAAGTTTCGAGCTGGACTCAGTG 
ASPM_FLAPX_20 AATGAGTGTTGCTGCAGTCTGCATCTTTCCCTCCTAAGTTTCGAGCTGGACTCAGTG 
ASPM_FLAPX_21 ATGAGAACTGCAGCCCTTTGCATTTCTTGCCTCCTAAGTTTCGAGCTGGACTCAGTG 
ASPM_FLAPX_22 TTTACTTCTGTAACAGCAGAGTGCAGATTGGTCCTCCTAAGTTTCGAGCTGGACTCAGTG 
ASPM_FLAPX_23 TGAATCCGTAGGGCAGCACATTTCTGTGTCCTCCTAAGTTTCGAGCTGGACTCAGTG 
ASPM_FLAPX_24 ATCTATACCAGGCTTGAATCTTGCAGGCCCTCCTAAGTTTCGAGCTGGACTCAGTG 
ASPM_FLAPX_25 TGTTCATGAGCTATCTTTGCAGGAAGTATAGCCCTCCTAAGTTTCGAGCTGGACTCAGTG 
ASPM_FLAPX_26 CAGCCCTATTTCGCTGGCTCAGACATCCTCCTAAGTTTCGAGCTGGACTCAGTG 
ASPM_FLAPX_27 AGCCCTATTTCGCTGGCTCAGACATCCTCCTAAGTTTCGAGCTGGACTCAGTG 
ASPM_FLAPX_28 CACCATTTGAATAGCTTGCAGGGGATTTGTGACCTCCTAAGTTTCGAGCTGGACTCAGTG 
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Table 3.7 RT-qPCR Primers 
 

GAPDH_RT _FW ATGTTCGTCATGGGTGTG 
GAPDH_RT_RV GGTGCTAAGCAGTTGGTGG 
CCDC86_RT_FW AACGACAGGAGAGGAAGCTG 
CCDC86_RT_RV ATCACTTGGACGACCTCTGC 
RBMX2_RT_FW GGCCGTCGACAATTTTAATG 
RBMX2_RT_FW ACAGCCCTTCTCCTGGAG 
RPS3_RT_FW TGAGGTGCGAGTTACACC 
RPS3_RT_RV ACAGCAGTCAGTTCCCG 
WDR43_RT_FW CAGCCCAGATGGAAAGATG 
WDR43_RT_RV CAAAGGGCTGGCTCTC 
PUF60_RT_FW GCCTTTGGCAAGATCAAGTC 
PUF60_RT_RV TGGAAGACACAGCATCTTGG 
SF3A3_RT_FW GAAATGGGAGAATGGGACC 
SF3A3_RT_RV CTGTCCAAACCCAGAGAAGC 
SF1_RT_FW GTTGCCAGGAGAAGATGAGC 
SF1_RT_RV CATTTAAGCGAGCCAACTCC 
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Table 3.8 RBP Candidate Functions 
 
Mitotic Apparatus Localized RBP Description 
AKAP1 Protein kinase A regulatory subunit [401] 
CCDC86  RNA binding [205] 
SND1 Transcriptional cofactor activity [402] 
SF1 Transcriptional regulation [403] 
HNRNPF Pre-mRNA splicing [404] 
PPIL4 Component of spliceosome [405] 
FXR2 RNA binding [205] 
CDC40 Pre-mRNA splicing [406] 
HNRNPUL1 Alternative splicing and transcriptional regulation [407] 
NUSAP1 Microtubule binding [408] 
RBMX2 Pre-mRNA splicing [409] 
ZNF622 Zinc ion binding [205] 
SLTM Negative regulation of gene expression [410] 
AQR Pre-mRNA splicing [411] 
GRWD1 Chromatin regulator [412] 
PUF60 Alternative splicing [413] 
RBM39 RNA processing [414] 
XPO1 Nuclear export [415] 
SBDS Ribosome and microtubule binding [416, 417] 
RPS3 Involved in cytoplasmic translation [418] 
WDR43 Ribosome biogenesis factor [419] 
SF3A3 Pre-mRNA splicing [420] 
SLBP Histone pre-mRNA processing [421] 
SRSF9 Pre-mRNA splicing [422] 
DGCR8 Component of microprocessor complex [423] 
PUM1 Post-transcriptional repressor [424] 
PSIP1 Transcriptional coactivator [425] 
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Chapter 4 Discussion and Conclusion 
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4.1 Significant Findings 
This section will compare our discoveries to what is known in the current literature, further 

decipher our results, and I will propose potential avenues to explore in the future. 

 

4.1.1 Co-translational mechanism of mRNAs at the centrosomes 
The treatment of embryos with harringtonine, a drug that inhibits translation initiation, 

consequently led to a disruption of cen (Figure 2.6C). These results led us to believe that 

the recruitment of cen to the centrosomes could be co-translational, where it requires the 

nascent polypeptide for its localization. Similarly, actively translating PCNT and ASPM 

mRNAs require intact polysomes in HeLa cells [123]. Additionally, it appears that the 

localization of both PCNT and ASPM mRNAs is microtubule dependent in HeLa cells 

[123, 127]. Treatment with the microtubule depolymerizing drug nocodazole resulted in a 

loss of PCNT and ASPM at the centrosomes [123, 127]. Furthermore, HeLa cells that 

were treated with ciliobrevin D, an inhibitor of dynein prevented the localization of PCNT, 

suggesting that the enrichment to the centrosomes was dynein dependent [123].  

However, our results also support that RBPs are indeed indispensable when it comes to 

the recruitment of ASPM to the centrosomes, suggesting that there are many contributing 

factors when it comes to accurately trafficking mRNAs (Figure 3.5A-C). We think that 

transporting mRNAs to the centrosomes is a mechanism that depends on both RBPs and 

a co-translational mechanism. To sum up the results from Chapters 2 and 3, we propose 

a model for what we speculate is occurring in transporting centrosomal mRNAs (Figure 
4.1). We think there could be a two-step mechanism that initially requires the RBP to 

transport the mRNA to the cytoskeletal networks during early mitosis. This would allow 

the mRNA to get closer to the centrosomes. Observation of the localization of candidate 

RBPs during early stages of mitosis reveals that several of them localize to the astral 

microtubules (Figure 3.1B). After, the mRNA uses a co-translational mechanism, relying 

on the nascent polypeptide chain for trafficking to the centrosomes as previously reported 

[123, 127]. Understanding how RBPs are involved in the co-translational mechanism 

would be an interesting avenue to explore. 
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Figure 4.1: Model for targeting mRNAs to the centrosomes. Localizing mRNAs could 

be occurring in two steps. First, the RBP recruits centrosomal mRNAs to the microtubules 

during early mitosis. Second, a co-translational mechanism, as previously reported, that 

is dependent on the cytoskeletal network and motor proteins is required to bring the 

mRNA to its final destination [123, 127, 386]. 
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4.1.2 Mitosis and RNA binding proteins 
The main question we sought to answer was: Is mRNA localization at the mitotic 

apparatus structures required for the regulation of mitosis? My work and the work of 

others have supported this notion in both the centrosome and spindle, however, there 

have been very few examples cited in the literature [126, 400, 426, 427]. In Chapter 2, 

we show that cen and ik2 localize to the centrosomes and loss of either of these mRNAs 

results in embryonic defects (Figures 2.1 and 2.3A-C). In a recent study, it was shown 

that the RBP FMRP is a negative regulator of cen in D. melanogaster embryos [400]. Null 

fmr1 mutant embryos showed an increase in both cen mRNA and protein levels [400]. 

Notably, the cen mRNA granules also included CEN protein as well as the RBP, FMRP 

[400]. Observation of CEN protein at sites of cen mRNA is consistent with our findings 

that there is localized translation occurring. Similarly, in Chapter 3 we show that loss of 

RBPs perturbs ASPM localization at the centrosomes (Figures 3.5A-C). Taken together, 

these results support that mRNA and RBPs, components of the RNP complex are needed 

for mitosis. 

 

Interestingly, we found that a large number of candidate RBPs play a role in 

splicing, as revealed by closer examination of their protein function (Table 3.8). The 

downregulation of components of the exon junction complex impairs the localization of 

NIN mRNA and protein in RPE1 cells, hinting the involvement of the complex in 

centrosome organization [428]. Recent observations have supported that alternative 

splicing influences cytoplasmic mRNA destination [429]. For instance, analysis of RNA-

seq across 13 cell lines identified thousands of transcripts exhibiting switches between 

the cytoplasm and nucleus, where isoforms had a preference for either of these 

compartments [430]. Additionally, in rat hippocampal neurons, isoforms containing 

different versions of the 3’UTR and 5’UTR influenced the localization of Bdnf within the 

neuron [431, 432]. Furthermore, enrichment of oskar to the posterior of D. melanogaster 

oocytes requires splicing at the first exon-exon junction [433]. 

 

 It could be a possibility that the RBPs are involved in the splicing of ASPM, 

regulating its localization to the centrosomes. Because ASPM mRNA has four isoforms, 
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it would be interesting to see if a particular isoform is selected preferentially for recruitment 

to the centrosomes. To test this, GFP constructs containing different isoforms can be 

transfected into HeLa cells and the localization of each isoform can be assessed. If 

enrichment to the centrosome is selective to a certain isoform, it can suggest that 

alternative splicing is involved. 

 

In Chapter 3, we showed that the depletion of RBPs results in a reduction of ASPM 

mRNA at the centrosomes and a higher incidence of mRNA localization defects (Figures 
3.5A-C). Considering that RBDs serve as the functional unit for RBPs to bind to RNA, it 

would be necessary to observe how ASPM behaves with the loss of these domains. In 

line with this, truncations of different RBDs can be conducted to confirm that they indeed 

contribute to the centrosomal localization of ASPM. If removal of the RBDs results in the 

mis-localization of ASPM, it would solidify that there is a direct protein-mRNA protein 

interaction, thus requiring the RBD. 

 

4.1.3 Behavior of other cis-natural antisense transcript pairs  
In Chapter 2, we showed that genes encoding cis-NATS tend to colocalize to the 

same subcellular compartment in both human and fly cells as supported by our cell 

fractionation data (Figure 2.7C). Additionally, we showed the that the two mRNAs cen 

and ik2 travel together for centrosomal targeting (Figure 2.1A-C). Our data made us 

wonder if other transcript pairs travel in a similar manner. To further investigate this, RNA 

pairs from isolated microtubules and centrosomes can be identified. Recently, there have 

been several high-throughput techniques that have been developed to detect RNA pairs: 

Psoralen Analysis of RNA Interactions and Structures (PARIS), Sequencing of Psoralen 

crosslinked, Ligated, and Selected Hybrids (SPLASH) and LIGation of interacting RNA 

followed by high throughput Sequencing (LIGR-seq)  [353, 354, 356, 434]. In brief, these 

methods follow a similar approach where RNA pairs undergo crosslinking by utilizing the 

photocrosslinker psoralen, isolation, proximity ligation, reversing psoralen crosslinks, and 

sequencing followed by bioinformatics analyses [434]. Collectively, these data can reveal 

how common cis-NATs are in mitotic structures. Additionally, taking advantage of the 

FISH approach for other transcript pairs in fly and human models could be used to validate 
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the findings. Furthermore, in vitro pull-downs can be performed in a similar fashion where 

different versions of the mRNA either containing or lacking the coding region and UTRs 

could be used to assess whether it has the capacity to pull down the other mRNA (Figure 
2.5C). Further insight into mRNAs travelling in pairs can open up a new perspective on 

how mRNAs are localized, considering there have been only a few examples cited in the 

literature of mRNA dimers being trafficked [193, 360].  

 

4.1.4 Function of ASPM mRNA during mitosis 
While ASPM mRNA and ASPM protein have both been previously shown to 

localize to the centrosomes it was interesting to see that the reduction of ASPM mRNA 

at the centrosomes did not prevent ASPM protein from being recruited [123, 127] (Figure 
3.5A). Initially, one would expect that loss of protein would go hand in hand with the 

absence of mRNA. However, in the cells where mRNA localization was perturbed, they 

exhibited mitotic defects, even though the protein was present (Figure 3.5A). These 

results suggest that ASPM is implicated during mitosis, however, the mRNA may be 

playing a coding-independent role. For instance, in Xenopus oocytes, the loss of either 

long noncoding RNA, xlsirts and the mRNA, vegt interfere with the structural integrity of 

the cytokeratin cytoskeleton network [169]. A similar event may be taking place in the 

case of ASPM. Perhaps the loss of the RBPs prevents ASPM from being recruited to the 

centrosomes, hence compromising the structural integrity of the centrosome. This 

disturbance could be causing the observed mitotic phenotypes. It would be interesting to 

see if other mitotic mRNAs exhibit a similar pattern. As proteins have been known to serve 

molecular scaffold or decoy, there has been emerging evidence that RNAs can serve the 

same function [435]. They can influence the interactions with other proteins [435].  

 
4.1.5 Exploration of the role that RNA binding proteins play in Drosophila 
melanogaster development 

In Chapter 3, I showed that 80% of the RBP knockdowns that were conducted in 

D. melanogaster embryos resulted in a phenotype (Figure 3.3D). We observed a variety 

of phenotypes including mitotic defects, reduced viability, and sterile females (Figures 
3.3 B-D and Supplemental Figure 3.2). Strikingly, 40% of RBP knockdowns resulted in 
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sterile females, suggesting a problem during oogenesis (Figure 3.3D). These results 

highlight that RBPs play a big part during development of the fly. In fact, a previous study 

to identify RBPs bound to polyadenylated transcript during early embryogenesis found in 

D. melanogaster embryos found 476 RBPs, emphasizing its importance in post-

transcriptional regulation during development [436]. However, not much is known about 

the RBPs that were found in the screen. Further examination of these RBPs could 

potentially give more insight of their roles during development and could be potentially 

applied to the human model. An essential experiment to perform on candidates that 

showed reduced viability is to perform a screen using mRNAs that showed enrichment to 

mitotic apparatus structures on RNAi RBP embryos [125]. Since protein synthesis occurs 

during embryogenesis, it could be the case that the newly synthesized protein product of 

mitotic mRNAs is required [437]. For instance, blocking protein synthesis with inhibitors 

such as puromycin, cycloheximide, and pactamycin results in a mitotic arrest in D. 

melanogaster embryos [437]. If there is perturbed localization of these mRNAs, it can 

account for a block in development. It could be possible that the RBPs are involved in 

recruiting mitotic mRNAs during the rapid divisions. However, the loss of these RBPs 

prevents the mRNAs from being involved in this process, leading to a block in 

development. Additionally, a similar screen can be performed on candidates that resulted 

in sterile females. In this case, FISH can be performed on mRNAs that have been shown 

to be found to be enriched at the pole cells, a precursor of germ cells [125]. These 

experiments would give more insight into how RBPs are involved in regulating mRNAs 

during the development of the embryo and reproductive organs.  

 
4.1.6 Testing the impact of spindle-associated mRNAs upon RNA binding protein 
depletion 

The localization of a centrosome-associated mRNA was further investigated upon 

RBP depletion, albeit having RBPs localize to both the spindle and centrosome (Figure 
3.5B,C). It would be interesting to test how mRNAs that have been enriched to the mitotic 

spindle would behave with the loss of RBPs. There have been several examples in the 

literature of mRNAs localizing to the spindle including tpx2, xpat, xdia, and cyclin b1, 

incenp, and xrhamm, and bub3 [121, 122, 126]. Among these mRNAs, a majority of the 
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protein products of these mRNAs have been found to be localized to the spindle in the 

human model [438-441]. Additionally, loss of CPEB1 consequently disrupted CCNB1 and 

BUB3 localization at the spindle in U2OS cells [126]. While there have been very few 

examples on spindle-associated mRNAs, further details pertaining to their functional 

purpose would be interesting to unravel. As the formation of a proper spindle is a highly 

intricate process involving many factors, understanding how mRNAs factor in its 

assembly would be important to explore.  

 

4.1.7 PUF60, a potential candidate to explore 
The RBP screening conducted in Chapter 3 narrowed down to 6 candidates to 

potentially investigate. A particular one to focus on in the future would be the splicing 

factor, PUF60 [413]. Our observations in HeLa cells show that PUF60 has a strong 

enrichment to both the centrosome and spindle, and its depletion leads to mitotic and 

mRNA localization defects (Figures 3.1B,C, 3.2B,C, and 3.5A-C). In D. melanogaster 

embryos, its loss results in reduced viability and mitotic defects (Figure 3.3B and 

Supplemental Figure 3.2).  Further examination of patients with developmental 

problems identified deletions in the PUF60 gene [442]. In parallel, injection of morpholinos 

against PUF60 in zebrafish embryos resulted in short stature and microcephaly [442]. In 

comparison, we found that viability was impaired in D. melanogaster embryos suggesting 

there was a developmental defect. Additionally, PUF60 is implicated in cancer where it 

has a higher expression in tissue from breast and bladder cancer as opposed to normal 

tissue [443, 444]. As such, one study found that higher expression of PUF60 was 

correlated with poor survival in bladder cancer patients, hinting that PUF60 could 

potentially serve as a biomarker for bladder cancer [444]. With its involvement in both 

development and cancer, Puf60 serves to be an excellent candidate to explore and 

dissect its mechanism. 

 
4.1.8 Broader Implication of Findings: mRNA localization and cancer 

As uncontrolled cell division occurs during cancer, a better understanding on the 

implication of mRNA localization during mitosis can aid in finding treatments. Currently 

there are antimitotic drugs targeting the microtubules, different kinases, motor proteins, 
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and multiprotein complexes [445]. Although several drugs targeting different components 

of mitosis exist, there are undesirable consequences [445]. More recently, light has been 

shed on understanding the implication of mRNA localization on cancer. For example, 

LARP6 is involved in the recruitment of several ribosomal protein-coding mRNAs to the 

cell protrusions [446]. As such, this leads to an increase of local translation and ribosome 

biogenesis at the cell protrusions [446]. As aforementioned in Section 1.7.3, the NET1 

and RAB13 RNAs localize to the front in invasive breast cancer cells in a microtubule-

dependent manner [147]. A question that remains is how the localization of mitotic 

mRNAs is affected in cancer cells. One approach to tackle this question is to perform a 

screening for microtubule and centrosome-associated mRNAs in a normal cell line 

(MCF10A) versus a cancer cell line (MDA-MB-231 or MCF7). It would be quite interesting 

to see the behavior of these transcripts and whether having a particular localization profile 

can determine a cell’s invasive capabilities. Furthermore, RBP knockdowns can be 

performed in cancerous cells and the localization of these mRNA can be assessed. 

Exploring this aspect when deciphering the mechanisms that lead to cancer could be 

interesting. These studies will help to further define how targeting RBPs could allow for a 

novel therapeutic approach for cancer.  

 
4.2 Limitations 

The work that I have presented for my thesis adds insight into understanding how 

mRNA localization is implicated during mitosis. Yet, there are potential limitations that 

need to be addressed.  

 

4.2.1 Antibody screening to search for RNA binding proteins enriched at mitotic 
structures 

The screening conducted in Chapter 3 resulted in finding RBPs that colocalized 

with mitotic markers (a TUBULIN and PCNT) (Figures 3.1A-C). However, the 

classification was more qualitative and scoring was based on candidates that exhibited 

protein patterns that were similar to the centrosome and spindle. If there was a lower 

abundance of protein at either of these structures, it made it more difficult to make the 

call if a protein would be considered a hit. To circumvent misclassification of the RBPs, I 
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used both the high content screening microscope as well as the spinning disc confocal. 

The spinning disc confocal microscope allowed for higher resolution images, leading to 

more certainty during classification. For future studies, transfecting fluorescently tagged 

versions that are overexpressing these RBPs can be used for further validation.  

 

4.2.2 HeLa cell line as a model for mRNA localization 
HeLa cells serve to be a classic model for human studies in research. Most of the 

results in Chapter 3 utilized HeLa cells. However, it is important to note that since they 

are a cancer cell line, and they might not resemble a normal cell. They are genetically 

unstable and contain multiple gene copies [447]. An alternative to HeLa cells would be to 

use the human mammary epithelial cell line, MCF10A. It would be important to observe if 

the RBPs and mRNAs localize in a more normal cell line. Moreover, mRNA localization 

has been observed frequently in development and in neurons and has not been 

extensively studied in the context of cancer [448]. Therefore, our complementary studies 

in the D. melanogaster embryos further validated our observations. 

 

4.2.3 Depletion of RNA binding protein candidates 
To assess if the RBP candidates had functional roles, loss of function experiments 

were performed by utilizing siRNAs. Although some knockdowns did not result in a higher 

incidence of mitotic defects, it does not necessarily mean that these RBPs are not 

involved in mitosis. It is a possibility that the proteins have a homolog that play a 

compensatory role. One candidate that comes to mind is FXR2, a candidate for which we 

did not observe a phenotype (Figure 3.2). For instance, it has been previously shown that 

FXR2 has tight interactions with both FXR1 and FMR1, having the ability to form 

heteromers with the other proteins [449]. Therefore, the depletion of just one protein might 

not be sufficient to see an effect due to a likelihood of functional redundancy among the 

proteins.  

 

 4.3 Conclusion 
The primary goal of the research presented in this thesis aimed to answer the 

following question: Is the localization of mRNAs to mitotic apparatus involved in the 
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regulation of mitosis? To date, there have been only a few papers that have looked at the 

enrichment of mRNAs to the mitotic apparatus structures, and even fewer papers 

shedding light on the dynamic interaction between the components of the 

ribonucleoprotein complex. The role of trafficking mRNAs to cell division machineries 

remained largely unknown. 

 

In Chapter 2, my colleagues and I provided compelling evidence that the cis-

natural antisense transcripts, cen and ik2, physically interact via the 3’UTR to localize to 

the centrosomes. Perturbation of either of these genes resulted in mitotic and morphology 

defects as well as impaired viability in D. melanogaster embryos. Furthermore, we found 

localization determinants within the cen coding region and the 3’UTR of ik2. Interestingly, 

comparative analyses among different Drosophilid species revealed that the D. 

melanogaster and D. simulans had cen and ik2 genes arranged in an overlapping 

configuration and both showed localization to the centrosomes. Whereas in D. virilis and 

D. mojavensis, where the genes are not physically linked, only cen was enriched at the 

centrosomes. Moreover, cen was found to be locally translated and required intact 

polysomes. To further investigate whether cis-natural antisense transcripts tend to be 

enriched in the same subcellular compartment, transcriptomic datasets revealed that 

overlapping genes that have a 3’UTR overlap, or full overlap have a trend of being 

localized to the same compartment in both human and fly models. In conclusion, these 

data highlight the importance of the post-transcriptional interactions that occur between 

mRNAs for localization to the centrosomes.  

 

In Chapter 3, a screening conducted by my colleagues and I showed that a large 

number of RBPs are indeed localized to the mitotic apparatus structures. Loss of these 

RBPs in HeLa cells resulted in mitotic defects including centrosome and spindle 

abnormalities, suggesting that post-transcriptional regulation is involved during cell 

division. Interestingly, loss of RBPs did not affect the mitotic index, suggesting that the 

cells are cycling normally. In parallel, RNAi against the RBP orthologs in D. melanogaster 

embryos led to developmental defects during oogenesis and embryogenesis, as well as 

mitotic defects. Lastly, we wanted to see how the depletion of RBPs would affect the 
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localization of ASPM, which has been previously shown to be localized to the 

centrosomes throughout mitosis. The loss of RBPs disrupted localization of ASPM at the 

centrosomes and mitosis, thus reflecting that localized mRNAs. In conclusion, these 

results show that RBPs are implicated in mitosis and their disruption can lead to 

catastrophic consequences. 

 

Collectively, my research presents evidence that the localization of mRNAs and 

RBPs play a role in the regulation of mitosis. We revealed a mechanism where the post-

transcriptional interaction between two mRNAs mediates the localization of mRNAs to the 

centrosomes. Importantly, a functional purpose for localizing RBPs to the centrosomes 

was unraveled, where the loss of the RBPs altered mRNA localization.  
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