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ABSTRACT 

Coordination of cell division, cellular epithelialization and ciliogenesis is necessary for  

tissue development in vivo. We argue that the process of epithelialization and 

ciliogenesis requires positioning the centrosomes to specific cellular locales. We 

identified that the centrosome can be repositioned to these locales in a Rab11-

dependent manner towards the cytokinetic bridge during abscission and to the apical 

membrane for cilia formation. Rab11 is an essential GTPase that is involved in 

regulating abscission, cleavage of the cytokinetic bridge and cilia formation. Here we 

identified the role of Rab11 endosomes in regulating centrosome positioning during 

these processes in vivo.  To study the role of Rab11 endosomes during abscission we 

devised an optogenetic system to acutely inhibit Rab11 mediated membrane 

trafficking both in human cell culture and in zebrafish embryos (Chapter 2). We found 

that acute inhibition of Rab11 mediated membrane trafficking results in cells being 

binucleated due to incomplete abscission. Using this approach, we investigated the 

role of Rab11 endosomes in centrosome function and movement during pre-

abscission. We identified that Rab11 endosomes regulate the organization of the 

centrosome protein, Pericentrin, during pre-abscission that is required for centrosome 

placement towards the cytokinetic bridge that we argue is required for abscission 

completion (Chapter 3). Based on this work we examined whether Rab11 was required 

for centrosome positioning during Kupffer’s Vesicle (KV) development. The KV is a 

ciliated organ of asymmetry in zebrafish that we used as a model to study tissue 

formation in vivo. During KV formation, KV mesenchymal cells move their centrosome 

to the site of lumen formation while the cell’s centrosome is constructing a cilium 

intracellularly. We identified that Rab11 endosomes regulate cilia formation and 

centrosome movement to the site of lumen formation during KV development, 



independent of Rab8 (Chapter 4). Taken together, these findings identify that Rab11 

endosome mediated centrosome movement is necessary to coordinate abscission 

and ciliogenesis during tissue morphogenesis in vivo. 
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CHAPTER ONE: Introduction. 

Molecular mechanisms that regulate centrosome movement during tissue 
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1.1 Abstract 

Mesenchymal epithelial transition is the process by which non-polarized cells 

migrate together while establishing apicobasal polarity to create a tissue. During this 

process, cellular events like migration, polarization, ciliogenesis and cell division are 

coordinated in space and time. One cellular component, integrated throughout all 

these processes, is the centrosome. The centrosome is the major microtubule 

organizing center of the cell that is required for microtubule organization, cilia 

formation, and formation of the mitotic spindle. However, how the centrosome knows 

where to position itself during cellular migration, changes from mesenchymal to 

epithelial cellular states, or during mitotic exit is currently unknown. The following 

explores what is currently known about the spatio-temporal mechanisms that 

coordinate centrosome positioning with 1) cell migration, 2) cell division, 3) polarity 

establishment and 4) cilia formation. 
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1.2 Introduction 

Cells need to proliferate and self-organize to create complex tissues in vivo. 

During development of an organism, non-polarized cells transition into polarized 

cells (Bryant and Mostov, 2008; Fomicheva et al., 2020; Nejsum and Nelson, 2009; 

Rodriguez-Boulan and Nelson, 1989). There are several types of polarized cells 

generated during development (modeled in Figure 1.1). For example, neural 

progenitor cells become neurons which have a distinct top known as a dendrite and 

bottom, axon which are essential for its function. Another example is migrating cells 

which are characterized by their front or leading edge and rear or lagging edge 

(modeled in Figure 1.1, (Barnes and Polleux, 2009; Seetharaman and Etienne-

Manneville, 2020)).  

Non-polarized mesenchymal cells need to establish apical (top or front) and 

basal (bottom or rear) cellular domains to facilitate the cell polarization necessary for 

tissue creation (Gjorevski and Nelson, 2010; Schelski and Bradke, 2017). Cell 

polarity is a conserved cellular event which is characterized by the asymmetric 

localization of physical aspects within the cell, including but not limited to cell 

surfaces proteins, intracellular organelles and the cytoskeleton (Goldstein and 

Macara, 2007; Ohno, 2001). To establish this apical and basal axis, the cell orients 

itself to a signaling cue (usually provided externally, e.g., cell-cell contacts or cell-

matrix interaction) initiated at a point on the cell surface (Ivanov et al., 2010). This 

point of signaling creates a hierarchical pathway for the cell to orient to and begin its 

polarization. The cell then coordinates the asymmetrical distribution of polarity 

complexes by directing cytoskeletal reorganization to facilitate vesicle delivery  

(membrane trafficking) to the appropriate cellular landmarks (Bryant and Mostov, 

2008; Fomicheva et al., 2020; Nelson, 2009).  
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The centrosome is one major component of the cell that regulates directed 

membrane trafficking by facilitating the creation of microtubule networks in a cell 

(Vertii et al., 2016). This component is comprised of two centrioles, a mother 

centriole and a daughter centriole, surrounded by pericentriolar material (PCM). In 

an interphase non-polarized cell, the centrosome is centrally located. This 

localization is thought to facilitate cellular homeostasis by modulating the 

organization of other cellular structures relative to the position of the centrosome 

(Jimenez et al., 2021).  

To create a tissue, a group of cells migrates and establishes apical-basal 

polarity to generate epithelial tissues in vivo. We will focus on epithelial formation 

and then touch upon neuronal differentiation, highlighting that in these situations the 

cells need to create a “top” and “bottom” of a cell necessary during tissue 

development and discuss aspects of this process that are conserved (modeled for 

epithelial cells, Figure 1.2A). We present a model where the centrosome itself is 

assisting in the coordination of cellular processes necessary in establishing tissues 

during development (Figure 1.2B-C). We provide supporting studies that attempt to 

outline the spatial and temporal mechanisms that coordinate centrosome positioning 

during cell migration, cell division, polarity establishment and cilia formation within a 

tissue during development (Figure 1.2C).
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1.3 Centrosome positioning during cell migration 

Cell migration is the ability of the cell to move from one spot to another.  This 

ability is an essential cellular process necessary for creating tissues during 

development (Etienne-Manneville, 2013). A wound healing assay is a traditional way 

to observe how a monolayer of cells migrate ex vivo. A wound healing assay is when 

a scratch is placed across a monolayer of cells and a time series is obtained on how 

long the cells take to close a wound. Using this technique, it was discovered that cell 

migration consists of four steps: protrusion, adhesion, contraction, and retraction 

(reviewed in (SenGupta et al., 2021)). For this movement to happen, the front of the 

cell needs to protrude which in turn creates new membrane adhesions. Then the 

rear-end of the cell performs contraction and retraction (Figure 1.3A). This creates 

asymmetry that defines the front end of the cell known as the leading edge which is 

characterized by the localization of active Rac and Cdc42. Rac and Cdc42 are small 

GTPases from the Rho family of GTPases essential in regulating the actin-

cytoskeleton (Etienne-Manneville and Hall, 2001; Seetharaman and Etienne-

Manneville, 2020). RhoA is found near the cell soma and is necessary to promote 

maturation of cell adhesion and contraction. Rac, Cdc42, and Rho1 are most 

commonly known to regulate the actin cytoskeleton during cell migration (Mayor and 

Etienne-Manneville, 2016; Seetharaman and Etienne-Manneville, 2020; Tapon and 

Hall, 1997).  
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The microtubule network also contributes to cell migration by facilitating 

membrane protrusion formation at the leading edge of the cell (Etienne-Manneville 

and Hall, 2001; Nobes and Hall, 1995; Tapon and Hall, 1997; Zegers and Friedl, 

2014). The centrosome organizes microtubular networks. In specific contexts, the 

centrosome is thought to potentially sense the leading or trailing edge of the cell. 

During fibroblast cell migration ex vivo, the centrosome situates itself in between the 

nucleus and the leading edge of the cell (modeled in Figure 1.3A, (Luxton et al., 

2011)). This reorientation of the nuclear centrosome axis, relative to the cellular axis, 

could aid in stabilizing the microtubule network in the direction of migration (Luxton 

et al., 2011). The microtubules orient their minus ends toward the centrosome and 

plus ends toward the cell cortex. At this point the plus ends of the microtubules 

interact with minus end directed motor proteins such as dynein. Disturbing 

microtubule dynamics using nocodazole impairs centrosome movement during cell 

migration (Hung et al., 2016). Inhibition of dynein or the depletion of Lis1 (a protein 

that interacts with dynein and when mutated causes lissencephaly) present with 

impaired centrosome reorientation towards the leading edge causing cell migration 

defects in mammalian neural precursor cells (Tsai et al., 2007). Yet, how the 

centrosome regulates the direction of cell migration is unclear. Cell polarity is one 

mechanism that can contribute to centrosome movement towards the leading edge 

of migrating cells. During polarized cell movement, the PAR complex and Cdc42 are 

localized at the leading edge. PAR3 is a protein part of the PAR complex, that is 

known to directly interact with dynein (Schmoranzer et al., 2009). Depletion of PAR3 

results in centrosome reorientation defects (Schmoranzer et al., 2009). Together, 

this suggests a possible role for PAR3, dynein, and microtubule interactions at the 
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cell cortex, coordinating centrosome reorientation towards the direction of cell 

migration. 

Most of the components, discussed this far, involve molecular machinery at 

the cell cortex that can reposition the centrosome through microtubules. Rather than 

relying solely on the molecular machinery of the cell cortex, the centrosome, itself, 

contains molecular components necessary for regulating its position during cell 

migration. Cenexin, the mother centriole appendage protein, is necessary for 

centrosome positioning during directed cell migration (Hung et al., 2016). This 

mechanism potentially involves the ability of the centrosome through cenexin, to 

directly interact and anchor stabilized microtubules (Hung et al., 2016; Piel et al., 

2000). Stabilized microtubules, which are positive for acetylated tubulin, are the 

preferred track for microtubule motors to move along or for dynein to potentially bind 

to at the cell cortex (Reck-Peterson et al., 2018). This provides a linkage between 

the centrosome, microtubules, and interactions of a potentially specific microtubule 

population at the cell cortex used to reposition the centrosome. This stabilized 

microtubule network may also aid in positioning the Golgi apparatus and recycling 

endosomes at the right place to enable efficient cargo delivery of components 

essential to establishing polarity during directed migration (Luxton and Gundersen, 

2011; Pouthas et al., 2008). Our lab's prior studies identified that Rab11, a GTPase 

that regulates the recycling endosome, interacts with the centrosome through mother 

centriole appendages (Hehnly et al., 2012). We propose that the impairment of the 

ability of the centrosome to interact with the recycling endosome is a factor that 

leads to failed centrosome movement and abnormal cell migration. 

The centrosome has also been reported to reposition towards the rear of 

migrating cells in vivo (Guo and Wang, 2012; Zhang and Wang, 2017). This 
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phenomenon was observed in cells when they were confined in space that allowed 

unidirectional movement, or when they were met with a physical barrier that forces 

cells to reverse direction of movement. When microtubules and/or dynein mediated 

transport is inhibited, centrosomes are unable to reorient to the rear end of the cell 

and subsequently block cell migration (Guo and Wang, 2012; Zhang et al., 2014). 

The migrating cells of the lateral line primordium in Danio rerio (zebrafish) are a 

good example of this centrosome movement to the rear end of the cell. During 

development of this tissue, cells migrate from the head to the tail of the animal 

(Pouthas et al., 2008). This study also observed the Golgi apparatus organized with 

the centrosome at the rear end of the cell (Pouthas et al., 2008). Another example of 

centrosome moving to the rear end of the cell is the Potoroo Kidney cells (PtK2 cells) 

grown in culture in a wound healing assay (Yvon et al., 2002). These studies 

compared PtK2 cells to Chinese hamster ovary (CHO) cells that repositioned the 

centrosome towards the leading edge. This suggests that different cell types and 

potentially different contexts use distinct mechanisms for centrosome positioning 

during cell migration.  

An example of a cell type that incorporates centrosome positioning both at the 

rear of the cell and at the leading edge is with Cytotoxic T-cells (CTLs). CTLs 

migrate towards their target, pathogenic cells, where they attach creating an 

immunological synapse that then leads to pathogenic cell destruction. When CTLs 

migrate towards their target, the centrosome is located at the rear end of the cell 

(Ritter et al., 2015), but once the CTLs identify their target cells through their T-cell 

receptors (TCR) they undergo cytoskeletal reorganization to position the centrosome 

towards the leading edge that associates with the target cell where it docks at the 

forming immunological synapse between the two cells. At the time the centrosome 
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reorients towards the immunological synapse the Golgi apparatus and recycling 

endosomes remain organized at the centrosome (Angus and Griffiths, 2013; Aniento 

et al., 1993).  A potential mechanism could exist to regulate centrosome positioning 

to the rear end that is then repositioned to the site of the immunological synapse 

following a signaling event.   

We speculate that in most cases movement of the centrosome (front or rear 

end) begins only after the front (leading) end of the cell is established. However, it is 

unclear if the centrosome potentially dictates and coordinates the position of the cell 

during migration. It is necessary to identify the spatial-temporal mechanisms that 

coordinate when and how centrosomes move and position themselves during cell 

migration. Next, one must acutely inhibit these events to determine the exact role of 

the centrosome during these processes. Taken together, these studies suggest that 

a cell’s centrosome positioning can potentially dictate asymmetric localization of 

cellular components through its ability to organize a stabilized microtubule 

population. Further, these studies suggest a cell’s centrosome positioning affects its 

potential ability in directing membrane transport that aids in cell movement.  

 

1.4 Centrosome positioning during cell division: 

The initiation of DNA replication is not the only master regulator of cell 

division. The duplication of the centrosome at the same time to make two mitotic 

centrosomes, is also a regulator. The two mitotic centrosomes display unique 

movements as the cell transitions from prophase to metaphase to assemble the 



 14 

mitotic spindle, as well as during metaphase exit as the cell progresses through 

anaphase and cytokinesis.  

To understand some of these movements, we first need to explain the 

inherent asymmetry that occurs between the two mitotic centrosomes. Due to the 

nature of centrosome duplication, one mitotic centrosome is inherently older than the 

other (Azimzadeh and Bornens, 2007). An interphase centrosome is made up of an 

older (mother) centriole and a younger (daughter) centriole that are structurally 

distinct from one another. The mother centriole contains appendage like structures, 

where the daughter is devoid of them (Colicino et al., 2019; Hall and Hehnly, 2021; 

Hung et al., 2016; Ishikawa et al., 2005). The mother and daughter centriole each 

create a new daughter centriole (Chang and Stearns, 2000). Due to this, the two 

newly formed mitotic centrosomes are asymmetric in nature (refer to Figure 1.4). 

This is important to consider, because in some cell types during G2 after the 

centrosome has duplicated during S-phase, one mitotic centrosome (the mother) 

moves around the nucleus while the other centrosome does not move. Drosophila 

melanogaster neuroblast (NB) asymmetric divisions are one example cell type that 

are known to do this (Rusan and Peifer, 2007). A striking mechanism was proposed 

to regulate the movement of the oldest (mother) centrosome involved Pericentrin 

(PCNT)-like-protein (PLP). In this scenario, the youngest (daughter) centrosome 

remains active and immobile at the apical side of the NB, and the oldest centrosome 

is transported to the basal end. PLP presence is required for the older centrosome 

movement so that a bipolar spindle can be assembled and positioned correctly (Lerit 

and Rusan, 2013). Recently it was discovered that PLP is a Kinesin-1 activator. This 

has led to an advancement in the molecular mechanism that regulates NB 

centrosome motility during G2. Kinesin-1 is a microtubule plus-end directed motor  
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protein that can directly transport the centrosome along microtubules to the opposite 

end of the cell in a PLP dependent manner (Hannaford et al., 2022). 

Some mechanisms of centrosome movement in early mammalian dividing 

cells occurs mostly during prophase to pro-metaphase after the nuclear envelope 

has broken down. The positioning of the two mitotic centrosomes during prophase-

to-metaphase is less dependent on centrosome age and is thought to ultimately 

dictate the orientation of the mitotic spindle. In prophase, the two mitotic 

centrosomes are located adjacent to one another as they start to nucleate 

microtubules. A plus-end directed microtubule motor protein that binds to anti-

parallel microtubules, Eg5, is recruited to areas in between the two mitotic 

centrosomes where antiparallel microtubules form. Eg5’s ability to bind antiparallel 

microtubules creates a sliding mechanism that moves the two mitotic centrosomes 

apart (Sawin et al., 1992). This movement facilitates centrosome placement during 

spindle formation (Tanenbaum et al., 2008). However, opposing forces are also 

needed to make sure that centrosomes do not separate too early or too much. This 

mechanism involves the minus-end directed microtubule motors Kif25 and the 

dynein-dynactin complex (Decarreau et al., 2017; Tanenbaum et al., 2008). Dynein-

dynactin complex along with interacting partners Lis1 and CLIP170 coordinately 

diminish the separation of the centrosome facilitated by Eg5 to ensure correct 

centrosome positioning at the polar ends of the cell. This mechanism is thought to 

maintain appropriate spindle size and orientation (Tanenbaum et al., 2008). 

Centrosome movement during migration also requires the coordination of 

microtubules, dynein and Lis1 (Tsai et al., 2007). These studies suggest that the 

temporal coordination of centrosome positioning may be conserved across cellular 

processes.  



 17 

Once the centrosomes have separated and start to make the bipolar 

microtubule-based spindle, the two mitotic centrosomes position themselves to set 

up the spindle along the longest cell axis (Tanenbaum and Medema, 2010; 

Tanenbaum et al., 2008). Thus, cell geometry can dictate how the centrosomes find 

the longest axis. In some cases, this geometry can even occur before the cells start 

setting up their bipolar spindle (Strauss et al., 2006). In certain contexts, the 

spindle’s positioning defines where the daughter cells will be placed.  Astral 

microtubules that emanate from the centrosomes orient themselves to project and 

anchor at the cell cortex which interact with a complex of cortical proteins. Dynein is 

one of these cortical proteins that interacts with the plus-ends of astral microtubules 

pulling the centrosome towards the cell cortex. This dynein-driven movement orients 

the centrosome and spindle.  

In epithelial cells, the orientation of the centrosome and spindle are 

dependent on polarity proteins, such as the small GTPase CDC42 to recruit dynein 

to the cell cortex (Tuncay et al., 2015). A study from the Macara lab showed that 

localized activation of Cdc42 by its Guanine Exchange Factor, Tuba, is required at 

the cell cortex to facilitate appropriate spindle orientation in cyst forming canine 

kidney cells (Hao et al., 2010; Qin et al., 2010; Seldin and Macara, 2017). These 

findings suggest that spatial and temporal activation of Cdc42 and its regulated 

dynein’s cortical distribution can regulate centrosome positioning and spindle 

orientation. These studies suggest that the placement of the centrosome during 

spindle formation relies on the spatial and temporal coordination of motor protein 

mediated microtubule movement (Eg5, Kif25,dynein), polarity cues and the shape of 

the cell.  
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While cortical signals are important in spindle positioning, the centrosome 

itself can dictate the position of the spindle likely through its regulation of astral 

microtubules. Pericentrin is a pericentriolar material protein that has been clearly 

linked to spindle positioning. Pericentrin mutations both in murine embryonic 

fibroblasts and  fibroblasts obtained from patients suffering from Microcephalic 

osteodysplastic primordial dwarfism type II (MOPDII) present with spindle positioning 

defects likely due to a loss in astral microtubule formation (Chen et al., 2014). 

MOPDII is caused by mutations in Pericentrin that lead to severe pre- and postnatal 

growth retardation. Pericentrin is not the only centrosome protein whose removal 

results in a loss of astral microtubules. The mother centriole appendage protein, 

cenexin, is another (Hung et al., 2016). Cenexin regulation of astral microtubules 

could occur through its ability to bind Polo-Like Kinase (PLK)1. Recent studies 

identify that cenexin depletion disrupts PLK1 activity at the centrosome that leads to 

loss in pericentriolar material integrity, specifically the organization of Pericentrin 

(Aljiboury et al., 2022). These findings suggest a molecular mechanism by which 

cenexin, through its ability to regulate PLK1 activity and subsequently Pericentrin 

organization at the centrosome promotes centrosome placement and spindle 

orientation. These studies suggest that centrosome proteins coordinate kinase 

activity that influence microtubule network organization so that the centrosome is 

positioned appropriately during mitotic spindle establishment.  

Following anaphase exit when the mitotic spindle starts to disassemble, the 

two mitotic centrosomes are at the polar ends of the cell. Cytokinesis begins with the 

cytokinetic furrow constricting at the equatorial axis through the assembly of an 

actomyosin ring (Reichl et al., 2008). This results in the formation of a cytokinetic 

midbody from components of the central spindle within the intracellular bridge 



 19 

connecting the two daughter cells (O' Halloran et al.,2000; Eggert et al.,2006). The 

centrosomes move from the polar ends of the cell towards the cytokinetic midbody 

(Figure 1.3B (Krishnan et al., 2022; Piel et al., 2001)). The bridge is then cleaved by 

a process called abscission. The small GTPase Rab 11 and its associated 

membrane compartment regulate the resolution and cleavage of the cytokinetic 

bridge (RE, (Wilson et al., 2005)). In the absence of functional Rab11, centrosomes 

are unable to track to the cytokinetic bridge during pre-abscission. This results in 

cells being binucleated due to failed abscission (Krishnan et al., 2022).  

Rab11 endosomes that regulate centrosome positioning during pre-

abscission are known to cause abscission defects. Therefore, it is unclear whether 

centrosome movement to the cytokinetic bridge is necessary for abscission. Studies 

using laser ablation that removed centrosomes from human cells in culture identified 

that the cells were unable to sever the cytokinetic bridge and became binucleated 

(Piel et al., 2001). Centrosome free prostate epithelial cells treated with centrinone 

resulted in forming multinucleated cells indicative of inability to abscise the  

cytokinetic bridge (Wang et al., 2020). These studies suggest that centrosome 

bridge directed movement may coordinate appropriate abscission completion.  

The centrosome requires optimal Pericentrin organization to function during 

mitosis, yet Pericentrin’s role during cytokinesis and pre-abscission is less known. 

Depletion of Pericentrin or acute inhibition of Rab11 mediated membrane trafficking 

in dividing cells in the zebrafish embryo results in cells unable to move their 

centrosomes to the cytokinetic bridge. These cells were unable to abscise and 

ultimately become binucleated. Rab11 was found to act upstream of Pericentrin 

organization at the centrosome, which means Rab11-loss resulted in decreased 

Pericentrin at the centrosome. These  findings suggest a molecular mechanism 
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wherein Rab11 endosomes coordinate the organization of Pericentrin at the 

centrosome necessary to facilitate bridge directed centrosome movement and 

abscission completion (Krishnan et al., 2022). 

CEP55 and centriolin are centrosome proteins that localize to the cytokinetic 

midbody during pre-abscission. CEP55 facilitates the recruitment of ESCRT-I and 

ESCRT-III proteins, essential for abscission (Christ et al.,2016; Yang et al.,2008; Elia 

et al.,2011). Centrosome mediated vesicle trafficking towards the cytokinetic 

midbody could facilitate the recruitment of these proteins to the midbody preceding 

cytokinetic bridge abscission (Gromley et al., 2005; Luxton and Gundersen, 2011). 

Therefore, a temporal and spatial organization of these centrosome proteins at the 

cytokinetic midbody could rely on bridge directed vesicle trafficking facilitated by 

centrosome movement to cytokinetic bridge promoting appropriate abscission 

completion. 

The centrosome needs to relocate to the apical membrane to construct a 

cilium during cellular epithelialization (Figure 1.2B). This movement of the 

centrosome is interesting in the context of a developing tissue in vivo. One model 

tissue we utilize, is the development of Kupffer’s vesicle (KV) which is  the ciliated 

organ of asymmetry in zebrafish. The KV uses a rosette-like intermediate where KV 

cells divide and place their cytokinetic bridges toward the center of the rosette where 

a  lumen will form (Figure 1.2B-C, (Rathbun et al., 2020a)). Additionally, a recent 

study identified that the midbody remnant is necessary to regulate cilia formation 

(Bernabé-Rubio et al., 2016). It is therefore likely that the cytokinetic bridge and the 

midbody act as a symmetry breaking event to direct centrosome movement so that 

they can facilitate cilia formation at the right place and time during tissue formation. 
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These studies suggest a functional role for centrosome movement during pre-

abscission in the context of tissue formation. 

 

1.5 Centrosome positioning during epithelialization and neurogenesis: 

Cellular polarization is an essential cellular process wherein non-polarized 

cells gradually establish apical basal polarity (reviewed in, (Bryant and Mostov, 

2008)). To resolve the spatial and temporal mechanisms of centrosome movement 

during cell processes, two dimensional cells in culture are largely used (highlighted 

by the inverted triangle in Figure 1.2). During development in vivo, cells establish 

polarity while assembling into complex tissues at appropriate orientations necessary 

for their function. However, the molecular and cellular mechanisms that modulate 

centrosome movement during polarity establishment in tissues in vivo is not well 

known. For example, the Kupffer’s Vesicle (KV), the organ of asymmetry in 

zebrafish, is one such tissue, where a mesenchymal group of cells establish apical 

basal polarity with the centrosomes being transported to the apical membrane to 

facilitate cilia construction and extension into the lumen formed (Amack and Yost, 

2004). These cilia generate a leftward-fluid flow necessary to enable gene 

expression that set up the left-right body axis of the animal (Grimes and Burdine, 

2017). This model tissue is excellent to study the molecular mechanisms of 

centrosome placement during polarity establishment in vivo. It is relevant to note that 

studies using two-dimensional cell culture and three-dimensional cell culture have 

identified molecular insights into centrosome placement and provide a basis for 

targeting these molecules in relation to tissue formation in vivo. 

A very consistent phenomenon that is observed during cell polarization is that 

the centrosome reorients towards the apical membrane (Figure 1.3C). Yet, the 
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spatio-temporal mechanisms that regulate centrosome movement during cellular 

epithelialization are still unknown. To understand some of these mechanisms we first 

need to introduce the molecules that regulate cell polarity. Current mechanisms for 

epithelialization in cells involve cell migration or cell division to find or create 

neighboring cells that can establish cell-cell contacts. When cell contacts are made, 

E-cadherin is recruited to these sites creating spatial cues to form primordial 

adherens junctions (modeled in Figure 1.2A, (Wang and Margolis, 2007)) and tight 

junctions (modeled in Figure 1.2A, (Baum and Georgiou, 2011)). Around this same 

time, it is thought that PAR3-PAR6-aPKC and Cdc42 are recruited potentially 

through the formation of an Apical Membrane Initiation Site (AMIS, (Bryant et al., 

2010)). This site is an intracellular grouping of membranes that then fuses with the 

plasma membrane. The membrane organelles, Golgi apparatus and recycling 

endosomes, are juxtaposed with the centrosome in many cell types (Hehnly et al., 

2012; Pouthas et al., 2008). The centrosome could coordinate cell polarization 

during tissue formation in vivo due to its proximity to the Golgi apparatus and 

recycling endosomes, as well as the centrosome’s ability to transition from a central 

cellular locale to docking at the apical membrane during epithelial formation.  

Molecular components that regulate polarity formation in epithelial cells like E-

Cadherin, PAR3 and CDC42 are necessary in centrosome movement to the apical 

membrane (Donati et al., 2021; Feldman and Priess, 2012; Hong et al., 2010; Inaba 

et al., 2010; Jiang et al., 2015; Macara and Seldin, 2017). Therefore, it is unclear 

whether centrosome movement to the apical membrane is necessary for polarity 

formation or maintenance. Studies using laser ablation to remove centrosomes in C. 

elegans intestinal cells showed that centrosome movement to the apical membrane 

is involved in cellular epithelialization (Feldman and Priess, 2012).  Intriguingly, 



 23 

studies have also shown that when the apical positioning of the centrosome is 

disrupted, cell polarity is reversed leading to epithelial cells transitioning to a 

mesenchymal cell state (Burute et al., 2017). These findings suggest a role for 

centrosome movement in coordinating cell polarity. Additionally, the studies suggest 

that the disruption of centrosome positioning during cell epithelialization may 

promote cells to trigger epithelial to mesenchymal transition, which is a hallmark of 

cancer progression (Burute et al., 2017; Roche, 2018). 

Another cell type that establishes cell polarity are neurons. The centrosome is 

positioned at the axonal initiation site during neurogenesis in neuronal cells in culture 

(Barnes and Polleux, 2009; Dotti et al., 1988; Nakamuta et al., 2011; Yogev and 

Shen, 2017). This localization of the centrosome is dependent on PAR3 at the axon 

initiation site and is necessary for axon formation during neurogenesis in neuronal 

cells in culture (de Anda et al., 2005; Shi et al., 2003). During neuronal migration, the 

centrosome is placed at the leading edge of the cell in a dynein dependent manner 

and this orientation is necessary for cell migration (Tsai et al., 2007). Since PAR3 

directly interacts with dynein during centrosome movement in migrating cells, a 

similar molecular mechanism may exist in positioning the centrosome at the site of 

axon formation during neurogenesis. Axon-dendrite polarity in sensory neurons of C. 

elegans depends on the ability of the PAR complex and dynein to recruit the 

centrosome to the apical membrane to promote formation of dendrites (Lee et al., 

2021). The disruption of a centrosome’s positioning at the apical junction leads to 

severe defects in dendrite and axon formation in these neurons (Lee et al., 2021). 

These findings suggest a molecular mechanism through which polarity proteins and 

dynein regulate centrosome placement in neurons facilitate microtubule organization 

at the dendrite or axon during neurogenesis.  
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1.6 Centrosome positioning during cilia formation. 

Centrosomes need to move to the apical membrane during cellular 

epithelialization to facilitate the formation of cilia (Figure 1.3C). Cilia are microtubule-

based structures that are templated from the older centriole of the cell (Mirvis et al., 

2018). These structures extend into the extracellular space to sense extracellular 

cues and relay those cues to the cell body. Most cells in a developed vertebrate 

have either primary (non-motile) or in some cases motile cilia (Pazour and Witman, 

2003; Satir and Christensen, 2007; Shah et al., 2009). Motile cilia can be used to 

generate and establish fluid flow that mediate function of the tissue. For example, in 

the node organ of asymmetry in vertebrate organisms, the cilia extending into the 

lumen create a leftward fluid flow necessary to facilitate asymmetric gene expression 

to establish the left-right asymmetry of the organism (Grimes and Burdine, 2017; 

Nonaka et al., 1998).  

Intraflagellar transport (IFT) proteins (e.g., IFT88) and the BBSome (Bardet-

Biedl syndrome) complex (e.g., BBS4) that are required for cilia function, may also 

be involved in centrosome positioning during ciliogenesis. These cilia proteins 

organize at the centrosome even in the absence of a cilium (Delaval et al., 2011; 

Kim et al., 2004, 2005; Qin et al., 2007; Wood et al., 2012). It was identified that 

IFT88 was localized at the centrosome and interacts with cytoplasmic dynein during 

mitosis to recruit spindle pole components involved in centrosome maturation 

necessary for centrosome placement, spindle formation and orientation (Delaval et 

al., 2011). BBSome complex of proteins through BBS4 directly interact with the IFT 

proteins during cilia formation and function (Uytingco et al., 2019). Therefore, it is 

possible that  BBS4 and IFT88 organization at the centrosome is necessary to 
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regulate centrosome movement in a dynein dependent manner during cilia 

formation. 

 Sub structures of the mother centriole, sub-distal and distal appendages, are 

implicated in centrosome movement and docking to the plasma membrane during 

cilia formation. The subdistal appendage protein, cenexin, is implicated in both  

centrosome positioning and cilia formation, whereas the distal appendage protein, 

CEP164, was dispensable for centrosome positioning, but required for cilia formation 

(Hung et al., 2016; Ishikawa et al., 2005). Specifically, loss of the distal appendage 

proteins, CEP164 and CEP83, caused centrosome docking defects at the plasma 

membrane, a response necessary in cilia formation (Graser et al., 2007; Schmidt et 

al., 2012). These findings suggest that potentially the sub-distal appendages that are 

known to anchor microtubules (Hung et al., 2016) are required for positioning the 

centrosome at the apical membrane, where distal appendages then dock the 

centrosome to the apical membrane.   

One possible mechanism where the subdistal appendage protein, cenexin, 

could regulate centrosome positioning during cilia formation is to recruit active 

Rab11 at the centrosome. Rab11 regulates centrosome movement and cilia 

formation in vivo (Knödler et al., 2010; Krishnan et al., 2022; Westlake et al., 2011). 

Yet, the spatial and temporal organization of when a cell’s centrosome constructs a 

cilium and is transported to the apical membrane in the context of a developing 

tissue in vivo is not known. Using the KV as a model to study centrosome movement 

and cilia formation in vivo, we identify that mesenchymal KV cell’s centrosome 

constructs a cilium intracellularly while rearranging to form a rosette like structure 

and moving their centrosomes from random intracellular locations to the site of 

lumen formation in a Rab11 dependent manner (Chapter 4). It is therefore a 
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possibility that Rab11 through its interaction with cenexin at the centrosome at the 

right time and place is necessary for the regulation centrosome positioning during 

cilia formation in tissue development in vivo.   

Mechanisms that regulate centrosome positioning and docking at the plasma 

membrane during ciliogenesis are markedly similar to the cytotoxic T-cell lymphocyte 

immune response. For example, IFT20 is a ciliary transport protein that is involved in 

clustering lytic granules at the IS in CTLs necessary during immune cell responses 

to destroying the antigen presenting cell (Finetti et al., 2009, 2014; Stinchcombe et 

al., 2006). Studies identify that this directed transport is through the interaction of 

Rab11 associated membrane trafficking and IFT20 (Finetti et al., 2014). Additionally, 

docking of the centrosome through CEP83 to the IS plasma membrane is necessary 

for the immune response to destroy the target cell (Stinchcombe et al., 2015).  

These findings suggest that a relationship between Rab11 endosomes and IFT20 

could regulate centrosome movement towards the IS possibly in a cenexin 

dependent manner. Following which, mother centriolar appendage proteins can 

facilitate centrosome docking to the plasma membrane required to promote CTL 

mediated immune response to destroy the target cell.  Therefore, suggesting that 

mechanisms of centrosome movement and docking at the plasma membrane in cells 

that make a cilium could be conserved in cytotoxic T-cell lymphocytes (CTLs) when 

they dictate an immune response. 

Overall, we provide mechanistic insight into how centrosome positioning is 

modulated by the coordination of polarity cues, motor protein mediated transport 

mechanisms, membrane trafficking and ciliary proteins during cell migration, cell 

division, cellular epithelialization, and cilia formation (Figure 1.5). We highlight that 

the centrosome itself could modulate its placement and movement through  
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centrosome proteins. For example, contributions of centrosome proteins cenexin, a 

centriole appendage protein, and Pericentrin, a PCM protein, involved in facilitating 

centrosome movement and function are discussed.  Ascertaining aspects of 

centrosome movement and function during development will allow us to understand 

how and when these molecular mechanisms are disrupted in disease states such as 

MOPDII. Thereby allowing for the identification of molecular targets that could have 

the potential to be therapeutic interventions. 

Spatial organization of the centrosome in cells is dependent on the type of 

cells used. Studies have largely utilized two dimensional cells in culture to pinpoint 

the spatio-temporal mechanisms that regulate centrosome movement. There is a  

growing body of research that is transitioning to the use of three-dimensional cell 

culture and animal model systems in vivo to expand upon the molecular 

mechanisms identified in cultured cells in vitro.  Mechanisms from vertebrate animals 

(e.g. human, mouse, canine and zebrafish) and invertebrates (e.g. fruit flies) 

demonstrate that centrosome movement is highly regulated (Hannaford et al., 2022; 

Hehnly et al., 2012; Hung et al., 2016; Lerit and Rusan, 2013; Pouthas et al., 2008; 

Reck-Peterson et al., 2018; Rusan and Peifer, 2007; Tsai et al., 2007; Zhang et al., 

2014). Molecular mechanisms identified in these different cells on how they 

coordinate centrosome positioning at different cellular processes using different 

mechanisms create a basis to target specific mechanisms in tissue formation in vivo. 

Our studies, here in, highlight the need for a multimodal approach in identifying the 

temporal and spatial mechanisms that regulate centrosome movement and 

placement during tissue formation. 

 In conclusion, centrosome positioning is necessary in regulating tissue 

formation in vivo. Even though we know centrosomes are organized at particular 
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locations in the cell during cellular processes, little is known about the molecular 

mechanisms that regulate centrosome movement to these locales. In this thesis, I 

aim to identify the spatio-temporal mechanisms that regulate centrosome movement 

during tissue formation in vivo. A potential mechanism that could regulate 

centrosome movement and placement is the small molecular GTPase, Rab11 and 

its associated membrane compartment the recycling endosomes. Rab11 endosomes 

regulate centrosome function during metaphase and organize at the centrosome 

during interphase (Hehnly and Doxsey, 2014; Hehnly et al., 2012). A cellular event 

that regulates tissue formation in vivo is abscission, cleavage of the cytokinetic 

bridge (Rathbun et al., 2020a). Studies have identified that cytokinetic bridge 

directed centrosome movement during pre-abscission is necessary for appropriate 

abscission completion (Piel et al., 2001). However, the molecular mechanism that 

regulates centrosome movement to the cytokinetic bridge during pre-abscission was 

not tested. To study Rab11’s involvement in centrosome positioning we generated, 

characterized, and optimized Rab11 null cells in human cells in culture and an 

optogenetic approach to acutely inhibit Rab11 endosome mediated membrane 

trafficking in vivo (Chapter 2). We then tested the role of Rab11 endosomes in 

centrosome bridge directed movement during pre-abscission in human cells in 

culture and in dividing cells of the zebrafish embryos (Chapter 3). During tissue 

formation in vivo, centrosomes are positioned at the apical membrane with cilia 

extending into the lumen. Yet the molecular mechanisms that regulate centrosome 

positioning in this case are not known. Even though Rab11 and Rab8 endosomes 

are known to regulate ciliogenesis, their role in centrosome and cilia positioning 

during tissue formation has not been tested. Using the Kupffer’s Vesicle ciliated 

organ of asymmetry in zebrafish as a model to study cell polarization and tissue 
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formation, we test the role of Rab11 and Rab8 endosomes in centrosome positioning 

and cilia formation in vivo (Chapter 4). We propose a model wherein Rab11 

endosomes are necessary for centrosome movement and function during abscission 

and cilia formation required to create tissues, organs, and organ systems. 
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CHAPTER TWO:  

Optogenetics, an acute method to inhibit Rab11 mediated membrane 

trafficking in vivo. 
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2.1 Abstract 

Cells need to proliferate to increase cell number and facilitate tissue formation. 

Mitosis consists of four main stages: prophase, metaphase, anaphase, and 

telophase. These stages ensure that a cell’s genome is duplicated and segregated 

into two daughter cells. After DNA segregation, cytokinesis begins through the 

formation of an actomyosin based contractile ring that constricts at the equatorial 

plane of the cell creating a cytokinetic bridge between the two cells. The bridge is 

cleaved in a process called abscission. When abscission is disrupted, cells become 

binucleated and can lead to cell death. Rab11, is a small molecular GTPase that 

regulates pre-abscission mechanisms through its membrane compartment, the 

recycling endosomes (REs) that transport into the cytokinetic bridge during 

abscission in mammalian cells in culture. The molecular and cellular mechanisms 

that regulate abscission in vivo is less known. In this chapter we optimize and 

validate an optogenetic system to acutely inhibit Rab11-mediated membrane 

trafficking in vivo. We find that like Rab11-null cells, acutely inhibiting Rab11-

mediated membrane trafficking blocks abscission and leads to cell becoming 

binucleated in vitro and in vivo. 
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2.2 Introduction 

The Kupffer’s Vesicle (KV) is a ciliated organ of asymmetry in Danio rerio 

(zebrafish). Mechanism of asymmetry establishment is that the organ of asymmetry 

creates a leftward flow through motile cilia in the extracellular lumen to initiate the 

asymmetrical expression of three genes, Nodal, Lefty, and Pitx2, across the embryo 

(Dasgupta and Amack, 2016). In zebrafish, Rab11 depletion is associated with KV 

morphology defects such as lumen size depletion (Tay et al., 2013; Westlake et al., 

2011). Rab11 could potentially modulate lumen size by regulating the ability of 

polarity components implicated in lumen formation, the Par3/aPKC polarity complex, 

transport to the apical membrane where the lumen forms (Citations). Interesting, the 

Par3/aPKC polarity complex also assembles within the cytokinetic bridge along with 

Rab11 before cytokinetic bridge abscission and their timely positioning in the bridge 

is required for bridge absicssion (Blasky et al., 2015).  Together these findings 

suggest that the cytokeintic bridge may provide a symmetry breaking event where 

the apical membrane is marked next to the bridge and once the bridge is cleaved 

between the two cells (if grown in three-dimensions) a lumen could potentially form 

between the two.  To test whether cytokinetic bridges are used in the construction of 

a KV lumen, we needed a way to acutely block abscission.  An optogenetics system 

targeting the Rab11 vesicle trafficking pathway was potentially an ideal method 

(Nguyen et al., 2016). 

We created a strategy to acutely disrupt Rab11-membrane trafficking during KV 

development using optogenetics and compared it control cells and cells that were 

null for Rab11. While previous studies all relied on siRNAs to deplete Rab11 in 

mammalian cells (Bryant et al., 2010; Hehnly and Doxsey, 2014; Hehnly et al., 2012; 

Wilson et al., 2005) based on the rationale that animals null for Rab11 results in 
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embryonic lethality (Giansanti et al., 2007; Sobajima et al., 2015) . With the onset of 

CRISPR Cas9 genome editing creating a null-cell line in any cell background has 

become much easier to obtain. We decided to attempt creating a Rab11-null line in 

HeLa cells that lack p53 based regulation, a tumor suppressor gene necessary to 

sense cell cycle errors that then promotes cell death. We rationalized that using 

HeLa cells may bypass the potential cell-lethality that likely occurs from mitotic errors 

resulting from Rab11-loss (mitotic errors reported in (Hehnly and Doxsey, 2014; 

Wilson et al., 2005)).  

To determine the temporal role of Rab11-associated vesicles in KV lumen 

formation and abscission in vivo, we acutely inhibited Rab11-associated membrane 

vesicles through an optogenetic oligomerization approach (modeled from ref., 

(Nguyen et al., 2016)). Optogenetics, spatial control of protein localization using 

light, entails the use of proteins that undergo protein-protein heterodimerization in 

the presence of light. We use CRY2 (Cryptochrome 2) and CIB1 (cryptochrome-

interacting basic helix loop helix) proteins native to the Arabidopsis plant (Liu et al., 

2008). These two proteins undergo hetero dimerization in the presence of blue light 

(488 nm). We first tested the efficacy of the system in HeLa cells (Figure 2.3) and 

compared if we obtained the same binucleate phenotype as the Rab11-null cell line. 

Once confirming that the optogenetic system worked in cell culture, we then acutely 

inhibit Rab11-associated membrane trafficking in vivo and determined whether KV 

cells also became binucleated (Figure 2.3). Lastly, we examined the role of Rab11 

endosomes in lumen formation in vivo in the KV (Figure 2.4). 
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2.3 Results  

2.3.1 Rab11-null cells present with abscission defects. 

Rab11 endosomes are recruited to the cleavage furrow and regulate 

abscission completion (Wilson et al., 2005). Western blot analysis was used to 

confirm Rab11 loss in Rab11-null cells compared to control cells (Figure 2.1A). 

Control cells exit anaphase and the daughter cells formed are held together by a 

cytokinetic bridge (white arrow in top panel, Figure 2.1B). These cells contain Rab11 

and hence undergo abscission around four hours post cytokinesis (white arrow top 

panel, Figure 2.1B) . However, Rab11-null cells exit anaphase, and remain attached 

at the cytokinetic bridge that is unable to sever (yellow arrow, Figure 2.1B) causing 

the daughter cells to fuse and become binucleated. We quantified the population of 

binucleated cells in control and Rab11 null cells (Figure 2.1C) and identified a 

significant increase in the percentage of binucleated cells in Rab11 null cells 

compared to controls (Figure 2.1D).  Taken together, these results suggest that 

Rab11-null cells demonstrate similar abscission defects to that reported with studies 

using siRNA to deplete Rab11 in cells (Hehnly et al., 2012; Wilson et al., 2005). 

 

2.3.2 Optogenetic clustering of Rab11-associated vesicles results in failed 

abscission in vitro.  

Our goal was to specifically test whether acutely inhibiting Rab11 endosomes 

during pre-abscission disrupts cleavage of the cytokinetic bridge. To this end we first 

wanted to test whether our optogenetic system could cluster Rab11 vesicles in the 

presence of blue light in human HeLa cells. To test this, we first expressed 

cryptochrome 2-mCherry (CRY2-mCherry) and CIB1-mCerulean-Rab11 in HeLa 

cells (hetero-interaction between CRY2-fluorescent protein (FP) and CIB1-FP-Rab11  
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modeled in Figure 2.2A). A blue-light (488 nm) was used to induce hetero-interaction 

between CRY2-mCherry and CIB1-mCerulean-Rab11 within a specific region of 

interest (ROI), to initiate cellular aggregation of Rab11-associated membranes 

(Figure 2.2B). To examine whether the cellular aggregation of Rab11-associated 

membranes disrupts function, HeLa cells expressing the optogenetic constructs in 

pre-abscission were treated with normal light conditions or 488 nm blue light (Figure 

2.2 C-E). Under control conditions, where cells were imaged in the absence of blue 

light, cells can progress through cytokinesis to abscission within ~90 min (Figure 

2.2C). It is noteworthy that CIB1-mCerulean-Rab11 transports into the cytokinetic 

bridge, where a cleavage event occurs at one side of the midbody (blue arrow; 

Figure 2.2C) and another event occurs on the other side of the midbody 10 min later 

(blue arrow, Figure 2.2C). When cells are exposed to 488 nm light throughout the 90-

minute time course, Rab11-associated vesicles are unable to move into the 

cytokinetic bridge and remain clustered within the cell body, inhibiting the ability of 

this cell to abscise (Figure 2.2D). Under conditions of CRY2-mCherry and CIB1-

mCerulean-Rab11 expression with 488 nm blue-light exposure, a significant increase 

in the percentage of binucleated cells occurred when compared with cells not 

exposed to the blue light (Figure 2.2E) similar to what we found in the Rab11-null 

cells (Figure 2.1 C-D). 

2.3.3. Optogenetic clustering of Rab11-associated vesicles results in failed 

abscission in vivo.  

We next wanted to determine whether this optogenetic approach of acutely 

clustering Rab11-associated vesicles in vivo, using zebrafish could recapitulate the 

binucleate phenotype seen in HeLa cells (Figure 2.3). To do this we used transgenic 

zebrafish lines that express fluorescent markers to label KV cells. The transgenic 
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lines used were Sox17:GFP-CAAX (KV cell membranes) and CFTR-GFP (Cystic 

Fibrosis Transmembrane conductance Regulator) to  label KV cells. We injected 

mRNA into zebrafish embryos to express CRY2-FP (FP, mCherry, or no FP) and 

CIB1-FP-Rab11 (FP, either mCerulean or mCherry; Figure 2.3A). Uninjected 

embryos (control), embryos injected with CRY2-FP mRNA only (control), CIB1-FP-

Rab11 mRNA only (control) or injected with both CRY2-FP and CIB1-FP-Rab11 

mRNA (experimental) were exposed to normal light or 488 nm blue-light conditions 

starting at 50–60% epiboly until a late lumen expansion stage (14 hpf, experimental 

protocol diagram in Figure 2.3A). Embryonic lethality during optogenetic experiments 

was similar in all injection groups (Figure 2.3B), suggesting that acute clustering of 

Rab11 membranes during KV development did not result in embryo mortality. 

Embryos were fixed and the number of binucleate cells were evaluated in KV cells 

(Figure 2.3 C-D). Strikingly we found a significant increase in the number of 

binucleated cells in KV under experimental conditions (Figure 2.3E), suggesting that 

clustering Rab11 vesicles in vivo blocks abscission.  



 41 

  



 42 

2.3.4. Optogenetic clustering of Rab11 during KV development results in 

abnormal lumen formation.  

Rab11 mediated membrane trafficking towards apical membrane is necessary 

to regulate lumen formation in some cell types grown ex-vivo (Bryant et al., 2010). 

We tested whether acutely clustering Rab11 membranes resulted in KV lumen 

formation defects. Due to the mosaic nature of mRNA expression in zebrafish, 

embryos were categorized into five groups: uninjected (control), CRY2-FP mRNA 

only (control), CIB1-FP-Rab11 mRNA only (control), CRY2-FP plus CIB1-FP-Rab11 

mRNA without KV expression (control), and CRY2-FP plus CIB1-FP-Rab11 mRNA 

with KV expression (experimental). Injected embryos were exposed to 488 nm light 

at either 50–60% epiboly or 75–90% epiboly (Figure 2.3A). Zebrafish developmental 

speed can vary due to variations in ambient room temperature (Schnurr et al., 2014). 

To control for this, lumen area was normalized to the mean of uninjected control 

embryos within each clutch. This minimized the variation in lumen area due to 

differences in clutch developmental speed, as control groups demonstrated a range 

in basal lumen area dependent on the clutch. In double-injected embryos where KV 

cells have clustered Rab11-associated membranes (488 nm exposure beginning at 

50–60% or 75–90% epiboly), significant defects in KV lumen formation occurred 

such as decreased lumen area or an inability to form a lumen at all (Figure 2.4 A-C) 

compared with control conditions (Figure 2.4C, left). When clustered Rab11 

membranes only occurred in a proportion of KV cells, lumen formation in the non-

clustered areas occurred (Figure 2.4A, left; 2.4C, right). In embryos with clustered 

Rab11 in cells surrounding KV, but not KV cells, KV lumen size was comparable to 

unclustered-Rab11 control conditions (Figure 2.4 B-C). Overall, these findings  
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suggest that acute inhibition of Rab11-associated vesicles within KV-destined cells 

disrupts lumen formation. 
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2.4 Discussion 

Abscission has been difficult to study in vivo due to many of the regulators, such as 

Rab11, being essential for embryo viability (Sobajima et al., 2015). Thus, the ability 

to acutely block components that regulate this process at different times in 

development or at specific times in the cell cycle could be transformative to the field. 

Rathbun et al., optimized and validated an optogenetic approach to acutely inhibit 

Rab11-associated membrane trafficking in vivo. The study identified that inhibiting 

the Rab11-associated membrane compartment specifically during KV development 

results in cells being binucleated, due to failed abscission and subsequently unable 

to make lumens. Additionally, we created a Rab11-null cell line that demonstrated 

abscission defects as seen when Rab11 vesicles are optogenetically clustered in 

cells. Based on these findings we conclude that spatial and temporal coordination of 

Rab11-associated membrane trafficking is necessary for regulating abscission and 

lumen formation in vivo. Optogenetic control of Rab11 endosomes in vivo is 

therefore an invaluable tool for establishing the role of Rab11 endosomes in 

regulating cell division and tissue morphogenesis in vivo (Rathbun et al., 2020a) that 

is employed in the subsequent chapters of my thesis.  
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2.5 Materials and methods 

2.5.1 Rab11 optogenetic clustering in HeLa cells: HeLa cells were transfected 

with CIB1-mCerulean-Rab11 and CRY2-mCherry using Mirus TransIT-LT1 and then 

synched at prometaphase in nocodazole (100 nM) and released after 6 h in the 

presence or absence of 488 nm light. Cells were imaged on a spinning disk confocal 

microscope. Images of dividing cells were acquired for a time-lapse series or cells 

were imaged 2 h post release to quantify binucleate cells. 

2.5.2 Rab11a CRISPR: HeLa cells expressing FIP3-GFP stably were used 

throughout the study, maintained at 37 °C with 5% CO2. Rab11A CRISPR vector 

(Santa Cruz SC-400617) and Rab11A HDR vector (Santa Cruz SC-400617-HD) 

were transfected into cells using the Mirus TransIT-LT1 transfection reagents 

(catalog number MIR2305) using the manufacturer’s specifications. Cells were 

grown in puromycin selection medium (5 μg/ml). Three single clones were isolated 

and tested for Rab11 levels using western blotting. HeLa cells are maintained at 

37 °C with 5% CO2. 

2.5.3 Zebrafish optogenetics experiments: Optogenetic experiments were 

performed by injecting CRY2-mCherry and/or CIB1-mCerulean-Rab11 (or CRY2 

and/or CIB1-mCherry-Rab11) mRNA into zebrafish embryos at the one-cell stage. 

Embryos were exposed to 488 nm light using the NIGHTSEA fluorescence system 

from 60% or 75–90% epiboly (late exposure experiments) until six- to eight-somite 

stage. Embryos were either fixed with 4% paraformaldehyde (PFA) + 0.5% Triton X-

100 in phosphate buffered saline (PBS) or incubated overnight in the absence of 

488 nm light to evaluate death rates. Fixed embryos were then imaged on a confocal 

microscope as described above. 
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2.5.4. Immunofluorescence of zebrafish embryos: Zebrafish embryos were fixed 

using 4% PFA containing 0.5% Triton X-100 overnight at 4 °C. Zebrafish were then 

dechorionated and incubated in PBST (PBS + 0.1% Tween) for 30 min. Embryos 

were blocked using a Fish Wash Buffer (PBS + 1% bovine serum albumin 

(BSA) + 1% DMSO + 0.1% Triton X-100) for 30 min followed by primary antibodies 

incubation (antibodies diluted in Fish Wash Buffer in concentrations stated in method 

table 2) either overnight at 4 °C or 3 h at room temperature. Embryos are then 

washed five times in Fish Wash Buffer before incubating with secondary antibodies 

for 3 h at room temperature. After five more washes, embryos were incubated with 

4′,6-diamidino-2-phenylindole (DAPI; NucBlue® Fixed Cell ReadyProbes® Reagent) 

for 30 min. For imaging, embryos were either halved and mounted on slides using 

Prolong Diamond (Thermo Fisher Scientific catalog number P36971) or whole-

mounted in 2% agarose (Thermo Fisher catalog number 16520100). 

2.5.5 Western blot: Cell lysates were acquired by suspending cells in lysis buffer 

(HSEG buffer pH 7.4: 40mM HEPES, 40mM NaCl, 5mM EDTA, 4% Glycerol, 20mM 

NaF; 1% TritonX-100; 1X protease inhibitor; 0.1mM PMSF). After collecting post-

nuclear supernatant from lysates, protein concentration was calculated using Bio-

Rad Protein Assay Kit II (see method table 2). Standard Western blot procedures 

were performed. Nitrocellulose membranes were probed with primary antibody 

and/or primary antibody conjugated to horseradish peroxidase diluted in TBS-

Tween20 and incubated overnight at 4oC. The membranes were probed using 

appropriate secondary antibody for an hour at room temperature. The protein levels 

were visualized using ClarityTM Western ECL substrate (see supplementary key 

resource table) and imaged using Bio-Rad ChemiDocTM imager. 
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2.5.6 Image and data analysis: Images were processed using both FIJI/ImageJ 

software, IMARIS (Bitplane), and/or Adobe Photoshop. Angles were calculated using 

FIJI/ImageJ software and Microsoft Excel. All graphs were generated and statistical 

analysis performed using GraphPad Prism software. The 3D images, movies, and 

surface rendering were performed using Bitplane IMARIS (Surface, Smoothing, 

Masking, and Thresholding functions). 

2.5.7 Statistics and reproducibility: Unpaired, two-tailed Student’s t-tests, Mann–

Whitney, and one-way analysis of variance analyses were performed using 

GraphPad Prism software; ****p-value < 0.0001, ***p-value < 0.001, **p-value < 0.01, 

*p-value < 0.05. See method table 1 for detailed information regarding statistics. 

All graphs, micrographs, images, and blots in this study are representative of at least 

three independent experiments. 
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2.5.8 METHODS TABLE 1: Statistical analysis reported. 

Figure Category n Statistical test Parameters Result p-value 

2.1 Control vs Rab11 CRISPR 5 Mann-Whitney test 
(two-tailed) U = 0 ** 0.0079 

2.2 
 

CRY2 + CIB1-mCherry 
-Rab11 

6 

Mann-Whitney test 
(two-tailed) U = 0 ** 

 
0.0043 
 

CRY2 + CIB1-mCherry 
-Rab11 + 488nm light 

5 

2.4C 

early 

 

uninjected 73 
One-way ANOVA with 
Dunnett’s multiple 
comparison 

df=183 
F(4,183)=15.43 
 

control n/a 
CRY2 only 15 ns 0.8467 
CIB1 only 29 ns 0.7293 
CRY2+CIB1, no KV 24 ns 0.9946 
CRY2+CIB1, +KV 47 **** <0.0001 

late uninjected 11 One-way ANOVA with 
Dunnett’s multiple 
comparison 

df=83 
F(2,83)=58.28 

control n/a 
CIB1 only 8 ns 0.6908 
CRY2+CIB1, +KV 18 **** <0.0001 

 

2.5.9 METHODS TABLE 2: Key resource table 

Reagent or RESOURCE Source Identifier 

Antibodies 

Rab11 
Cell Signaling 

Technologies 
3539S; RRID: AB_2253210 
 

GAPDH-HRP Proteintech HRP-60004; RRID: AB_2737588 

Donkey Anti-Rabbit-HRP 

Jackson 

Immuno 

Research 

711-035-152; RRID: AB_10015282 

Anti-GFP GeneTex GTX13970; AB_371416 

Chemicals, Peptides, and Recombinant Proteins 

DAPI SigmaAldrich D9542-10mg 

NucBlueTM Fixed Cell 

stained Ready Probes 
ThermoFischer R37606 

NucBlueTM Live Ready 

Probes 
ThermoFischer R37605 

Agarose ThermoFischer 16520100 
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BSA Fisher Scientific BP1600-100 

BIO BASIC Maxi Prep Kit BIO BASIC 9K-0060023 

Dimethylsulphoxide Fisher Scientific BP231-100 

Paraformaldehyde Fisher Scientific O4042-500 

Phosphate Buffered 

Saline 
Fisher Scientific 10010023 

Life Technologies 

Prolong Diamond 

Antifade Moutant with 

DAPI 

Fisher Scientific P36971 

35 mm Dish| No.1.5. 

coverslip| 20 mm Glass 

Diameter 

MatTek 

Corporation 
P35G-1.5-20-C 

Molecular Probes Prolong 

Gold Antifade Moutant 
Fisher Scientific P36934 

Triton X-100 Fisher Scientific BP151500 

Tween 20 ThermoFischer BP337500 

Tris-HCl Fisher Scientific BP153 

APS Fisher Scientific BP179-100 
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40% Acrylamide Sigma-Aldrich A4058-100ML 

97% Sodium acrylate Sigma-Aldrich 408220-25G 

40% Bisacrylamide EMD Millipore 1300-500ML 

TEMED Fisher Scientific BP150-100 

Ethylenediaminetetraaceti

c acid (EDTA) 
Fisher Scientific BP120 

Sodium Chloride Fisher Scientific BP358 

NEBuilder HiFi DNA 

assembly Cloning Kit 

New England 

BioLabs 
E5520S 

mMESSAGE 

mMACHINETMSP6 
Invitrogen AM1340 

Mirus TransIT-LT1 

transfection 
Mirus MIR2305 

Rab11A CRISPR Vector 
Santa Cruz 

Biotechnology 
SC-400617 

Rab11A HDR Vector 
Santa Cruz 

Biotechnology 
SC-400617-HD 

BioRad Protein Assay Kit 

II 

BioRad 

Laboratories 
5000002 

Ponceau Stain 
Boston 

BioProducts 
ST-180-500 
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ClarityTM Western ECL 

substrate 

BioRad 

Laboratories 
170560 

Experimental models: Cell lines 

HeLa Cells with stable 

GFP-FIP3 

Hehnly and 

Doxsey 2014; 

Hehnly et al., 

2012; Wilson et 

al., 2005 

N/A 

Rab11KO HeLa Cells 

with stable GFP-FIP3 

Rathbun et al., 

2020 
N/A 

 

2.5.10 METHODS TABLE 3: Plasmid constructs 

Construct Backbone Tag Injection Type Concentration 

[pg] 

CRY2 pCS2 mCherry/untagged mRNA 100 

CIB1-Rab11 pCS2 mCerulean/mCherry mRNA 100 

 

2.5.11 METHODS TABLE 4: Zebrafish Transgenic Lines 

Type Name Source 

Wild-Type  TAB Zebrafish International Resource Center (ZIRC) 

Transgenic Tg(sox17:GFP-CAAX)sny101 Dasgupta et al., 2018 

Transgenic Tg(sox17:GFP) Sakaguchi et al., 2006 

Transgenic Tg(sox17:dsRED) Chung et al., 2008 

Transgenic TgBAC(cftr-GFP) Navis et al., 2013 
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CHAPTER THREE:  

Rab11 endosomes and Pericentrin coordinate centrosome movement 

during pre-abscission in vivo. 
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This chapter features work from my first author paper published in Life Science 

Alliance in 2022. 
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3.1 Summary 

Cell division completes when the two daughter cells move their oldest centrosome 

towards the cytokinetic bridge, which is then cleaved during abscission. The 

GTPase, Rab11, and the centrosome protein, Pericentrin, work together to 

coordinate this movement.  

 

3.2 Abstract 

The last stage of cell division involves two daughter cells remaining interconnected 

by a cytokinetic bridge that is cleaved during abscission. Conserved between the 

zebrafish embryo and human cells, we found that the oldest centrosome moves in a 

Rab11-dependent manner towards the cytokinetic bridge sometimes followed by the 

youngest. Rab11-endosomes are organized in a Rab11-GTP dependent manner at 

the mother centriole during pre-abscission, with Rab11 endosomes at the oldest 

centrosome being more mobile compared to the youngest. The GTPase activity of 

Rab11 is necessary for the centrosome protein, Pericentrin, to be enriched at the 

centrosome. Reduction in Pericentrin expression or optogenetic disruption of Rab11-

endosome function inhibited both centrosome movement towards the cytokinetic 

bridge and abscission, resulting in daughter cells prone to being binucleated and/or 

having supernumerary centrosomes. These studies suggest that Rab11-endosomes 

contribute to centrosome function during pre-abscission by regulating Pericentrin 

organization resulting in appropriate centrosome movement towards the cytokinetic 

bridge and subsequent abscission.  
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3.3 Introduction 

During the onset of cell division, the centrosome duplicates to build a bipolar 

mitotic spindle, which is a macromolecular machine that ensures each daughter cell 

receives an equal complement of chromosomes. Following chromosome separation, 

cytokinetic furrow formation, and the dismantling of the bipolar spindle, the daughter 

cell centrosomes migrate from one end of the cell towards the cytokinetic bridge in 

HeLa cells and were suggested to be required for cytokinetic bridge cleavage, 

referred to as abscission (Piel et al., 2001). Supporting this idea, human cells lacking 

centrioles, following centrinone treatment can present with increased 

multinucleation, indicative of abscission defects (Wang et al., 2020). Bringing into 

possible question the role of the centrosome movement towards the bridge during 

pre-abscission was a study that demonstrated in different mammalian cell lines a 

range of centriole motions during pre-abscission, with some directed towards the 

bridge and other motions being highly irregular (Jonsdottir et al., 2010). We propose 

that directed movement of the centrosome towards the cytokinetic bridge may be 

used during tissue morphogenesis (Hall and Hehnly, 2021), where the cytokinetic 

bridge and associated midbody can act as a symmetry breaking event to direct 

events at the apical membrane such as cilia formation (Bernabé-Rubio et al., 2016). 

This would require the centrosome to migrate towards this site and then 

subsequently dock with the apical membrane to form a cilium. A model tissue that 

can be used to examine this is the ciliated organ of asymmetry known as Kupffer’s 

vesicle (KV) in Danio rerio (zebrafish). KV morphogenesis first requires a group of 

migratory cells to divide and then self-assemble into a rosette-like structure. KV cells 

then position their cytokinetic bridges towards the rosette center before the rosette 

transitions into a cyst-like structure with a hollow fluid-filled lumen (Rathbun et al., 
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2020a). Our studies expand upon these ideas, where we find that centrosomes 

reorient towards the cytokinetic bridge at the center of the rosette. In addition, we 

identify a potential mechanism involving the small GTPase Rab11 in centrosome 

motility both in human cell culture and in zebrafish embryonic cells.   

Rab11 and its associated membrane compartment, recycling endosomes 

(REs), localize to a specific sub-structure of the interphase centrosome, mother 

centriole appendages (Hehnly et al., 2012). This association was shown to help 

modulate cargo transport through the RE (Hehnly et al., 2012; Naslavsky and 

Caplan, 2020). REs are an endocytic compartment that accepts endocytosed cargo 

from the early endosomes and recycles it back to the plasma membrane (Welz et al., 

2014). Owing to the nature of centriole duplication, the two daughter cell 

centrosomes are inherently asymmetric from one another with the oldest centrosome 

being enriched with centriole appendage proteins (Colicino et al., 2019; Hung et al., 

2016) and more competent for cilia formation (Anderson and Stearns, 2009). When 

RE function is disrupted by depleting Rab11 in human cells in culture, centrosome 

function is potentially disrupted resulting in a loss of cilia formation during G0 

(Knödler et al., 2010; Westlake et al., 2011; Xie et al., 2019). Based on this 

relationship between Rab11-REs and the oldest of the centriole pair (the mother 

centriole) during interphase, we hypothesize that the centrosome requires an 

association with Rab11-REs during pre-abscission for its directed movement 

towards the cytokinetic bridge.  

Many modes of centrosome movement have been documented (Vaughan 

and Dawe, 2011), of note is centrosome migration during Drosophila melanogaster 

neuroblast divisions (Hannaford et al., 2022; Lerit and Rusan, 2013; Rebollo et al., 

2007; Rusan and Peifer, 2007). In this context, the centrosome duplicates during S-
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phase where one centrosome migrates to the distal side of the cell to mature. This 

migratory process involves Pericentrin-like protein (PLP) along with Polo Kinase 

(Lerit and Rusan, 2013). Our studies have expanded upon these findings where we 

identify that directed centrosome movement towards the cytokinetic bridge uses 

mechanisms involving both Pericentrin and Rab11-endosomes. 

The recycling endosome compartment is involved in numerous cellular processes 

including, but not limited to, cilia formation, lumenogenesis, apical polarity formation, 

and abscission (Bryant et al., 2010; Knödler et al., 2010; Rathbun et al., 2020a; 

Westlake et al., 2011; Wilson et al., 2005). Rab11-associated recycling endosomes 

transport with their associated cargo into the cytokinetic bridge (Montagnac et al., 

2008) where they fuse at the cleavage furrow (Goss and Toomre, 2008). Following 

furrow ingression, animal cells stay interconnected for some time by a narrow 

intercellular bridge that contains a proteinaceous structure known as the midbody 

(reviewed in (Chen et al., 2012)). These endosomes can fuse and potentially prime 

the membranes next to the midbody for an abscission event (Schiel et al., 2012). 

When depleting Rab11 using siRNAs (Wilson et al., 2005) or inhibiting the ability of 

Rab11-associated vesicles to transport into the bridge using optogenetics (Rathbun 

et al., 2020a), abscission failure occurs both in cell culture and in the zebrafish 

embryo. However, the relationship between Rab11-associated recycling endosomes 

and the centrosome during this process has not been investigated. Here we 

investigate whether Rab11 can influence centrosome function and movement during 

pre-abscission. 
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3.4 Results  

3.4.1. Differences in mitotic centrosome movement towards the cytokinetic 

bridge during pre-abscission between zebrafish embryos and human cells.  

We tested whether centrosome reorientation towards the cytokinetic bridge is 

a conserved process by comparing zebrafish embryo cells at 50% epiboly (3-5 hours 

post fertilization, Figure 3.1A, 3.1E, S3.1A), zebrafish KV cells (Figure 3.1B-3.1E), 

and human HeLa cells (Figure 3.1E, S3.1B). Dividing zebrafish cells expressing two 

different centrosome markers, centrin-GFP (Rathbun et al., 2020b; Zolessi et al., 

2006) or PLK1-mCherry (PLK1-mCh) (Rathbun et al., 2020a), were imaged (Figure 

3.1A-3.1D, S3.1A, Video S3.1) and compared to human (HeLa) cells expressing the 

centrosome markers DsRed-PACT (a C-terminal centrosome targeting domain taken 

from Pericentrin, Figure S3.1B) or centrin-GFP (Figure 3.1E, (Kuo et al., 2011; Piel 

et al., 2001)). Dividing cells are marked by expression of PLK1-mCh during epiboly 

and KV development, which can mark the centrosome and cytokinetic midbody 

(Figure 3.1a’, 3.1C-D). Live cell Imaging was performed on both dividing epiboly 

cells and KV cells where we note at least one centrosome reorienting towards the 

cytokinetic bridge (Figure 3.1A, 3.1a’, 3.1C-3.1D). Specifically, with KV dividing cells 

we find that the dividing cell within a rosette pinches its cytokinetic bridge towards 

the rosette center, and then begins to reorient at least one of the two centrosomes 

towards that site (Figure 3.1B-3.1D). 

Centrosome movement was quantified by monitoring live-cell acquisitions 

from embryos and human cells. We calculated whether both daughter cell 

centrosomes, only one daughter cell centrosome, or neither centrosome moved from 

the polar ends of the daughter cells across the cell centroid position (modeled in 

Figure S3.1D) towards the cytokinetic bridge (Figure S3.1C-S3.1E). We also  
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determined the distance of the centrosome from the cytokinetic bridge in human 

cells by drawing a line from the centrosome to the midpoint of the cytokinetic bridge 

(modeled in Figure S3.1D). We identified in human cells that most cells moved both 

their daughter cell centrosomes towards the cytokinetic bridge (Figure 3.1E), and a 

majority of the centrosomes moved within a 4 µm distance from the bridge center 

(Figure S3.1E) with very few entering into the cytokinetic bridge itself (example of 

movements in Figure S3.1A, S3.1C). In zebrafish epiboly cells, KV cells, and human 

cells we find that in most cases at least one centrosome moves towards the 

cytokinetic bridge (Figure 3.1E). However, we do find a significant difference 

between human cells and zebrafish cells in which both centrosomes (human) or one 

centrosome (zebrafish) preferentially moves towards the bridge (Figure 3.1E). Unlike 

human cells where one centrosome moves in before the other (Figure S3.1B), we 

find that a significant majority of zebrafish pre-abscising cells during epiboly and KV 

development had only one centrosome move consistently towards the cytokinetic 

bridge before bridge abscission (Figure 3.1E). One possibility with KV cells is that 

the other centrosome moves up to the apical site following abscission. Since one 

centrosome moves towards the cytokinetic bridge before the other in human cells, 

and invariably only one centrosome moves towards the bridge in zebrafish pre-

abscising cells, this suggests a potential asymmetry between the two centrosomes, 

such as centrosome age, contributing to this behavior. 
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3.4.2. Mitotic centrosomes associate with Rab11 endosomes as they reorient 

towards the cytokinetic bridge.  

Rab11 could be a modulator of centrosome movement since its known to 

associate with mother centriole appendage proteins during interphase (Hehnly et al., 

2012). However, its dynamic organization in relation to the centrosome during mitotic 

exit hasn’t been specifically investigated. We examined Rab11 localization between 

human (HeLa) cells and dividing cells in the zebrafish embryo.  

We monitored spatial and temporal association of Rab11, and its effector protein, 

family of Rab11-interacting protein (FIP3), with the centrosome during pre-

abscission in HeLa cells. The Rab11-effector protein FIP3 was tagged with GFP 

(Wilson et al., 2005) and expressed in HeLa cells with a centrosome marker, DsRed-

PACT (Figure 3.2A). We found a population of REs at the centrosomes during 

anaphase and this population significantly increased as the cell progressed through 

cytokinesis and pre-abscission (Figure 3.2A, S3.2A-B, Video S3.2). A second 

population of REs then forms adjacent to the cytokinetic bridge following the 

formation of the centrosome population, the centrosome then reorients with a 

population of REs to this second RE population (Figure 3.2A, 3.2E, S3.2A, Video 

S3.2). Another membrane organelle, the Golgi apparatus (labeled with MannII-

mRuby2), is dispersed in small puncta during cytokinesis and starts to form two 

separate fragmented compartments next to the centrosome and the bridge (Figure 

S3.2C). This localization pattern is different from the REs that remain tightly 

organized at the centrosome and adjacent to the bridge (Figure S3.2A). To test if the 

second population of REs originated from the REs organized at the centrosome, a 

photo-convertible Dendra-Rab11 was used. The centrosome population of Dendra-

Rab11a endosomes were photoconverted from a 507 nm emission to a 573 nm  
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emission by placing a region of interest (ROI) over the centrosome where 405 nm 

light was applied. A significant population of 573 nm REs formed the second 

population of REs adjacent to the bridge (Figure 3.2B-C), suggesting that the second 

population of REs originated from the centrosome population of REs. Zebrafish pre-

abscising cells showed a similar localization of Rab11-REs at the centrosome 

(Figure 3.2D) and this organization was similar to what was reported for another RE 

associated GTPase, Rab25 (Willoughby et al., 2021). These findings suggest REs 

organization at the centrosome is a conserved process during pre-abscission.   

 

3.4.3. The oldest mitotic centrosome in pre-abscission moves towards the 

cytokinetic bridge first and has a more dynamic population of Rab11. 

One centrosome is inherently older than the other between the two daughter 

cells due to the nature of centriole duplication. We tested whether the oldest 

centrosome was more likely to be the predominantly motile centrosome between the 

two daughter cells. The oldest centrosome can be identified by having elevated 

centrin-GFP levels (Colicino et al., 2019; Hung et al., 2016; Kuo et al., 2011), (Figure 

3.3A, 3.3B). Once the oldest centrosome was noted, live cell imaging was used to 

test whether the oldest moved towards the bridge before the youngest. Both human 

and zebrafish pre-abscising cells preferred the oldest centrosome to move towards 

the cytokinetic bridge over the youngest (Figure 3.3A-3.3C, 61.5% in zebrafish 

compared to 80% in HeLa cells).  

We next determined if an asymmetry in Rab11 dynamics and organization 

between the oldest and youngest centrosomes occurred in a pre-abscising cell. 

Using Fluorescence Recovery After Photobleaching (FRAP), the oldest and 

youngest centrosomes were identified using centrin-GFP and a ROI was placed over  
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them. mCherry-Rab11a (mCh-Rab11) was photobleached within these regions and 

recovery was recorded over a 40 second time frame (Figure 3.3D, 3.3E). Mobility of 

mCh-Rab11 was calculated and depicted as fitted FRAP curves at the oldest 

centrosome compared to the youngest from three individual pre-abscising cells 

(Figure 3.3E). While there is variation between curves across individual cells (Figure 

3.3E), we find that the oldest centrosome always has an elevated mobile fraction 

when compared to the younger centrosome in all three pre-abscising cells (Figure 

3.3E). To highlight the difference in mCh-Rab11 dynamics between the oldest and 

youngest centrosomes between the two daughter cells we took a ratio of the mobile 

fraction and T1/2 of the oldest/youngest centrosome from the 3 cells shown in Figure 

3.3E. If there is no difference in the mobile fraction or T1/2, then the ratio should be 

at 1. For the mobile fraction we find a mean of 1.8±0.2 that significantly deviates 

from 1, and for the T1/2 we find a mean ratio of 1.2±0.2 that does not significantly 

deviate from 1 (Figure 3.3F). These studies suggest that mCh-Rab11 has elevated 

mobility at the oldest centrosome compared to the youngest centrosome.  

To examine Rab11 organization between the two mitotic centrosomes during 

pre-abscission, expansion microscopy was employed. Expansion microscopy is a 

method that improves the final image resolution up to 4-fold by physically enlarging 

structures using a polymer system (Asano et al., 2018; Sahabandu et al., 2019). We 

expanded our centrin-GFP cells and immunostained them for endogenous Rab11 

and GFP (Figure 3.3G). The oldest and youngest centrosomes were identified by 

centrin signal enrichment. Strikingly, at the oldest centrosome Rab11 accumulated 

around the mother centriole (Figure 3.3g’). The mother centriole is noted by having 

elevated centrin levels between the two centrioles. This was somewhat the case for 

the youngest mother centriole, however not to the same extent as the oldest. In both 
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centrosomes, the daughter centrioles significantly lacked Rab11 signal compared to 

the mother centriole. We quantified the area of Rab11 endosomes that 

overlapped/touched the mother centriole compared to the daughter centriole (shown 

in example Figure 3.3H). We observed that there is significantly higher Rab11 

endosome area at the mother centriole (2.66±0.56µm2) compared to the daughter 

centriole (0.18±0.13 µm2, Figure 3.3I). These studies suggest an asymmetry in 

Rab11 organization and dynamics between the oldest and youngest centrosome that 

may contribute to the movement of the centrosome towards the cytokinetic bridge. 

 

3.4.4. Rab11 GTPase function is associated with centrosome bridge-directed 

movement.  

To specifically test the role of Rab11 in centrosome movement, we used a 

strategy to measure centrosome reorientation during pre-abscission by normalizing 

distance traveled by the centrosome in relation to the cell (Figure S3.3A). This 

involved recording the movement of the centrosome and the cell body as vectors 

and using vector subtraction to calculate centrosome movement within the reference 

frame of the cell in both cell culture (Figure S3.3B) and in zebrafish embryo cells 

(Figure S3.3C). We employed this strategy with control and Rab11-null, centrin-GFP 

or GFP-FIP3 HeLa cell lines (Figure S3.3D). The Rab11-null cell lines were created 

using Rab11a CRISPR vector and Rab11a HDR Vector (see supplementary key 

resource table) and characterization done in (Rathbun et al., 2020a). Western blot 

analysis to confirm Rab11a loss used an antibody that detects both Rab11a and 

Rab11b (Figure S3.3D, supplementary key resource table), where a loss of Rab11 

signal in our Rab11-null cells compared to control suggests that both Rab11a and 

Rab11b are not present or that Rab11b is present at low and undetectable amounts.  
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Similar to previous reports, cells null for Rab11a resulted in increased binucleated 

cells indicative of an abscission failure (Rathbun et al., 2020a; Wilson et al., 2005) 

that was rescued with ectopic expression of mCh-Rab11a (Figure S3.3E, S3.3F). In 

control cells expressing GFP-FIP3, endogenous Rab11 colocalizes with its effector 

protein, FIP3, during pre-abscission. In Rab11-null cells, no Rab11 is detected by 

immunohistochemistry and GFP-FIP3 is no longer organized in a tight centrosome 

localized compartment (Figure 3.4A). Rab11-null cells were impaired in centrosome 

movement towards the cytokinetic bridge compared to control cells (Figure 3.4B-

3.4C, Video S3.3). When measuring the overall centrosome mobility during pre-

abscission, centrosomes moved a significantly shorter distance in Rab11-null cells 

(32.19 ± 2.025 µm) compared to control (46.50 ± 2.011 µm, Figure S3.3G). While 

there was centrosome movement in the Rab11-null cells, the centrosome movement 

was random in its directionality. Thus, we then took distance traveled measurements 

for cytokinetic bridge directed centrosome movement and identified that the 

centrosome had significant defects in centrosome-directed distance traveled in 

Rab11-null cells (2.00 ± 0.86 µm) compared to controls (8.64 ± 1.63 µm, Figure 

3.4F), suggesting that Rab11 is needed for directed centrosome movement towards 

the cytokinetic bridge. 

To test the requirement for Rab11 GTPase function, fluorescently tagged 

versions of Rab11a (referred to as Rab11 from here on) were expressed in Rab11-

null cells. These included Rab11 (mCh-Rab11), a mutant that mimic’s the GDP-

bound state of Rab11 (mCh-Rab11(S25N)), or a mutant that mimics the GTP-bound 

state of Rab11 (mCh-Rab11(Q70L), Figure 3.4D). Comparable expression levels of 

ectopically expressed Rab11 demonstrated by Western blot in Figure S3D. mCh-

Rab11 and -Rab11(Q70L) had similar centrosome localization patterns whereas - 
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Rab11(S25N) remained more cytosolic (Figure 3.4D). Expressing mCh-

Rab11 in Rab11-null cells rescued bridge directed centrosome movement with a 

bridge directed distance traveled of 4.57 ± 1.46 µm, compared to -Rab11(S25N) 

(1.93 ± 1.17 µm) or -Rab11(Q70L) (0.92 ± 0.92 µm) (Figure 3.4C, 3.4E, 3.4F, Video 

S3.4). These findings suggest that the ability of Rab11 to cycle between a GTP and 

GDP bound state is important for its contribution to centrosome movement towards 

the cytokinetic bridge. 

We were surprised that mCh-Rab11(Q70L) did not partially rescue 

centrosome movement towards the cytokinetic bridge since it can mimic the active 

state of Rab11 and localizes to centrosomes (Figure 3.4D). One possibility is that 

GTP to GDP cycling is required for Rab11 to regulate centrosome bridge-directed 

movement and affects the temporal and spatial organization of Rab11 at the mother 

centriole during pre-abscission. To test this, we examined whether a difference in 

mCh-Rab11 and -Rab11(Q70L) dynamics occurred using FRAP by photobleaching 

the population of mCh-Rab11 or -Rab11(Q70L) at the centrosome and comparing 

the fluorescent recovery over time. We selected cells with a similar range of 

fluorescent intensities of mCh-Rab11 and -Rab11(Q70L) (Figure S3.3I) for these 

studies and found significant differences in dynamics between mCh-Rab11 and -

Rab11(Q70L) (Figure S3.3H-L). Rab11(Q70L) cells had a decreased mobile fraction 

of 36.57 ± 4.48%, compared to Rab11 at 59.02 ± 5.08% and Rab11(Q70L) 

presented with a decreased half-life (2.27 ± 0.33s) compared to Rab11 (9.00 

± 1.31s, Figure S3.3I-S3.3L). One potential interpretation is that Rab11(Q70L) is 

more stably associated with the mother centriole (as seen in Figure 3.3g’). 

Collectively, these findings suggest that mCh-Rab11 dynamics at centrosomes is 
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partly regulated by its ability to cycle GTP to GDP contributing to centrosome 

movement towards the cytokinetic bridge.  

 

3.4.5. Rab11 GTP-cycling mediates centrosome protein, Pericentrin, 

centrosome localization during pre-abscission.  

We find that g-tubulin and Pericentrin partially localize to REs during pre-

abscission in both human (HeLa) and zebrafish embryo cells (Figure S3.4A-S3.4B), 

which is consistent with previous studies that identified Pericentrin and g-tubulin at 

REs during metaphase in human cells (Hehnly and Doxsey, 2014). We specifically 

find that REs associate with Pericentrin and g-tubulin at and outside of the 

centrosome (Figure S3.4A-B, inset demonstrating acentrosomal localization). In 

human (HeLa) cells expressing the RE marker, GFP-FIP3 and the centrosome 

targeting domain from Pericentrin, DsRed-PACT, GFP-FIP3 colocalized with 

acentrosomal DsRed-PACT. These GFP-FIP3/DsRed-PACT puncta move towards 

and combine with the main centrosome (Figure S3.4C) suggesting that REs may 

help contribute to overall centrosome organization and function.   

Since Rab11-null pre-abscising cells are unable to orient their centrosome 

towards the cytokinetic bridge, we analyzed whether localization of centrosome 

components and RE components at the centrosome were altered in Rab11-null cells 

compared to control cells (Figure 3.5A-3.5D, S3.4D-E). Fluorescence intensity was 

measured in fixed early-abscission cells where the centrosomes are still on the polar 

ends of the daughter cells before they move to the bridge. An ROI was placed over 

the centrosome and compared between control and Rab11-null cells. The 

fluorescence intensity values were plotted as a ratio of Rab11-null over control cells 

(Figure 3.5B). A ratio of 1 implies no difference between Rab11-null cells and  
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control, and a ratio significantly less than 1 suggests decreased centrosome 

localization in Rab11-null cells. Rab11-null cells had significantly decreased 

centrosome localized GFP-FIP3 (Figure 3.5A-3.5B, S3.4D), transferrin receptor (RE 

cargo, Figure 3.5B, S3.4D), and Pericentrin (Figure 3.5A-3.5B). However, the 

centriole appendage protein, cenexin, and centriole protein, centrin, were not 

affected by Rab11 loss (Figure 3.5B, S3.4E). This is interesting because we note 

Rab11 endosomes at the mother centriole (Figure 3.3G-I) suggesting that Rab11 

may interact with mother centriole appendages (as shown for interphase cells, 

(Hehnly et al., 2012)), but does not seem to affect their structure during pre-

abscission (Figure 3.5B, S3.4E). However, Rab11-REs do seem to be implicated in 

Pericentrin organization both in early stages of pre-abscission (Figure 3.5A, 3.5B) 

and later stages (Figure S3.4F-G). Pericentrin intensity at the centrosome was 

rescued in Rab11-null cells by expression of mCh-Rab11, but not mCh-

Rab11(S25N) or -Rab11(Q70L) (Figure 3.5C-3.5D). Pericentrin expression levels 

were unaltered in Rab11-null cells, or cells rescued with mCh-Rab11, -

Rab11(S25N), or -Rab11(Q70L) (Figure S3.3D), suggesting that the targeted 

localization of Pericentrin is disrupted with loss of Rab11 function. Taken together, 

Rab11 GTPase function is necessary for centrosome movement towards the bridge 

during pre-abscission (Figure 3.4) by potentially facilitating Pericentrin organization 

at the centrosome (Figure 3.5).  

 

3.4.6. Pericentrin and Rab11 endosomes coordinate centrosome movement 

and number during mitotic exit.  

Since loss of Rab11 caused a decrease in Pericentrin levels at the 

centrosome in human cells (Figure 3.5), we tested the role of Pericentrin and Rab11-



 80 

endosomes in regulating centrosome movement during pre-abscission in vivo. To do 

this, we used heterozygous Pericentrin (pcnt+/-) zebrafish embryos (Sepulveda et al., 

2018) positive for the centrosome marker centrin-GFP (embryo generation modeled 

in Figure S5A) or by acutely inhibiting Rab11-associated vesicles through an 

optogenetic oligomerization approach that relies on a hetero-interaction between 

CRY2 and CIB1 that is induced by the application of blue light (modeled in Figure 

S3.5B, (Rathbun et al., 2020a)). Pcnt+/- embryos were used due to our inability to 

obtain reliable pcnt null embryos. When comparing pcnt+/- and Rab11 optogenetically 

clustered embryos to control embryos (non-injected or CRY2 injected) at 3.3-5 hours 

post fertilization, pcnt+/- embryo cells and Rab11 clustered embryo cells were 

significantly impaired at reorienting their centrosomes towards the cytokinetic bridge 

compared to control conditions (Figure 3.6A-3.6C, confirmation of genotype in Figure 

S3.5C, CRY2 control in Figure S3.5D). Pcnt+/- and Rab11 clustered embryos also 

demonstrated significant defects in centrosome movement during pre-abscission, 

where the calculated distance traveled was significantly decreased for pcnt+/- and 

Rab11 clustered embryos compared to control conditions (Figure 3.6D). These 

studies suggest that both Pericentrin and Rab11 coordinate centrosome bridge 

directed motility. 

 We next examined whether decreasing Pericentrin (pcnt+/-) and acutely 

clustering Rab11-vesicles resulted in abscission defects. When cells are unable to 

complete abscission, cells become binucleated (Carter, 1967) or present with 

supernumerary centrosomes (Pihan et al., 2003). Most cells contain either one or 

two centrosomes, depending on their cell cycle stage. A G1 cell contains a single 

centrosome composed of two centrioles. During S phase, two new (daughter) 

centrioles assemble near the pre-existing (mother) centriole creating two  
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centrosomes that will move apart to create a bipolar mitotic spindle. When cells fail 

abscission, the two daughter cells combine gaining an extra centrosome and can 

present as binucleated. Having too many centrosomes can result in multipolar 

divisions, chromosome segregation defects, defects in asymmetric cell division, loss 

in cell polarity, induction of invasive protrusions, and inappropriate activation of 

signaling pathways (Godinho and Pellman, 2014). In our studies, we counted 

embryonic cells that had an abnormal number of centrosomes (3 or more) or were 

binucleated. With pcnt+/- embryos, we find a significant increase in embryos with 

binucleated cells (Figure S3.5E, S3.5G) and supernumerary centrosomes (78.33% 

± 6.509 of cells) compared to control (26.57%± 2.293,  Figure 3.6E-3.6F). With 

optogenetic clustering of Rab11-REs we find a similar dramatic increase in both the 

percentage of cells containing supernumerary centrosomes (77.18%± 3.029)  

compared to CRY2 injected controls (18.41% ± 7.079, Figure 6E-F) and binucleated 

cells (Figure S3.5F-G), suggesting that Rab11-endosomes and Pericentrin may work 

together to coordinate successful abscission.   
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3.5 Discussion 

We propose a model where the cytokinetic bridge and associated midbody may 

act as a symmetry breaking event marking a position for where the centrosome 

needs to reorient towards (Figure 3.1). This reorientation is particularly interesting in 

the context of KV development, where we find in these studies (Figure 3.1B-3.1D) 

and in our previous studies (Rathbun et al., 2020a) that during pre-abscission, the 

two daughter cells position themselves so that the cytokinetic bridge is placed where 

a lumen will form. Herein we found that centrosomes reorient toward the cytokinetic 

bridge before bridge cleavage. While this isn’t specific to just KV cells that are 

destined to assemble a primary cilium at this locale, providing a biologically useful 

role for centrosome reorientation to this cite, it also occurs in cells dividing during 

epiboly. This suggests that centrosome reorientation during pre-abscission may 

have two underlying functions: 1) centrosome reorientation needs to occur to make 

sure the cilia forms in the correct place when destined ciliated cells need to self-

assemble into a rosette structure that transitions to form a lumen de novo, 2) that 

centrosome reorientation towards the bridge may play a role in successful 

abscission completion. Our studies that support this with pre-abscising zebrafish 

epiboly cells containing optogenetically clustered Rab11 membranes or pcnt+/- cells 

that present with significant defects in reorienting their centrosomes towards the 

cytokinetic bridge. Associated with these defects is a significantly greater propensity 

for these cells to be binucleated and contain supernumerary centrosomes 

suggestive of an abscission defect. These studies suggest that centrosome function, 

Rab11-endosome function, and centrosome reorientation may be needed for 

abscission completion.  
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Rab11 has previously been identified to interact with sub-distal appendages in 

non-ciliated interphase cells (Hehnly et al., 2012). An additional report demonstrated 

that Rab8, and potentially the Rab11-Rab8 cascade, has an association with distal 

appendages during ciliogenesis (Schmidt et al., 2012) suggesting that at different 

cell cycle stages different flavors of Rab11 or RE interactions may occur with the 

centrosome. It has yet to be reported if there is a relationship between Rab11-

endosomes and the mother centriole during mitotic stages. Our findings demonstrate 

using expansion microscopy that Rab11 continues to organize at the mother 

centriole during pre-abscission (Figure 3.3G-I) and it will be exciting to investigate 

whether this organization is dependent on sub-distal or distal appendages. There are 

ample reports that Rab11 is involved in abscission (Schiel et al., 2012; Wilson et al., 

2005), but the relationship of Rab11 with the centrosome during this time had yet to 

be investigated. Thus, our study is confirming and expanding on the initial 

foundational studies where we suggest an importance for Rab11-endosome 

interaction with the centrosome during multiple cell cycle stages. Specifically, we find 

that Rab11 is needed for centrosome-directed movement towards the cytokinetic 

bridge. 

Connections between the centrosome and cleavage of the cytokinetic bridge 

exist. For instance, the centrosome protein, Cep55, localizes both to the centrosome 

and cytokinetic midbody where it contributes to abscission (Little and Dwyer, 2021). 

Piel et al.’s work was foundational in identifying the centrosome as a possible 

regulator of abscission where they performed centrosome-removal experiments (Piel 

et al., 2001). Centrosome-free prostate epithelial cells (Wang et al., 2020), human 

embryonic stem cells (Renzova et al., 2018), or BSC1 cells (Piel et al., 2001) 

obtained by either centrinone treatment or by physically severing a portion of the cell 
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containing the centrosome from the cellular nucleus (Piel et al., 2001) present with 

abscission defects such as multi-nucleation. Severing the centrosome from the cell 

could potentially remove Rab11-associated REs affiliated with the centrosome 

(Figure 2). Rab11-REs are needed for abscission (Figure S3.3E-F, 3.6E-F, S3.5F-G) 

(Wilson et al., 2005). Here we identified a connection with Rab11 and centrosome 

function, such that when Rab11 is removed centrosome levels of Pericentrin 

significantly decrease (Figure 3.5A-3.5B). A loss in Pericentrin levels then leads to 

centrosome reorientation defects and abscission failure (Figure 3.6A, 3.6C, 3.6D, 

3.6F). This suggests a potential molecular mechanism where Rab11 modulates 

Pericentrin centrosome organization that is needed in centrosome reorientation to 

the cytokinetic bridge and likely in its subsequent abscission. Taken together, these 

previous studies and our studies herein suggest that the centrosome has a role in 

the process of abscission.   
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3.6 RESOURCE AVAILABILITY 

 

3.6.1 Lead contact: For further information or to request resources/reagents, 

contact the Lead Contact, Heidi Hehnly (hhehnly@syr.edu) 

 

3.6.2 Materials availability: New materials generated for this study are available for 

distribution. 

 

3.6.3 Data and Code Availability: All data sets analyzed for this study are 

displayed. 

 

3.6.4 Experimental Model and Subject Details 

3.6.4.1 Fish Lines: Zebrafish lines were maintained using standard procedures 

approved by Syracuse IACUC (Institutional Animal Care Committee) (Protocol #18-

006). Embryos were raised at 28.5oC and staged (as described in ref. (Kimmel et al., 

1995)). Control and/or transgenic zebrafish lines used for live imaging and 

immunohistochemistry are listed in supplementary key resource table. 
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3.7 Method details 

3.7.1 Antibodies: Antibody catalog information used in HeLa cells and zebrafish 

embryos are detailed in supplementary key resource table. 

 

3.7.2 Plasmids and mRNA: Plasmids were generated using Gibson Cloning 

methods (NEBuilder HiFi DNA assembly Cloning Kit) and maxi-prepped before 

injection and/or transfection. mRNA was made using mMESSAGE 

mMACHINETMSP6 transcription kit. See supplementary key resource table for a list 

of plasmid constructs and mRNA used.  

 

3.7.3 Cell Culture: HeLa cells stably expressing GFP-FIP3 or centrin-GFP (from 

(Hehnly and Doxsey, 2014; Hehnly et al., 2012; Kuo et al., 2011; Piel et al., 2001; 

Wilson et al., 2005)) were maintained at 37oC with 5% CO2. Rab11a CRISPR vector 

and Rab11a HDR vector were transfected into cells using Mirus TransIT-LT1 

transfection reagent (supplementary key resource table). Cells were selected in 

puromycin (5 µg/ml). Rab11a-null cells were transfected with mCh-Rab11a (pCS2-

mCh-Rab11a), dominant negative Rab11a (pCS2-mCh-Rab11(S25N)) and 

constituently active Rab11 (pCS2-mCh-Rab11(Q70L)) using Mirus TransIT-LT1. 

Cells were tested for Rab11 levels using a Western blot with an antibody that detects 

both Rab11a and Rab11b.  

 

3.7.4 Western blot: Cell lysates were acquired by suspending cells in lysis buffer 

(HSEG buffer pH 7.4: 40mM HEPES, 40mM NaCl, 5mM EDTA, 4% Glycerol, 20mM 

NaF; 1% TritonX-100; 1X protease inhibitor; 0.1mM PMSF). After collecting post-

nuclear supernatant from lysates, protein concentration was calculated using Bio-
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Rad Protein Assay Kit II (see supplementary key resource table). Standard Western 

blot procedures were performed. Nitrocellulose membranes were probed with 

primary antibody and/or primary antibody conjugated to horseradish peroxidase 

diluted in TBS-Tween20 and incubated overnight at 4oC. The membranes were 

probed using appropriate secondary antibody for an hour at room temperature. The 

protein levels were visualized using ClarityTM Western ECL substrate (see 

supplementary key resource table) and imaged using Bio-Rad ChemiDocTM imager. 

 

3.7.5 Immunofluorescence: Cells were plated on #1.5 coverslips until they reach 

90% confluence fixed in 4% PFA at room temperature (30 min) or 100% ice cold 

methanol (10 mins). Standard immunofluorescent procedures were performed for 

PFA fixation (Hehnly et al., 2006) and for methanol (Colicino et al., 2018). Cover 

slips were rinsed with dH2O and mounted on glass slides using either Prolong 

Diamond with DAPI mounting media or Prolong Gold (see supplementary key 

resource table). For zebrafish embryo immunofluorescent protocols see (Aljiboury et 

al., 2021).   

 

3.7.6 Expansion microscopy: Cells were plated on #1.5 coverslips until they reach 

90% confluence and fixed with 4% PFA at room temperature. Standard 

immunofluorescent procedures were performed for PFA fixation (Hehnly et al., 

2006). Expansion microscopy was modified from (Asano et al., 2018; Sahabandu et 

al., 2019). Specifically, 20% acrylamide gels (Gelation solution 20% acryl amide, 7% 

sodium acrylate, 0.04% bis acrylamide, 0.5% APS and 0.5%TEMED in 1X PBS) 

were poured on coverslips and allowed to solidify on ice. The solidified gels were 

then carefully sectioned into 4mm gel punches using a disposable biopsy punch on 
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ice. These gel punches were then digested with digestion buffer overnight (0.5% 

Triton-X, 0.03% EDTA, 1M TrisHCl pH 8, 11.7% Sodium Chloride). We did not use 

proteinase K in the digestion step to avoid disruption of centrosome proteins. The gel 

punches were then subjected to a second round of immunofluorescence procedures 

with antibody concentration titrated down to half the initial concentration. They were 

then expanded in water at room temperature for two hours with water exchanged 

every twenty minutes. The expanded punches were then mounted on to MatTek 

plates and imaged on the Leica SP8 confocal microscope with Lightning and using a 

long-range objective (HC PL APO 40x/1.10 W CORR CS2 0.65 water objective) to 

be able to view the sample effectively through the thickness of the agar.  

Rab11-endosome area was quantified at the oldest and youngest centriole 

(differentiated by elevated levels of centrin-GFP signal at the oldest centriole, (Kuo 

et al., 2011)). The area around the centriole was quantified by drawing a ROI around 

Rab11-endosomes that overlapped/ touched the centrioles. The Rab11-endosome 

areas were then compared between the oldest and youngest centriole using a violin 

plot, graphed using the PRISM 9 software.  

 

3.7.7 Genotyping pcnt+/- zebrafish: Tail fins of adult zebrafish were clipped, whole 

embryos or fixed and stained embryos were used to extract genomic DNA and 

genotyped according to (Sepulveda et al., 2018).  

 

3.7.8 Imaging: Zebrafish and tissue culture cells were imaged using Leica DMi8 

(Leica, Bannockburn, IL) equipped with a X-light V2 Confocal unit spinning disk 

equipped with a Visitron VisiFRAP-DC photokinetics unit, a Leica SP8 (Leica, 

Bannockburn, IL) laser scanning confocal microscope (LSCM) and/or a Zeiss LSM 
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980 (Carl Zeiss, Germany) with Airyscan 2 confocal microscope. The Leica DMi8 is 

equipped with a Lumencore SPECTRA X (Lumencore, Beaverton, OR), 

Photometrics Prime-95B sCMOS Camera, and 89 North-LDI laser launch. VisiView 

software was used to acquire images. Optics used with this unit are HC PL APO 

x40/1.10W CORR CS2 0.65 water immersion objective, HC PL APO x40/0.95 NA 

CORR dry and an HCX PL APO x63/1.40-0.06 NA oil objective. The SP8 laser 

scanning confocal microscope is equipped with HC PL APO 20x/0.75 IMM CORR 

CS2 objective, HC PL APO 40x/1.10 W CORR CS2 0.65 water objective and HC PL 

APO x63/1.3 Glyc CORR CS2 glycerol objective. LAS-X software. was used to 

acquire images. The Zeiss LSM 980 is equipped with a T-PMT, GaAsP detector, 

MA-PMT, Airyscan 2 multiplex with 4Y and 8Y. Optics used with this unit are PL 

APO 63X/1.4 NA oil DIC. Zeiss Zen 3.2 was used to acquire the images. A Leica 

M165 FC stereomicroscope equipped with DFC 9000 GT sCMOS camera was used 

for staging and phenotypic analysis of zebrafish embryos.  

 For live human cell imaging, cells were plated on #1.5 glass bottom Ibidi 

slides or MatTek plates (see supplementary key resource table). Cells were imaged 

using spinning disk confocal, LSCM, or wide-field fluorescent microscopy followed by 

deconvolution (AutoQuant X3). Cells were imaged in a temperature and CO2 

controlled chamber for 1-10 hours at 0.5 - 4-minute time intervals.  

 For zebrafish embryo imaging, fluorescent transgenic or mRNA injected 

embryos (refer to strains and mRNAs in supplementary key resource table, and for 

injection protocols refer to (Aljiboury et al., 2021)) were embedded in 2% agarose at 

3.3-5 hours post fertilization (hpf) and imaged using the spinning disk or LSCM.  
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3.7.9 Fluorescence Recovery after photobleaching (FRAP) and 

photoconversion: FRAP experiments to compare mobility of mCh-Rab11 and -

Rab11 (Q70L) at the centrosome were conducted 24 hours post transfection of 

mCh-Rab11 or -Rab11(Q70L) in centrin-GFP cells using the Leica DMi8 with 

spinning disk and photokinetics unit (Visitron VisiFRAP-DC). A ROI was marked at 

the centrosome in a cytokinetic cell and a 405nm laser was used to photobleach 

mCherry within that region. Following photobleaching the cell was imaged live to 

identify recovery of fluorescent signal at the centrosome at 3 second intervals for 3 

minutes.  

FRAP experiments to compare whether mobility of mCh-Rab11 at the 

centrosome was dependent on the age of the centrosome were conducted 24 hours 

post transfection of mCh-Rab11 in centrin-GFP cells using the Leica DMi8 with 

spinning disk and photokinetics unit (Visitron VisiFRAP-DC). The age of the 

centrosome was determined by using elevated centrin-GFP levels at the centrosome 

to identify the oldest centrosome (Kuo et al., 2011). A ROI was marked at the 

centrosomes in a cytokinetic cells, and a 405 nm laser was used to photobleach 

mCh within that region. Following photobleaching the cell was imaged live to identify 

recovery of fluorescent signal at the centrosome for 40 seconds. The ImageJ FRAP 

calculator macro plug-in was used to generate FRAP curves and calculate half-life 

and immobile fraction values. Graphs were generated using PRISM9 software. 

For photoconversion experiments Dendra-Rab11 was expressed in HeLa 

cells. A ROI was placed over centrosome localized Dendra-Rab11 in a single 

daughter cell during pre-abscission. A 405 nm laser was applied within the ROI to 

photoconvert Dendra-Rab11 from green emission (507 nm) to a red emission (573 

nm).  
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3.7.10 Rab11 optogenetics experiments in zebrafish: Tg (-5actb2:cent4-GFP), Tg 

(sox17:GFP-CAAX), Tg BAC(cftr-GFP) zebrafish embryos were injected with 50-

100pg of CIB1-mCh-Rab11, CIB1-mCerulean-Rab11, CRY2-mCherry and/or CRY2 

mRNA at the one cell to 4 cell stage (Rathbun et al., 2020a). Embryos were allowed 

to develop to a minimum of 3.5 hpf and exposed to 488nm light while being imaged 

using the spinning disk confocal microscope.  

 

3.7.11 Number of centrosomes per pre-abscising cell with bridge directed 

centrosome movement: Human (HeLa) cells expressing centrin-GFP or DsRed-

PACT and zebrafish embryos expressing centrin-GFP and/or PLK1-mCh were 

imaged using widefield or confocal based imaging. Cells were monitored for 

centrosome movement using FIJI/ ImageJ. The number of centrosomes that moved 

towards the cytokinetic bridge was quantified as both daughter cell centrosomes (2 

centrosomes), only 1 daughter cell centrosome (1 centrosome) and neither 

centrosome (0 centrosomes). Centrosome movement was defined as movement 

from the polar end of the daughter cell across the centroid of the cell towards the 

cytokinetic bridge (green circle, modeled in Figure S1D). Findings were plotted as a 

violin plot using PRISM 9. 

 

3.7.12 Distance of the centrosome from cytokinetic bridge: Cells stably 

expressing centrin-GFP were live imaged following anaphase exit and were 

monitored for centrosome movement. Centrosome movement towards the 

cytokinetic bridge was quantified based on centrosome movement across the 

centroid of the cell towards the cytokinetic bridge (green circle, Figure S3C modeled 
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in Figure S1D). Distance of the centrosome from the cytokinetic bridge was 

quantified at the time point the centrosome was nearest to the bridge by utilizing the 

line tool on FIJI to trace a line to the midpoint of the cytokinetic bridge (modeled in 

Figure S1D). Frequency distribution of the distance of the centrosome from the 

cytokinetic bridge was calculated and graphed as a histogram denoting relative 

frequency (percentage of pre-abscising cells) that moves the centrosome to at least 

2, 4, 6, and 8 µm from the midway point of the cytokinetic bridge using PRISM 9. 

 

3.7.13 Tracking centrosome movement: Human (HeLa) cells and zebrafish 

embryos expressing centrin-GFP were imaged using widefield or confocal based 

imaging. Cells were projected and the manual tracking plug-in (FIJI/Image J) was 

used to track the movement of the centrosome (centrin-GFP) from metaphase exit 

until 3 hours post anaphase in HeLa cells and up to 12 mins post anaphase or 

abscission completion in zebrafish embryos. The X and Y coordinates of the 

centrosome and cell body were recorded at each time-point. The change in position 

of X and Y of the cell body, marked as the center of the cell at each time point), 

(DXCellbody = Xcellbody-t2-XCellbody-t1; DYCellbody= YCellbody-t2-YCellbody-t1)) was subtracted from 

the change in position of X and Y of the centrosome (DXCentrosome = XCentrosome-t2-

XCentrosome-t1; DYCentrosome = YCentrosome-t2-YCentrosome-t1) between each time-point to control 

for the movement of the centrosome resulting from the motion of the cell body 

(DX=DXCellbody-DXCentrosome ; DY= DYCellbody-DYCentrosome). Using Pythagorean theorem, 

net distance was calculated between time-points dt=√∆X! + ∆Y!, which were then 

added together to calculate the total distance travelled by the centrosome D=∑ 𝑑"#
"$% ; 

where n=final time point. For directional distance towards the cytokinetic bridge, 

centrin-GFP positive centrosomes were tracked from when they reach the polar 
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ends of the daughter cells to when they reach the cytokinetic bridge using the 

method mentioned above. If the centrosome does not move towards the cytokinetic 

bridge, then the distance traveled by that centrosome is recorded as 0 µm. 

 

3.7.14 Centrosome Intensity profiles: Z stacks shown are maximum projected 

representative cells (FIJI/ImageJ). For intensity calculations, z-stacks were sum 

projected, a ROI was marked around the centrosome, and mean fluorescence 

intensities were measured. Fluorescent intensities were calculated as mean intensity 

– minimum intensity. Intensities calculated were then normalized to average intensity 

of the parent cell population within the experiment. Three-dimensional intensity 

profiles were created using FIJI/ImageJ. Outliers were identified using an iterative 

Grubb’s test with alpha = 0.05 using PRISM9 software. 

 

3.7.15 Phenotypic analysis of cells exhibiting cytokinetic defects: Human 

(HeLa) cells and zebrafish embryo cells (described above) were assessed for the 

presence of binucleated cells, represented as a percentage. 

 

3.7.16 Tracking centrosome number: Zebrafish embryo cells (described above) 

were assessed for abnormalities in the number of centrosomes at interphase. The 

number of centrosomes within each cell was counted and the percentage of cells 

with greater than two centrosomes were graphed using PRISM9 software. 

 

3.7.17 Statistical Analysis: Unpaired, two-tailed t-tests and one way ANOVA were 

performed using PRISM9 software. **** denotes a p-value< 0.0001, *** p-
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value<0.001, ** p-value<0.01, * p-value<0.05. For further information on detailed 

statistical analysis see Table S1.  
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3.7.18. METHODS TABLE 1: TABLE S1. Detailed statistical analysis results 

reported. 

Figures Y-Axis Category n 
(cell) 

n 
(embryo) 

n 
(expt) 

Statistical 
Test Parameters Result p-value 

3.1E 

Numb
er of 
centro
somes 
with 
bridge 
directe
d 
centro
some 
move
ment 
in pre-
abscisi
ng 
cells 

Zebrafish 
embryo 
cell 
(Centrin-
GFP) 

n=26 n=4 N/A 

One Way 
ANOVA 

F (4,102) = 
0.82 ** 0.0082 

Zebrafish 
embryo 
cell 
(PLK1-
mCh) 

n=40 n=4 N/A 

Zebrafish 
embryo 
cell in the 
Kupffer’s 
Vesicle 

n=10 n=2 N/A 

Human 
cell (HeLa) 
Centrin-
GFP 

n=15 

N/A 
 

n=3 

Human 
cell (HeLa) 
Ds-Red-
PACT 

n=21 n=4 

3.1E 

Numb
er of 
centro
somes 
per 
pre-
abscisi
ng cell 
with 
bridge 
directe
d 
centro
some 
move
ment 

Zebrafish 
embryo 
cell 
(Centrin-
GFP) 

n=26 n=4 N/A 

One Way 
ANOVA 

F (2,71) = 
0.03110 

  

Zebrafish 
embryo 
cell 
(PLK1-
mCh) 

n=40 n=4 N/A n.s. 0.9973 

Zebrafish 
embryo 
cell in the 
Kupffer’s 
Vesicle 

n=10 n=2 N/A n.s. 0.7506 

Human 
cell (HeLa) 
Centrin-
GFP 

n=15 

N/A 
 

N/A 
Two-tailed 
Student's 
t-test 

t = 0.2392, df 
= 31 n.s. 0.8126 Human 

cell (HeLa) 
Ds-Red-
PACT 

n=21 N/A 

3.1E 

Numb
er of 
centro
somes 
per 
pre-
abscisi
ng cell 
with 
bridge 
directe
d 
centro
some 
move
ment 

Zebrafish 
embryo 
cell 
(Centrin-
GFP) 

n=26 n=4 N/A 

Two-tailed 
Student's 
t-test 

t = 3.365, 
df=80 ** 0.0012 

Zebrafish 
embryo 
cell 
(PLK1-
mCh) 

n=40 n=4 N/A 

Zebrafish 
embryo 
cell in the 
Kupffer’s 
Vesicle 

n=10 n=2 N/A 

Human 
cell (HeLa) 
Centrin-
GFP 

n=15 N/A 
 N/A 
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Human 
cell (HeLa) 
Ds-Red-
PACT 

n=21  N/A 

3.2C 

Fold 
chang
e of 
photoc
onvert
ed 
Dendr
a-
Rab11 
increa
se at 
the 
cytokin
etic 
bridge 

Before 
Photoblea
ching 

n=6 N/A 
 n=4 

Two-tailed 
Student's 
t-test 

t = 6.029, dF 
= 10 *** 0.0001 After 

Photoblea
ching 

3.3C 

% 
Centro
some 
move
ment 
toward
s the 
cytokin
etic 
bridge 
first  

Human 
(HeLa) 
Cells 

n=10 N/A N/A 

N/A N/A N/A N/A Zebrafish 
embryo 
cell at 
epiboly 

n=13 n=4 N/A 

3.3E 

Fluore
scent 
Intensi
ty 
(Norm
alized) 

Oldest 
centrosom
e n=3 N/A 

N/A 

N/A N/A N/A N/A Youngest 
Centroso
me 

3.3F 

Oldest 
centro
some/ 
Young
est 
centro
some 

Mobile 
Fraction 
(%) 

n=3 N/A One-Way 
ANOVA 

F (2,6) = 
7.515 

* 0.016 
 

Half Life 
(T1/2) n.s.  0.49 

3.3J 

Endos
ome 
Area 
at 
Daugh
ter or 
Mother 
Centri
ole 

Oldest 
Centroso
me 

n=7 
Centrosomes N/A 

Two-tailed 
Student's 
t-test 

t=4.268, 
df=12 ** 0.0011 Youngest 

Centroso
me 

3.4C 

Numb
er of 
centro
somes 
per 
pre-
abscisi
ng cell 
with 
bridge 
directe
d 
centro
some 
move
ment 

Control n=25 

N/A 

N/A 

One Way 
ANOVA 

F (4,79) = 
3.148 

  
Rab11-null 
cells n=35 N/A ** 0.0049 

Rab11-null 
cells, plus 
mCh-
Rab11 

n=7 N/A n.s. 0.9991 

Rab11-null 
cells, plus 
mCh-
Rab11(S2
5N) 

n=9 N/A ** 0.0073 

Rab11-null 
cells, plus 
mCh-
Rab11(Q7
0L) 

n=6 N/A *** 0.0005 

3.4F 

Directi
onal 
displac
ement 
of 

Control n=9 

N/A 

N/A 

One Way 
ANOVA 

F (4, 87) = 
6.21 

  
Rab11-null 
cells n=15 N/A *** 0.0002 

Rab11-null 
cells, plus n=7 N/A n.s. 0.1019 
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centro
some 
toward
s the 
cytokin
etic 
bridge 
(µm) 

mCh-
Rab11 
Rab11-null 
cells, plus 
mCh-
Rab11(S2
5N) 

n=9 N/A *** 0.0009 

Rab11-null 
cells, plus 
mCh-
Rab11(Q7
0L) 

n=6 N/A *** 0.0006 

S3.3F 

% 
Binucl
eated 
cells 

Control n>10
0 

N/A 

n=3 

One Way 
ANOVA 

F (2,6) = 
18.07 

  

Rab11-null 
cells 

n>10
0 n=3 ** 0.0021 

Rab11-null 
cells, plus 
mCh-
Rab11 

n>10
0 n=3 n.s. 0.3245 

S3.3G 

Total 
distan
ce 
travele
d by 
centro
some 
post 
anaph
ase 
exit 
(µm) 

Control n=9 

N/A 

n=4 

Two-tailed 
Student's 
t-test 

t=5.000, 
df=32 **** <0.0001 Rab11-null 

cells n=8 n=4 

S3.3I 

Mean 
Fluore
scent 
Intensi
ty 
(A.U.) 

Rab11-null 
cells, plus 
mCh-
Rab11 

n=18 

N/A 
 

N/A 
 

Two-tailed 
Student's 
t-test 

t=3.208, 
df=30 n.s. 0.2183 Rab11-null 

cells, plus 
mCh-
Rab11(Q7
0L) 

n=15 

S3.3J 

Fluore
scent 
Intensi
ty 
Norma
lized 
(A.U.) 

Rab11-null 
cells, plus 
mCh-
Rab11 

n=18 

N/A 
 

N/A 
 N/A N/A N/A N/A Rab11-null 

cells, plus 
mCh-
Rab11(Q7
0L) 

n=15 

S3.3K 
Mobile 
Fractio
n (%) 

Rab11-null 
cells, plus 
mCh-
Rab11 

n=18 

N/A 
 

N/A 

Two-tailed 
Student's 
t-test 

t=3.208, 
df=30 

** 0.0032 

Rab11-null 
cells, plus 
mCh-
Rab11(Q7
0L) 

n=15 N/A   

S3.3L 

Half-
life 
(t1/2, 
sec) 

Rab11-null 
cells, plus 
mCh-
Rab11 

n=18 

N/A 

N/A 

Two-tailed 
Student's 
t-test 

t=4.594, 
df=31 

**** <0.0001 

Rab11-null 
cells, plus 
mCh-
Rab11(Q7
0L) 

n=14 N/A   

3.5B 

Ratio 
of 
Rab11
-null 
centro

Centrin 

n>30 Centrosomes/ 
experiment 

n=3 
n=3 One Way 

ANOVA 
F (4, 10) = 
16.55 

 
n.s. 

 
0.9991 Cenexin 

Pericentrin n=3 * 0.0352 
GFP-FIP3 n=3 *** 0.0008 
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some 
intensi
ty / 
Contro
l 
intensi
ty 
(A.U.) 

Transferrin 
Receptor 

 
n=3 *** 0.0004 

3.5D 

Perice
ntrin 
normal
ized 
intensi
ty pre-
abscisi
ng 
cells 
(A.U.) 

Control n=38 Centrosomes n=5 

One Way 
ANOVA 

F (4, 242) = 
18.19 

  
Rab11-null 
cells n=43 Centrosomes n=5 **** <0.0001 

Rab11-null 
cells, plus 
mCh-
Rab11 

n=62 Centrosomes n=4 n.s. 0.6632 

Rab11-null 
cells, plus 
mCh-
Rab11(S2
5N) 

n=61 Centrosomes n=4 **** <0.0001 

Rab11-null 
cells, plus 
mCh-
Rab11(Q7
0L) 

n=43 Centrosomes n=3 **** <0.0001 

S3.4G 

Perice
ntrin 
normal
ized 
intensi
ty in 
late 
pre-
abscisi
ng 
cells 
(A.U.) 

Control n=22 Centrosomes/ 
experiment 

n=5; 1 
repres
en-
tative 
shown  

Two-tailed 
Student's 
t-test 

t=11.00, 
df=42 **** <0.0001 Rab11-null 

Cells 
n=20 Centrosomes/ 
experiment 

3.6C 

Numb
er of 
centro
somes 
per 
pre-
abscisi
ng 
with 
bridge 
directe
d 
centro
some 
move
ment  

Control n=26 n=4 

N/A One Way 
ANOVA 

F (3,77) = 
2.733 

  
PCNT+/- n=16 n=4 ** 0.0025 
Centrin-
GFP, plus 
CRY2 

n=21 n=4 n.s. 0.6449 

Centrin-
GFP, plus 
CRY2 and 
CIB1-
mCh-
Rab11 

n=19 n=4 * 0.0126 

3.6D 

Distan
ce 
travele
d by 
centro
some 
after 
anaph
ase 
(µm) 

Control n=19 n=4 

N/A One Way 
ANOVA 

F (3,110) = 
9.907 

  
PCNT+/- n=14 n=4 *** 0.0001 
Centrin-
GFP, plus 
CRY2 

n=14 n=4 n.s. 0.8335 

Centrin-
GFP, plus 
CRY2 and 
CIB1-
mCh-
Rab11 

n=11 n=4 ** 0.0067 

3.6F 

Daugh
ter 
cells 
with 
supern
umera
ry 
centro
somes 

Control 
n>30/
embr
yo 

n=3 

N/A One Way 
ANOVA 

F (3,8) = 
38.51 

  

PCNT+/- 
n>30/
embr
yo 

n=3 *** 0.0003 

Centrin-
GFP, plus 
CRY2 

n>25/
embr
yo 

n=3 n.s. 0.5719 
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Centrin-
GFP, plus 
CRY2 and 
CIB1-
mCh-
Rab11 

n>35/
embr
yo 

n=3 *** 0.0003 

S3.5G 

% 
Binucl
eated 
cells 

Control 
n>42/
embr
yo 

n=13 

N/A One Way 
ANOVA 

F (3,25) = 
5.644 

  

PCNT+/- 
n>42/
embr
yo 

n=9 * 0.0417 

plus CIB1-
mCh-
Rab11 

n>30/
embr
yo 

n=3 n.s. 0.9916 

plus CRY2 
and CIB1-
mCh-
Rab11 

n>30/
embr
yo 

n=4 ** 0.0031 

 

  



 103 

3.7.19. METHODS TABLE 2: SUPPLEMENTARY KEY RESOURCE TABLE 
 

Reagent or 
RESOURCE Source Identifier 

Antibodies 

Rab11 Cell Signaling 
Technologies 3539S; RRID: AB_2253210  

Gamma-tubulin SigmaAldrich T5192; RRID: AB_261690 
GAPDH-HRP Proteintech HRP-60004; RRID: AB_2737588 

Donkey Anti-Rabbit-
HRP 

Jackson 
Immuno 
Research 

711-035-152; RRID: AB_10015282 

Transferrin Receptor Abcam ab1086; RRID: 297535 
Pericentrin Abcam ab4448; RRID: AB_304461 
Cenexin ProteinTech 12058-1-AP; RRID: AB_2156630 
Anti-GFP GeneTex GTX13970; AB_371416 
ZO-1 Monoclonal 
Antibody (ZO-1, 1A12) 
Alexa Fluor 488 

Life 
Technologies 

339188; RRID: AB_2532187 
 

Alexa Fluor Anti-Rabbit 
488 

Life 
Technologies A21206; RRID: AB_2535792 

Alexa Fluor Anti-Rabbit 
568 

Life 
Technologies A10042; RRID: AB_2534017 

Alexa Fluor Anti-Rabbit 
647 

Life 
Technologies A31573; RRID: AB_2536183 

Alexa Fluor Anti-Mouse 
488 

Life 
Technologies A21202; RRID: AB_141607 

Alexa Fluor Anti-Mouse 
568 

Life 
Technologies A10037; RRID: AB_2534013 

Alexa Fluor Anti-Mouse 
647 

Life 
Technologies A31571; RRID: AB_162542 

Anti-aTubulin antibody 
Alexa Fluor 
555conjugated 

EMD millipore 05-829-AF555 

Chemicals, Peptides, and Recombinant Proteins 

DAPI SigmaAldrich D9542-10mg 

NucBlueTM Fixed Cell 
stained Ready Probes ThermoFischer R37606 
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NucBlueTM Live Ready 
Probes ThermoFischer R37605 

Agarose ThermoFischer 16520100 

BSA Fisher Scientific BP1600-100 

BIO BASIC Maxi Prep 
Kit BIO BASIC 9K-0060023 

Dimethylsulphoxide Fisher Scientific BP231-100 

Paraformaldehyde Fisher Scientific O4042-500 

Phosphate Buffered 
Saline Fisher Scientific 10010023 

Life Technologies 
Prolong Diamond 
Antifade Moutant with 
DAPI 

Fisher Scientific P36971 

35 mm Dish| No.1.5. 
coverslip| 20 mm Glass 
Diameter 

MatTek 
Corporation P35G-1.5-20-C 

µ-Slide 8 Well Glass 
Bottom: No. 1.5H (170 
µm +/- 5 µm) D263 M 
Schott glass, sterilized 

IBIDI 80827 

Molecular Probes 
Prolong Gold Antifade 
Moutant 

Fisher Scientific P36934 

Triton X-100 Fisher Scientific BP151500 

Tween 20 ThermoFischer BP337500 
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Tris-HCl Fisher Scientific BP153 

APS Fisher Scientific BP179-100 

40% Acrylamide Sigma-Aldrich A4058-100ML 

97% Sodium acrylate Sigma-Aldrich 408220-25G 

40% Bisacrylamide EMD Millipore 1300-500ML 

TEMED Fisher Scientific BP150-100 

Disposable Biopsy 
Punch Integra Miltex 33-34 

Ethylenediaminetetraac
etic acid (EDTA) Fisher Scientific BP120 

Sodium Chloride Fisher Scientific BP358 

NEBuilder HiFi DNA 
assembly Cloning Kit 

New England 
BioLabs E5520S 

mMESSAGE 
mMACHINETMSP6 Invitrogen AM1340 

Mirus TransIT-LT1 
transfection Mirus MIR2305 

Rab11A CRISPR 
Vector 

Santa Cruz 
Biotechnology SC-400617 
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Rab11A HDR Vector Santa Cruz 
Biotechnology SC-400617-HD 

BioRad Protein Assay 
Kit II 

BioRad 
Laboratories 5000002 

Ponceau Stain Boston 
BioProducts ST-180-500 

ClarityTM Western ECL 
substrate 

BioRad 
Laboratories 170560 

Experimental models: Cell lines 

HeLa Cells with stable 
GFP-FIP3 

Hehnly and 
Doxsey 2014; 
Hehnly et al., 
2012; Wilson et 
al., 2005 

N/A 

HeLa Cells with stable 
Centrin-GFP 

Kuo et al., 2011; 
Piel et al., 2001 N/A 

Rab11KO HeLa Cells 
with stable GFP-FIP3 

Rathbun et al., 
2020a N/A 

Rab11 KO HeLa Cells 
with stable Centrin-GFP This paper N/A 

Experimental models, organisms and strains 

Zebrafish 

Zebrafish 
International 
Resource 
Center 

TAB-Wildtype 

Zebrafish 
Zebrafish 
International 
Resource 
Center 

Tg (Sox17:DsRed) 

Zebrafish 

Gift from 
Solinca-Krezel 
lab, generated 
by Harris Lab 

Tg (-5actb2:cent4-GFP) 
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Zebrafish 

Sepuldeva et 
al., 2018. Gift 
from Jao Lab 
UCSD 

Tg (pcnttup2) 

Zebrafish (Dasgupta and 
Amack, 2016) Tg (sox17:GFP-CAAX)sny101 

Zebrafish (Navis et al., 
2013) TgBAC(cftr-GFP) 

Zebrafish This paper Tg (-5actb2:cent4-GFP), Tg (pcnttup+/-) 

Recombinant DNA 

Plasmid: PCS2-CRY2 (Rathbun et al., 
2020a Addgene Plasmid #140572 

Plasmid: PCS2-CIB1-
mCherry-Rab11a 

Rathbun et al., 
2020a) Addgene Plasmid #140573 

Plasmid: PCS2-CIB1-
mCerulean-Rab11a 

(Rathbun et al., 
2020a) Addgene Plasmid #140574 

Plasmid: mRuby2-
MannII-N-10 

(Lam et al., 
2012) Addgene Plasmid #55903 

Plasmid: PCS2-
mCherry-Rab11a This paper Addgene in process 

Plasmid: PCS2-
mCherry-Rab11a 
(S25N) 

This paper Addgene in process 

Plasmid: PCS2-
mCherry-Rab11a 
(Q70L) 

This paper Addgene in process 

Plasmid: PCS2-Dendra-
Rab11a This paper Addgene in process 

Plasmid: PCS2-PLK1-
mCherry 

(Colicino et al., 
2019) Addgene Plasmid #127154 

Software and algorithms 
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ImageJ/FIJI 

NIH and 
Laboratory for 
Optical and 
Computational 
Instrumentation 

https://imagej.net/Fiji 

IMARIS, Bitplane Oxford 
Instruments https://imaris.oxinst.com/ 

PRISM9 GraphPad https://www.graphpad.com/scientific-software/prism/ 

LAS-X Software Leica 
Microsystems 

https://www.leica-
microsystems.com/products/microscope-
software/p/leica-las-x-ls/ 

VisiView Visitron https://www.visitron.de/products/visiviewr-
software.html 

AutoQuant X3 Meyer 
Instruments 

https://www.meyerinst.com/mediacybernetics/autoqu
ant/ 

Zeiss Zen 3.2 Carl Zeiss https://www.zeiss.com/microscopy/us/products/micro
scope-software/zen.html 
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4.1 Abstract 

An essential process for cilia formation during epithelialization is for the centrosome 

to move and dock with the cell’s forming apical membrane. Our study examined 

centrosome positioning using Danio rerio’s left-right organizer (Kupffer’s Vesicle, KV) 

as a model. We found that KV mesenchymal cells while rearranging into epithelial 

cells organized into a rosette-like structure, the cells moved their centrosomes from 

random intracellular positions to the forming apical membrane. During this process, 

these cells’ centrosomes were constructing cilia intracellularly while the centrosome 

was repositioning towards the rosette center. Once the centrosome with associated 

cilia reaches the rosette center, they remain intracellular until the lumen expands to 

approximately 300 µm2. Using optogenetic strategies we identified that the small 

GTPase, Rab11 and its associated membranes, regulates not only cilia formation, 

but centrosome movement towards the forming apical membrane, whereas Rab8 

was primarily involved in cilia elongation once cilia extend  into the KV lumen.  
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4.2 Introduction 

A fundamental question in cell biology is to understand how and when a 

cilium is made during tissue formation. A primary or motile cilium is a microtubule-

based structure that extends from the surface of a cell and can sense extracellular 

cues to transmit to the cell body. Defects in cilia formation can lead to numerous 

disease states known as ciliopathies (Hall and Hehnly, 2021). Foundational studies 

identified two distinct pathways for ciliogenesis in vivo using mammalian tissues from 

chicks and rats (SOROKIN, 1962). The mechanism of ciliogenesis in mammalian 

lung cells is initiated with the centrosome docking to the plasma membrane that is 

followed by the growth of the ciliary axoneme and the membrane surrounding it 

(Sorokin, 1968). The second mechanism identified in mammalian smooth muscle 

cells and fibroblasts is initiated by the centrosome inside the cell (SOROKIN, 1962). 

The centrosome recruits the ciliary vesicle and constructs the ciliary axoneme inside 

the cell. They are then transported to the plasma membrane where the cilia extends 

into the extracellular space (SOROKIN, 1962). These studies demonstrate that 

different in vivo ciliated tissues may construct their cilia differently potentially due to 

the nature of how a tissue develops. This presents an important argument that 

variations in cilia formation mechanisms may occur in vivo during specific types of 

tissue morphogenesis. In our studies we chose to examine how cilia are assembled 

during Mesenchymal to epithelial transition (MET) in an in vivo vertebrate model, 

Danio rerio (zebrafish). 

MET is an evolutionarily conserved process that occurs during ciliated tissue 

formation (Pei et al., 2019), and an excellent example of this is with the vertebrate 

organ of asymmetry. An organ of asymmetry is required to place visceral and 

abdominal organs with respect to the two main body axes of the animal (Grimes and 
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Burdine, 2017). Zebrafish is a genetically tractable model to test how cilia form 

during organ of asymmetry development. In zebrafish the organ of asymmetry is 

known as Kupffer’s Vesicle (KV). KV development is an ideal model to characterize 

cilia development during MET due to embryos external development. This allows KV 

formation to be easily monitored using fluorescent markers to note KV 

mesenchymal-like precursor cells congregating together and self-organizing into a 

rosette-like structure where they establish apical-basal polarity at the rosette center 

(Amack and Yost, 2004; Rathbun et al., 2020a). The rosette center is the site where 

a fluid-filled lumen forms and KV cells will then extend their primary/motile cilia into 

(Navis et al., 2013). These cilia then beat in a leftward motion to direct fluid flow 

essential for the establishment of the embryo’s left-right axis (Nonaka et al., 1998). 

While much is known about KV post-lumen formation, little is known about the 

spatial and temporal mechanisms that regulate cilia formation during KV cell MET.  

One essential structure for cilia formation is the centrosome. The centrosome 

is commonly known as the main microtubule organizing center of the cell with two 

barrel shaped microtubule structures called centrioles enclosed in a network of 

proteins call the pericentriolar matrix (Vertii et al., 2016). The position of the 

centrosome within the cell is integral to generate specific cues that facilitate cellular 

processes like 1) where the apical membrane will form and 2) where the cilium will 

form. In C. elegans intestinal cells, the placement of the centrosome during 

epithelialization is necessary for apical membrane establishment (Feldman and 

Priess, 2012). The centrosome then docks at the apical membrane and facilitates 

the growth of a cilium that extends to the extracellular space. One question that 

arises though, is what molecular and cellular mechanisms dictate when the 

centrosome should move to the apical membrane? Our recent study found that the 
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centrosome moves towards the cytokinetic bridge before cytokinetic bridge 

abscission (Krishnan et al., 2022). This movement was dictated by the small 

GTPase Rab11 (Krishnan et al., 2022), which has also been implicated in cilia 

formation in collaboration with another small GTPase Rab8 (Knödler et al., 2010; Lu 

et al., 2015). Here we first characterize the temporal and spatial dynamics of cilia 

formation in the developing KV. We then test explore the idea that Rab11 and Rab8 

are required for centrosome movement towards the forming apical membrane to 

regulate cilia formation in the developing KV.  
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4.3 Results and Discussion 

4.3.1. Primary cilia form prior to lumenogenesis during tissue morphogenesis. 

We tested when KV cells start to make cilia during KV morphogenesis. To do 

this Sox17:GFP-CAAX transgenic embryos that mark KV cells were fixed at different 

stages of KV development, pre-rosette (8-9 hours post fertilization, hpf), rosette (10 

hpf), and lumen (12 hpf, Figure 4.1A). The pre-rosette stage is where KV cells are 

more mesenchymal-like and have yet to organize into a rosette, whereas in the 

rosette stage KV cells are organized into a rosette-like structure with their newly 

forming apical membranes pointing towards the center of the rosette (Amack and 

Yost, 2004; Amack et al., 2007). The lumen stage is where KV cells surround a fluid 

filled lumen (Figure 4.1A). After fixing embryos at each of these stages, they were 

immunostained for cilia using an antibody against acetylated tubulin (Figure 1A). 

Interestingly, we found that a significant population of KV cells had cilia before the 

KV formed a lumen (Figure 4.1A). To examine this further we calculated the 

percentage of ciliated cells within the KV where we found that in the pre-rosette 

(33.25±3.33%) and rosette (48.06±5.94%) stages there was a significant population 

of cells that were already assembling a cilium (Figure 4.1A-B). Once the KV forms a 

lumen, a significant increase in the number of ciliated KV cells occurs 

(64.82±5.27%). These studies suggested a couple of things: 1) KV cells were 

forming cilia before they had an extracellular space (KV Lumen) to position them into 

and 2) KV lumen formation correlated with a significant increase in KV cells having 

cilia. 
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To test whether a relationship exists between lumen opening and expansion 

and KV cell ciliation, we calculated the percentage of KV cells lumenal cilia (Figure 

4.1C) and cilia length (Figure 4.1D) in relation to KV lumen area (0 µm2 to 5000 

µm2). We find that 50% of the cilia population become lumenal when the lumen area 

reaches 306.7 µm2 (Figure 4.1C). Interestingly, this is at around the same lumen 

area where cilia start to reach its maximum length of 4.5 µm, where half the cilia 

population reach a length of 2.25 µm at a KV lumen size of 357 µm2 (Figure 4.1D). 

The percentage of KV cells with lumenal cilia plateaus at 76.83% when the lumen 

reaches a size of 2015.3 µm2 (Figure 4.1C) suggesting that approximately 75-80% of 

KV cells are ciliated once the lumen is 2015.3 µm2 or greater (Figure 4.1C). These 

studies also suggests that cilia extension into the KV lumen is dependent on KV 

lumen area expansion.  

During the Rosette stage (preceding lumen formation) close to 50% of KV 

cells are ciliated with their average cilia length measuring at 2.25 µm (Figure 4.1B, 

4.1D, 4.1E). At this stage, most of the KV cells organize their cilia towards the 

rosette center where the cilia are perfectly positioned to extend into the lumen once 

it opens (Figure 4.1B, 4.1E). Once the cilia can extend into the lumen, this is when a 

significant increase in cilia length occurs where an average length of 4.5 µm is 

measured (Figure 4.1D). Taken together, these studies suggest that cilia form inside 

the cell, then position themselves towards the rosette center so that they can extend 

into the forming KV lumen (Figure 4.1E).  
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4.3.2 Cilia form inside KV cells before a lumen is made then recruit Arl13b 

before extending into the lumen. 

Our studies in Figure 1 suggest that cilia are formed in KV cells, then 

positioned at the rosette center to then extend out from the apical membrane into the 

lumen once the lumen gets to a set area. To test this model, embryos were fixed at 

the KV pre-rosette stage, rosette stage, and lumen stage. Volumetric projections of 

surface rendered KV cells were performed at each of these stages. KV cell outlines 

were noted using GFP-CAAX and cilia were immunostained using acetylated tubulin 

(Figure 4.2A). Surface rendering using IMARIS software allowed for the spatial 

positioning of cilia in KV cells across KV developmental stages to be easily assessed 

(Figure 4.2A). To do this, the boundaries of both the cell (GFP-CAAX) and cilia 

(acetylated tubulin) were highlighted to create a three-dimensional space filling 

model of both cell and cilia. We identified that as KV develops from pre-rosette to 

rosette, to lumen stage, intracellular cilia approach the apical membrane (Figure 

4.2A). Once a lumen is formed, the cilia extend into the developing KV lumen (Figure 

4.2A). To identify whether cilia positioning was significantly moving towards the 

forming apical membrane during the rosette stage and during lumen formation we 

calculated the relative distance of cilia from the cell boundary closest to the KV 

center (modeled in Figure 4.2B; performed in Figure 4.2C). When values approach 

0, cilia are closer to the cell boundary, which is significantly the case as KV 

transitions from pre-rosette to lumen stages (Figure 4.2C). This finding suggests that 

KV cell cilia are first constructed intracellularly then positioned at the cell boundary 

(newly forming apical membrane) during the rosette stage, where they then can 

extend into expanding lumen.  
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We next positioned these findings from our fixed developmental stages where 

cilia were immunolabeled for the structural component, acetylated-tubulin, with live 

cell microscopy studies where we examined the timing of cilia formation during 

lumen expansion using the fluorescent cilia membrane marker Arl13b (Figure 4.2D). 

These studies identified that Arl13b is recruited to the cilium once the cilium is 

docked at the apical membrane (Figure 4.2D, 0 min), then the cilium starts to extend 

and elongate into the lumen of the KV once the lumen hits approximately 300 µm2. 

These studies together suggest that cilia form inside KV cells in random locales 

before the lumen is made, move to the forming apical membrane at the Rosette 

center, where they then recruit Arl13b, to then extend into the expanding KV lumen. 

 

4.3.3. Centrosomes and cilia are positioned to the site of lumen formation. 

Since we found that cilia position themselves at the apical membrane during 

KV rosette formation, we wanted to test at what spatial location within the KV cell 

does a centrosome start to build a cilium. We tested this, using embryos fixed at 

three different KV developmental stages, pre-rosette, rosette, and lumen (Figure 

4.3). Centrosomes and cilia were immunostained for g-tubulin and acetylated tubulin 

respectively, and actin was decorated using phalloidin to mark rosette center and 

cell-cell junctions during the lumen stage (Figure 4.3A). The cilium within each cell 

was positioned in a way that appeared to be extending from the centrosome (Figure 

4.3A, insets in 4.3a’). To test the relationship between centrosome positioning and 

when it constructs a cilium during KV development, we calculated KV cell 

centrosome angles and centrosome with cilia angles in relation to the KV center 

(Figure 4.3B, 4.3C). To do this, KV cell membranes around KV cells were outlined to 

identify KV centroid. Individual KV cells centroid position was also identified. For  
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each cell the angle was measured from the centrosome to cell center to KV center 

(Figure 4.3B). If the centrosome is moving closer to the cell boundary that is towards 

the KV center, then the angle should approach 0o. Like our findings in Figure 4.2, we 

identified that the centrosome significantly approaches the cell boundary closest to 

the KV center during rosette and lumen stages (Figure 4.3C, S4.1A). Using a polar 

histogram to depict total KV centrosome angles and ciliated centrosome angles, 

where the cartesian plane is partitioned into 30o sections and the radius of the sector 

represents cell numbers, we found that the angles of the ciliated centrosomes were 

distributed from 0o to 180o (Figure 4.3A, 4.3C) before KV rosette formation. This 

suggests that a population of centrosomes that are randomly positioned during the 

pre-rosette stage are ciliated and that these ciliated centrosomes reposition 

themselves towards the cell boundary closest to the KV center (Figure 4.3C, S4.1B-

D). Taken together these results indicate that KV destined cells organize into a 

rosette-like structure, with the cells positioning their centrosomes that are 

constructing cilia from random intracellular positions to a cell boundary closest to 

where the apical membrane will be established, and lumen will be formed. 

 

4.3.4. Rab11 endosomes regulate centrosome positioning and cilia formation, 

independent of Rab8. 

Our previous studies identified that the small GTPase, Rab11, is required for 

centrosome positioning towards the cytokinetic bridge right before cytokinetic bridge 

cleavage (Krishnan et al., 2022). Interestingly, the cytokinetic bridge and midbody 

are also thought to mark the position of a newly forming apical membrane (Bernabé-

Rubio et al., 2016; Dionne et al., 2015; Rathbun et al., 2020a). In addition, Rab11 in 

collaboration with another small GTPase, Rab8, were identified as being necessary  
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for ciliogenesis (Knödler et al., 2010).Depletion of Rab11 and Rab8 using 

morpholinos are associated with KV morphology defects such as formation of 

smaller lumens (Lu et al., 2015; Westlake et al., 2011). To identify Rab11 and Rab8 

endosome organization at cilia during KV formation we ectopically expressed 

mRuby2-Rab8 in a CRISPR generated GFP-tagged Rab11 transgenic zebrafish line 

(Levic et al., 2021). We found that both Rab11 and Rab8 were localized at the 

centrosome (Figure 4.4A-B, magnified inset in 4.4a’,4.4b’). GFP-Rab11 organizes in 

a ring-like structure at the distal end of the centriole and at the base of the 

cilia(Figure 4.4A, magnified in inset 4.4a’), with Rab8 organizing in a tight dot at the 

base of the cilium (Figure 4.4B, magnified inset in 4.4b’). A population of Rab11 was 

identified along the cilium itself, but no Rab8 (Figure 4.4A-B, magnified inset in 4.4a’-

b’). To specifically test the role of Rab11 or Rab8 in KV cell cilia formation and/or 

centrosome positioning we acutely inhibited Rab11- or Rab8- associated 

membranes using an optogenetic oligomerization approach relying on a hetero-

interaction between cyptochrome2 (CRY2) and CIB1 upon exposure to blue light 

specifically during KV developmental stages (as described in (Krishnan et al., 2022; 

Rathbun et al., 2020a), modeled in Figure S4.2A). Our previous studies, similar to 

the morpholino studies (Lu et al., 2015; Westlake et al., 2011), found that by 

optogenetically clustering Rab11-membranes during early KV development caused 

defects in KV lumen formation (Rathbun et al., 2020a), no noticeable defects in 

lumen formation were found with Rab8-membrane clustering (Figure 4.4C). When 

comparing Rab11 and/or Rab8 optogenetically clustered embryos to control (CRY2 

injected) embryos, we identified that only 37.43±9.22% of Rab11 clustered KV cells 

were able to make a cilium compared to Rab8 clustered (63.77±4.9%) and CRY2 

controls (77.82±3.32%, Figure 4.4C-D, Rab11 and Rab8 clustering in S4.2B). Of the  
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Rab11 or Rab8-clustered cells that could make cilia, we found that the cilia were 

significantly decreased in length (2.92±0.14 µm for Rab11 and 3.15±0.08 µm for 

Rab8) compared to control CRY2 conditions (4.13±0.06 µm, Figure 4.4C, S4.2C). 

This significant decrease in cilia length with Rab11 or Rab8 clustering is consistent 

with depleting Rab11 or Rab8 using morpholinos (Figure S4.2C). In the Rab11 

clustered KV cells 20.59±5.34% cilia were stuck within the cell volume compared to 

Rab8 clustered cells (2.32±1.45%) or CYR2 controls (5.44±1.69%, Figure 4.4C, 

4.4E). Taken together, these studies suggest that in the Rab11 clustered cells’ 

centrosomes that can construct a cilium are unable to extend it into the lumen 

potentially due to an inability to relocate the centrosome and forming cilium to the 

apical membrane. 

We next tested the role of Rab11- and Rab8 endosomes in centrosome 

positioning during KV development. When comparing the polar histograms of Rab11 

optogenetically clustered embryos to control (CRY2) and Rab8 optogenetically 

clustered embryos (conditions of CRY2 plus CIB1-mCh-Rab8) during KV 

development, Rab11 clustered embryos (conditions of CRY2 plus CIB1-mch-Rab11) 

were significantly impaired at reorienting their centrosomes toward the cell boundary 

positioned closest to the KV center where an apical membrane forms (Figure 4.4F-

G, S4.2D). Rab11 clustered membranes also demonstrated significant defects in 

centrosomes with cilia reorienting towards the cell boundary positioned closest to the 

KV compared to control or Rab8 optogenetically clustered embryos (Figure 4.4F-G, 

S4.2E). Taken together these studies suggest that Rab11, regulates not only cilia 

formation, but centrosome movement towards the forming apical membrane, 

whereas Rab8 specifically modulates cilia elongation once the cilia are already 

extended into the KV lumen. 
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Here we provide a framework for cilia construction during KV development 

and present a relationship between lumen expansion and cilia extension into the 

lumen in that lumen expansion beyond 300 µm2 initiates cilia extension into the 

lumen. One argument for this relationship is that by inhibiting Rab11, either through 

morpholino depletion (Lu et al., 2015; Westlake et al., 2011) or acute optogenetic 

clustering of its associated membranes (Rathbun et al., 2020a), an inhibition in 

lumen formation/expansion occurs that corresponds with a defect in the percentage 

of KV cells with lumenal cilia (Figure 4.4E). It’s also interesting to speculate that the 

expansion of the lumen beyond 300 µm2 is providing some sort of biophysical 

change in cell shape or state that can be allowing the cilium to then extend into the 

lumen. By preventing lumen expansion beyond 300 µm2 through inhibition of Rab11 

may cause the cilia to not be able to extend into the small lumen (less than 300 µm2) 

that has formed. Downstream consequences associated with defects in KV lumen 

expansion and cilia length, such as defects in heart looping, were identified with 

clustering Rab11 or Rab8 -membranes specifically during KV developmental stages 

(Figure S4.2F-I). Taken together, these studies suggest that Rab11 and/or Rab8 

endosome mediated trafficking is necessary for forming a functional KV during 

development.  

In summary, we propose a model where KV cells centrosomes start to 

construct cilia in a Rab11-dependent manner before lumen formation. The 

centrosome with the newly formed cilia can be positioned in random locales 

throughout the KV cell, but then needs to reposition itself towards the cell boundary 

closest to the KV center. At this time this cell boundary is transitioning into an apical 

membrane (Amack and Yost, 2004; Rathbun et al., 2020a) and there is significant 

changes in KV cell shapes. KV cells in the pre-rosette stage present with random 
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mesenchymal-like cell shapes that then transition into more pizza pie-like shapes. 

This transition is when we find the centrosome repositioning in a Rab11-dependent 

manner towards the tip of the pizza pie that is positioned at the KV center (modeled 

in Figure 1E). Once the centrosome and cilium reach this locale, the cilium reaches 

an average intracellular length of 2.25 µm. Then once the lumen starts to form and 

hits a total area of 2015.3 µm2, 50% of the KV cell cilia extends into the lumen and 

starts elongating to its average length of 4.5 µm2.   
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4.4. Resource Availability 

 

Lead contact: For further information or to request resources/reagents, contact Lead 

Contact, Dr. Heidi Hehnly (hhehnly@syr.edu) 

 

Materials availability: New materials generated for this study are available for 

distribution. 

 

Data and code availability: All data sets analyzed for this study are displayed. 

 

4.4.1. Experimental model and subject details 

 

Fish Lines: Zebrafish lines were maintained using standard procedures approved by 

Syracuse University IACUC (Institutional Animal Care Committee) (Protocol #18-006 

and #21-004). Embryos were raised at 28.5oC and staged (as in (Kimmel et al., 

1995)). Wildtype and/or transgenic zebrafish lines used for live imaging and 

immunohistochemistry are listed in key resource table. 
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4.5. Method Details 

 

4.5.1. Antibodies: Antibody catalog information used in mammalian cell culture and 

zebrafish embryos are detailed in key resource table. 

 

4.5.2. Plasmids and mRNA: Plasmids were generated using Gibson cloning 

methods (NEBuilder HiFi DNA assembly Cloning Kit) and maxi-prepped before 

injection and/or transfection. mRNA was made using mMESSAGE 

mMACHINETMSP6 transcription kit. See key resource table for a list of plasmid 

constructs and mRNA used. 

 

4.5.3. Immunofluorescence: For zebrafish embryo immunofluorescent protocols 

see (Aljiboury et al., 2021). Briefly, fluorescent transgenic and/or mRNA injected 

embryos were staged at Kupffer’s Vesicle (KV) developmental stages as described 

in ((Amack and Yost, 2004; Rathbun et al., 2020a)) and fixed using 4% 

paraformaldehyde with 0.1% triton-100. Standard immunofluorescent protocols were 

carried out (refer to (Aljiboury et al., 2021)). Embryos were then embedded in 2% 

agarose with the KV positioned towards a #1.5 glass bottom MatTek plate and 

imaged using the spinning disk confocal microscope or Laser Scanning Confocal 

Microscope (LSCM). Zebrafish transgenic lines and mRNAs used listed in key 

resource table. Injections performed as described in (Aljiboury et al., 2021). 

 

4.5.4. Imaging: Zebrafish embryos were imaged using Leica DMi8 (Leica, 

Bannockburn, IL) equipped with a X-light V2 Confocal unit spinning disk equipped 

with a Visitron VisiFRAP-DC photokinetics unit, a Leica SP8 (Leica, Bannockburn, 
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IL) LSCM and/or a Zeiss LSCM 980 (Carl Zeiss, Germany) with Airyscan 2 detector. 

The Leica DMi8 is equipped with a Lumencore SPECTRA X (Lumencore, Beaverton, 

OR), Photometrics Prime-95B sCMOS Camera, and 89 North-LDi laser launch. 

VisiView software was used to acquire images. The optics used with this unit are HC 

PL APO x40/1.10W CORR CS2 0.65 water immersion objective. The SP8 laser 

scanning confocal microscope is equipped with HC PL APO 20x/0.75 IMM CORR 

CS2 objective, HC PL APO 40x/1.10 W CORR CS2 0.65 water objective and HC PL 

APO x63/1.3 Glyc CORR CS2 glycerol objective. LAS-X software was used to 

acquire images. The Zeiss LSM 980 is equipped with a T-PMT, GaASP detector, 

MA-PMT, Airyscan 2 multiplex with 4Y and 8Y. Optics used with this unit are Plan-

Neofluar 40X/1.2NA objective. Zeiss Zen 3.2 was used to acquire the images. A 

Leica M165 FC stereomicroscope equipped with DFC 9000 GT sCMOS camera was 

used for staging and phenotypic analysis of zebrafish embryos. 

 

4.5.5. Acute inhibition of Rab11 or Rab8 mediated membrane trafficking using 

optogenetics in zebrafish embryos: Tg (sox17:GFP-CAAX), Tg BAC(cftr-GFP), 

Tg(sox17:GFP), and Tg(sox17:DsRed) zebrafish embryos were injected with 100 pg 

of CRY2 and/or CIB1-mCherry-Rab11 or CIB1-mCherry-Rab8 at the one cell to four 

cell stage. Embryos were allowed to develop in the dark until uninjected embryos 

reached the 75% epiboly stage (8 hpf) where we can screen embryos for KV cells 

and exposed to 488nm light using the NIGHTSEA fluorescence unit until the six-

somite stage, 12 hpf (Rathbun et al., 2020a). Embryos were then fixed using 4% 

paraformaldehyde with 0.1% triton-100 followed by standard immunofluorescent 

protocols (Aljiboury et al., 2021). 
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Depletion of Rab11 or Rab8 using morpholinos in zebrafish embryos: Tg 

(sox17:GFP-CAAX), Tg BAC(cftr-GFP), Tg(sox17:GFP), or Tg(sox17:DsRed) 

zebrafish embryos were injected with 2ng/ul of control morpholino, Rab11a 

morpholino (Tay et al., 2013) or Rab8 morpholino (Lu et al., 2015; Omori et al., 

2008) at the one cell to four cell stage. Embryos were fixed at six somite stage (12 

hpf) using 4% paraformaldehyde with 0.1% triton-100 followed by standard 

immunofluorescent protocols (Aljiboury et al., 2021). Morpholinos listed in Key 

Resource Table.  

 

4.5.6. Relative distance of cilia from cell boundary closest to KV center: 

Volumetric images were obtained from zebrafish embryo KV cells with cilia labeled 

with acetylated-tubulin and the plasma membrane labeled with GFP-CAAX. Using 

IMARIS software the cilium of each cell and the cell membrane were surface 

rendered, and the center of the surface was determined. The length of the center of 

the cell to the cell boundary closest to the KV center (l1) and the length of the center 

of the cilium to the same cell boundary (l2) were measured for each developmental 

stage in KV formation. The ratio of l2 by l1 was calculated and represented as a violin 

plot using PRISM9. 

 

4.5.7. Angle measurements between centrosome, cell center, and KV center: 

Volumetric images were obtained of Zebrafish KV cells that had their plasma 

membranes decorated with GFP-CAAX. The boundaries around the cells were 

outlined in the KV using the freehand tool in FIJI/ImageJ to identify the cell centroid 

position. Depending on the developmental KV stage, the center of the KV or the KV 

lumen was identified. A line was drawn from this point, to the center of the cell and 
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then from the center of the cell to the centrosome (immunostained with g-tubulin). 

The angle was determined at the center of the cell point and angles were plotted for 

each developmental stage using PRISM9 software. 

 

4.5.8. Polar Histogram using MATLABâ: To demonstrate centrosome angles 

during KV developmental stages with or without cilia a polar histogram was 

assembled using MatLabâ, MathWorks. The script is available in the MatLab, 

MathWorks directory (link attached 

https://www.mathworks.com/help/matlab/ref/polarhistogram.html). Centrosome 

angles were determined and graphed as a polar histogram where the cartesian 

plane is divided into 30o sections with radius of the sector (highlighted by the width of 

the sector) representing the number of cells with centrosome angles at 0o,30 o,60 

o,180 o away from the center of the KV. 

 

4.5.9. Cilia measurements: Zebrafish embryo KV cells were immunostained with 

acetylated tubulin, volumetric images were obtained to measure cilia length in 3D 

(IMARIS). The percentage of KV cells with the presence of cilia, cilia in the KV 

lumen, or cilia in the cell volume was calculated and represented as a percentage 

over the total number of cells with cilia in the tissue. Cilia lengths, percentage of cilia 

in lumen or cell volume were represented as a violin plot using PRISM9. 

 

4.5.10. Phenotypic analysis of zebrafish heart looping: Zebrafish embryos 

injected with optogenetic constructs were allowed to develop until 24-30 hpf. Heart 

looping was characterized by leftward, rightward and severely defective looping.  
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4.5.11. Statistical Analysis: Unpaired two-tailed t-tests and one way ANOVA were 

performed using PRISM9 software. **** denotes a p-value<0.0001, *** p-

value<0.001, **p-value<0.01, *p-value<0.05, n.s. not significant. For further 

information on detailed statistical analysis see supplemental tables. 
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4.5.12. METHODS TABLE 1: Table S1. Detailed statistical analysis results 

reported. 

Figures Y-Axis Category 
n 
(cell) 

n 
(embryo) 

n 
(expt) 

Statistical 
Test 

Parameters Result 
p-
value 

4.1B % Ciliated 

KV cells 

Pre-

Rosette 
N/A n=7 n>3 

One Way 

ANOVA 

F (2,31) = 

6.917 
** 0.0033 Rosette N/A n=7 n>3 

Lumen N/A n=20 n>3 

4.1C 

% KV cells 

with luminal 

cilia and 

Lumen 

Area 

N/A N/A n=29 n>3 N/A N/A N/A N/A 

4.1D 
Cilia length 

and Lumen 

Area 

N/A N/A n=29 n>3 N/A N/A N/A N/A 

4.2C 

Relative 

distance of 

cilia from 

the apical 

membrane 

(µm) 

Pre-

Rosette 
n=8 n=1 N/A 

One Way 

ANOVA 

F (2,21) = 

13.62 

  

Rosette n=8 n=1 N/A *** 0.0006 

Lumen n=8 n=1 N/A *** 0.0003 

S4.1A 

Angular 

displaceme

nt of the 

centrosome 

from the 

center of 

the KV 

Pre-

Rosette 

n=15

6 
n=3 n>3 

One Way 

ANOVA 

F (2, 476) = 

34.08 
**** 

<0.000

1 
Rosette 

n=12

5 
n=3 n>3 

Lumen 
n=19

8 
n=3 n>3 

S4.1B 

Percentage 

of 

centrosome 

with cilia 

(%) 

Pre-Rosette 

0o 

 

N/A 
n=3 

N/A 

One Way 

ANOVA 

F (3, 8) = 

2.132 

  

60o N/A n.s. 0.8592 

120o N/A n.s. 0.4315 

180o N/A n.s. 0.1009 

S4.1C 

Percentage 

of 

centrosome 

with cilia 

(%) 

Rosette 

0o 

N/A n=3 

N/A 

One Way 

ANOVA 

F (3,8) = 

9.180 

  

60o N/A n.s. 0.9989 

120o N/A n.s. 0.1258 

180o 
N/A 

** 0.0059 

S4.1D 
Percentage 

of 

centrosome 

0o 

N/A n=3 

N/A 

One Way 

ANOVA 

F (3,8) = 

68.52 

  

60 N/A n.s. 0.1151 

120o 
N/A 

**** 
<0.000

1 
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with cilia 

(%) 

Lumen 

180o 

N/A 

**** 
<0.000

1 

4.4B 
KV Cells 

with cilia 

(%) 

CRY2 N/A n=16 n>3 

One Way 

ANOVA 

F(2,24)=25.1

2 

  

+CIB1-

Rab11 
N/A n=6 n>3 **** 

<0.000

1 

+CIB1-

Rab11 
N/A n=5 

 
n>3 n.s. 0.4108 

4.4C 
KV Cells 

with cilia in 

Lumen(%) 

CRY2 N/A n=16 n>3 

One Way 

ANOVA 

F(2,24)=27.5

8 

  

+CIB1-

Rab11 
N/A n=6 n>3 **** 

<0.000

1 

+CIB1-

Rab11 
N/A n=5 

 
n>3 n.s. 0.8799 

S4.2C Cilia Length 

(µm) 

CRY2 433 n=17 n>3 

One Way 

ANOVA 

F(5,819)=76.

42 

  

CRY2 

+CIB1-

Rab11 

61 

n=5 n>3 **** 
<0.000

1 

CRY2 

+CIB1-

Rab8 

145 
n=4 

 
n>3 **** 

<0.000

1 

Control 

MO 

52 
n=3 n=3 n.s. 0.9999 

Rab11 MO 
55 

n=3 n=3 **** 
<0.000

1 

Rab8 MO 
79 

n=3 n=3 **** 
<0.000

1 

S4.2D 

Angular 

displaceme

nt of 

centrosome 

from the 

center of 

the KV 

CRY2 
90 

n>3 N/A 

One Way 

ANOVA 
 

**** 
<0.000

1 

CRY2 

+CIB1-

Rab11 

84 n=3 N/A   

CRY2 

+CIB1-

Rab8 

95 n=3 N/A **** 
<0.000

1 

S4.2E 
% Of 

centrosome

s with cilia 

CRY2 (0-

90) 
N/A n=3 N/A 

Student’s t-

Test 
t=5.156, df=6 

  

CRY2 (90-

180) 
N/A n=3 N/A ** 0.0021 

CRY2 

+CIB1-

Rab11 (0-

90) 

N/A n=3 N/A 

Student’s t-

Test 
t=1.626, df=4 

  

CRY2 

+CIB1-

Rab11 

(90-180) 

N/A n=3 N/A n.s. 0.1793 

CRY2 

+CIB1-
N/A n=3 N/A 

Student’s t-

Test 
t=6.801, df=4   



 139 

Rab8 (0-

90) 

CRY2 

+CIB1-

Rab8 (90-

180) 

N/A n=3  N/A ** 0.0024 

S4.2G 

% embryos 

with 

abnormal 

heart 

looping 

CRY2 

N/A n>12 n=4 
Student’s t-

Test 
 * 0.0241 

CRY2 + 

CIB1-

Rab11 

S4.2I 

% embryos 

with 

abnormal 

heart 

looping 

CRY2 

N/A n>5 n=3 
Student’s t-

Test 
 ** 0.0075 

CRY2 + 

CIB1-

Rab8 
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4.5.13. METHODS TABLE 2: Supplementary key resource table 

Reagent or 

RESOURCE 
Source Identifier 

Antibodies 

Acetylated Tubulin Sigma Aldrich T6793: RRID:AB_477585 
 

Gamma-tubulin Sigma Aldrich T5192; RRID: AB_261690 

ZO-1 Monoclonal 

Antibody (ZO-1, 1A12) 

Alexa Fluor 488 

Life 

Technologies 
339188; RRID: AB_2532187 
 

ZO-1 Monoclonal 

Antibody (ZO-1, 1A12) 

Alexa Fluor 647 

Life 

Technologies 
339100; RRID: AB_2663167 
 

Anti-GFP (Chicken) GeneTex GTX13970: AB_371416 

Anti-GFP (Rabbit) 
Molecular 

Probes 
A-11122: AB_221569 

ZO-1 Monoclonal 

Antibody (ZO-1, 1A12) 

Alexa Fluor 488 

Life 

Technologies 

339188; RRID: AB_2532187 

 

Alexa Fluor Anti-Rabbit 

488 

Life 

Technologies 
A21206; RRID: AB_2535792 

Alexa Fluor Anti-Rabbit 

568 

Life 

Technologies 
A10042; RRID: AB_2534017 

Alexa Fluor Anti-Rabbit 

647 

Life 

Technologies 
A31573; RRID: AB_2536183 

Alexa Fluor Anti-Mouse 

488 

Life 

Technologies 
A21202; RRID: AB_141607 

Alexa Fluor Anti-Mouse 

568 

Life 

Technologies 
A10037; RRID: AB_2534013 
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Alexa Fluor Anti-Mouse 

647 

Life 

Technologies 
A31571; RRID: AB_162542 

Anti-aTubulin antibody 

Alexa Fluor 

555conjugated 

EMD millipore 05-829-AF555 

Chemicals, Peptides, and Recombinant Proteins 

DAPI Sigma Aldrich D9542-10mg 

NucBlueTM Fixed Cell 

stained Ready Probes 

Thermo 

Fischer 
R37606 

NucBlueTM Live Ready 

Probes 

Thermo 

Fischer 
R37605 

Agarose 
Thermo 

Fischer 
16520100 

BSA 
Fisher 

Scientific 
BP1600-100 

BIO BASIC Maxi Prep 

Kit 
BIO BASIC 9K-0060023 

Dimethylsulphoxide 
Fisher 

Scientific 
BP231-100 

Paraformaldehyde 
Fisher 

Scientific 
O4042-500 

Phosphate Buffered 

Saline 

Fisher 

Scientific 
10010023 

Life Technologies 

Prolong Diamond 

Antifade Moutant with 

DAPI 

Fisher 

Scientific 
P36971 
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35 mm Dish| No.1.5. 

coverslip| 20 mm Glass 

Diameter 

MatTek 

Corporation 
P35G-1.5-20-C 

Molecular Probes 

Prolong Gold Antifade 

Moutant 

Fisher 

Scientific 
P36934 

Triton X-100 
Fisher 

Scientific 
BP151500 

Tween 20 
ThermoFische

r 
BP337500 

Sodium Chloride 
Fisher 

Scientific 
BP358 

NEBuilder HiFi DNA 

assembly Cloning Kit 

New England 

BioLabs 
E5520S 

mMESSAGE 

mMACHINETMSP6 
Invitrogen AM1340 

Experimental models, organisms and strains 

Zebrafish 

Zebrafish 

International 

Resource 

Center 

TAB-Wildtype 

Zebrafish 

Zebrafish 

International 

Resource 

Center 

Tg (Sox17:DsRed) 

Zebrafish 
Gift from 

Solinca-Krezel 
Tg (-5actb2:cent4-GFP) 
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lab, generated 

by Harris Lab 

Zebrafish 
(Dasgupta and 

Amack, 2016) 
Tg (sox17:GFP-CAAX)sny101 

Zebrafish 
(Navis et al., 

2013) 
TgBAC(cftr-GFP) 

Zebrafish 
(Levic et al., 

2020) 
TgKIeGFP-Rab11a 

Recombinant DNA 

Plasmid: PCS2-CRY2 

(Rathbun et 

al.,  

2020) 

Addgene Plasmid #140572 

Plasmid: PCS2-CIB1-

mCherry-Rab11a 

(Rathbun et 

al., 2020) 
Addgene Plasmid #140573 

Plasmid: PCS2-CIB1-

mCerulean-Rab11a 

(Rathbun et 

al., 2020) 
Addgene Plasmid #140574 

Plasmid: mRuby2-

MannII-N-10 

(Lam et al., 

2012) 
Addgene Plasmid #55903 

Plasmid: PCS2-CIB1-

mCherry-Rab8a 
This paper Addgene in process 

Plasmid: PCS2-

mCardinal-Arl13b 
This paper Addgene in process 

Morpholinos 

Control MO  

vivo standard 

control 

morpholinos 

Gene Tools 

Rab11 MO 
(Westlake et 

al., 2011) 

GTATTCGTCGTCTCGTGTCCCCAT 
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Rab8 MO 

(Lu et al., 

2015; Omori et 

al., 2008) 

GAAGACATAAATACCTATCGTCGAG 

 

Software and algorithms 

ImageJ/FIJI 

NIH and 

Laboratory for 

Optical and 

Computational 

Instrumentatio

n 

https://imagej.net/Fiji 

IMARIS, Bitplane 
Oxford 

Instruments 
https://imaris.oxinst.com/ 

PRISM9 GraphPad https://www.graphpad.com/scientific-software/prism/ 

LAS-X Software 
Leica 

Microsystems 

https://www.leica-

microsystems.com/products/microscope-

software/p/leica-las-x-ls/ 

VisiView Visitron 
https://www.visitron.de/products/visiviewr-

software.html 

AutoQuant X3 
Meyer 

Instruments 

https://www.meyerinst.com/mediacybernetics/autoqua

nt/ 

Zeiss Zen 3.2 Carl Zeiss 
https://www.zeiss.com/microscopy/us/products/micros

cope-software/zen.html 
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5.1. Summary 

The goal of this thesis was to identify the molecular mechanisms that regulate 

centrosome positioning during tissue formation in vivo. To create a tissue in vivo 

mesenchymal cells, need to divide and polarize to become epithelial cells by a 

process called mesenchymal epithelial transition (MET, Figure 5.1, (Pei et al., 

2019)). A cellular process that may contribute to cell polarization and cell placement 

during tissue formation is abscission, a process by which the cytokinetic bridge is 

cleaved (Mangan et al., 2016; Rathbun et al., 2020a; Taneja et al., 2016). My studies 

in human cells in culture and zebrafish embryo cells in vivo identify that the 

centrosome moves towards the cytokinetic bridge during abscission. The aim of 

chapter 3 was to identify the molecular mechanisms that contribute to bridge 

directed centrosome movement necessary in regulating abscission. Knowing that 

Rab11 interacted with the centrosome through older centriolar appendage protein 

and is involved in regulating abscission we tested the role of Rab11 endosomes in 

bridge directed centrosome movement during abscission. To do this we generated 

Rab11-null cells in human cervical cancer cells and an acute optogenetic method to 

inhibit Rab11 endosomes in vivo (Chapter 2). We use live cell confocal microscopy 

to track centrosome movement during abscission in dividing cells and a vectoral 

subtraction method to quantitatively measure centrosome movement to the 

cytokinetic bridge in cells to remove the contribution of cell movement during this 

process. Using these techniques, we identified that Rab11 endosomes regulate 

centrosome movement during abscission in vitro and in vivo. In addition, we found 

that functional Rab11 is necessary for Pericentrin organization at the centrosome 

during pre-abscission. When Pericentrin is depleted or Rab11 mediate membrane 

trafficking is inhibited centrosomes are unable to reorient to the cytokinetic bridge
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during pre-abscission causing abscission defects in vivo. These studies determine a 

molecular mechanism where Rab11 endosomes regulate centrosome organization 

of Pericentrin necessary to regulate centrosome movement to the cytokinetic bridge 

required for appropriate abscission completion.  

During cellular epithelialization centrosomes need to move to the apical 

membrane to construct a cilium. The aim of chapter 4 was to identify the temporal 

and spatial mechanisms of centrosome positioning and cilia formation during MET in 

vivo. To do this we used the KV as a model tissue, ciliated organ of asymmetry as a 

model. We find that centrosomes in KV mesenchymal cells construct a cilium 

intracellularly and transport them to the site of lumen formation during KV 

development. We know KV cells place their cytokinetic bridges at the site of lumen 

formation to direct Rab11 mediated membrane trafficking to the bridge necessary in 

regulating abscission and lumen establishment. Taken together with studies from 

chapter 3 a possible link might exist between Rab11 endosomes, centrosome 

positioning, cilia formation and abscission during KV tissue formation. Therefore, we 

tested the role of Rab11 endosomes in centrosome positioning and cilia formation 

during KV development in vivo. Acute inhibition of Rab11 mediated membrane 

trafficking during KV development disrupts centrosome positioning and its ability to 

construct cilia during tissue development in vivo. Overall, these studies determined 

that Rab11 endosomes regulate centrosome function and movement during 

abscission and possibly facilitate centrosome recruitment to the apical membrane to 

mediate cilia formation in vivo. 
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5.2. BROAD IMPLICATIONS AND FUTURE STUDIES. 

The studies presented here identify the importance of Rab11 endosome 

regulation of centrosome function and movement to facilitate cilia formation during 

MET in vivo. When cells are unable to polarize and/or when epithelial cells transition 

to mesenchymal cells by the reverse process of MET called epithelial mesenchymal 

transition EMT cells disassemble polarity and switch to a more migratory 

mesenchymal cell phenotype which is a hallmark of aggressive cancers (Figure 1.1 

(Pei et al., 2019)) . When centrosome positioning is disrupted in cells in culture, they 

tend to lose cellular polarization making them susceptible to EMT (Burute et al., 

2017). The studies present in chapter 3 have identified a molecular mechanism that 

regulates bridge directed centrosome movement and abscission completion in vivo. 

Abscission is a cellular process, when disrupted cells become binucleated, contain 

supernumerary centrosomes and can lead to cell death or progression of diseases 

like cancer (Godinho and Pellman, 2014; Krishnan et al., 2022; Sagona and 

Stenmark, 2010; Wilson et al., 2005). A striking phenotype we observed in 

Pericentrin depleted dividing cells and when Rab11 endosome mediated membrane 

trafficking was inhibited in vivo was that significantly higher percentage of cells had 

supernumerary centrosomes. The most common phenotype of cancer progression 

and a marker for the severity of cancer is supernumerary centrosomes (Godinho and 

Pellman, 2014). Therefore, it is necessary to identify the molecular and cellular 

mechanisms that contribute to centrosome organization, its function and involvement 

in abscission during tissue formation in vivo. This allows us  to understand  when 

and how these mechanisms can be disrupted leading to the accumulation of an 

abnormal number of centrosomes in cells and escalating the progression of cancer. 
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While Rab11 endosomes are involved in regulating bridge directed 

centrosome movement during abscission and cilia formation, the centrosome itself 

may be able to regulate its positioning during abscission. Depletion of cenexin, a 

centriolar subdistal appendage protein results in centrosome and spindle orientation 

defects in human cells in culture (Hung et al., 2016). Additionally, loss of Rab11 

does not affect centrosome organization of cenexin during pre-abscission (Krishnan 

et al., 2022), suggesting that cenexin could be acting upstream of Rab11 in 

regulating bridge directed centrosome movement during pre-abscission and 

subsequently appropriate abscission completion. Therefore, future studies are 

needed to examine the role of centrosome proteins like cenexin that could be 

involved in organization of Rab11 endosomes at the centrosome during pre-

abscission and abscission completion. To test the molecular mechanism that could 

regulate Rab11 organization at the centrosome, cenexin depleted human cells in 

culture (HeLa cells, as in (Aljiboury et al., 2022; Colicino et al., 2019)) can be used. 

Rescue experiments with cenexin truncated at the C-terminal end (necessary for 

centrosome localization of cenexin and interaction with Rab11)  and full length 

cenexin can then be used to identify whether the interaction of Rab11 with cenexin is 

necessary for Rab11 organization at the centrosome during the stages of the cell 

cycle and subsequently bridge directed centrosome movement and possibly 

abscission completion (Hehnly et al., 2012). If Rab11 endosome organization at the 

centrosome requires an association with cenexin it raises the possibility that the 

centrosome through this interaction would be modulating bridge directed Rab11 

endosome movement and centrosome movement during pre-abscission. 

Even though the conclusions in chapter 4, argue for centrosome movement to 

the apical membrane during KV development in vivo, when the centrosome is 
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recruited to the apical membrane is not clearly tested. An explanation could be that 

the cytokinetic bridge and midbody act as a symmetry breaking event to recruit the 

centrosome to the site of apical membrane formation to dictate where the cilia will be 

assembled (Bernabé-Rubio et al., 2016). We are in the process of establishing  an 

experimental paradigm to visualize and characterize the temporal  sequence of cilia 

formation during KV development using electron microscopy (EM). This technique 

will be used to track when the cilium is made inside the cell during KV development 

and would strongly indicate whether a centrosome is ciliated before it reaches the 

apical membrane during KV development. Based on the studies from EM and 

conclusions from chapter 4 it could suggest two possible mechanisms coordinating 

centrosome movement and cilia formation to the apical membrane and site of lumen 

formation during KV development. The first mechanism is that centrosomes move to 

the apical membrane during pre-abscission, facilitate abscission, and once 

abscission is complete the centrosome constructs the primary cilium at the apical 

membrane (similar to the testable model in (Bernabé-Rubio et al., 2016)). The 

second possibility is that centrosomes construct a cilium and transport to the apical 

membrane before the cytokinetic bridge is cleaved (Figure 5.1), which is a 

hypothesis that our data in the KV may fit more tightly to.  

Based on the conclusions from chapter 4 that KV cell’s centrosome construct 

cilia inside the cell and are transported to the apical membrane (Figure 4.3). We 

hypothesize that the cilium is constructed before the cytokinetic bridge is cleaved in 

pre-abscising KV cells.  This mechanism would support the model we propose in 

Figure 5.1. Other studies that partially support this idea comes from work in neural 

cells in culture. Here they identify that the ciliary membrane is associated with the 
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centrosome during mitosis (Paridaen et al., 2013). Preliminary studies in our lab 

have identified that the centrosome is ciliated in pre-abscising cells in mammalian  

cells in culture (Figure 5.2, unpublished results from graduate student Favour 

Ononiwu). Taken together this suggests that pre-abscising KV cell’s centrosome 

may be ciliated. Future studies that target the identification of KV cells in pre-

abscission that are ciliated are necessary to validate this hypothesis. Current studies 

in the lab are pursuing aspects of identifying the temporal and spatial mechanisms 

that regulate cilia construction during pre-abscission. Myosin-Va (Myo-Va), a myosin 

motor protein that has been identified to be recruited to the ciliary vesicle inside the 

cell during ciliogenesis in mammalian cells in culture (Wu et al., 2018). We propose 

to see if this mechanism is intact during KV cell ciliation, where Myo-Va could be a 

potential molecular marker for cilia formation intracellularly. Fluorescent markers 

based on (Wu et al., 2018) will be developed to test the temporal and spatial 

organization of Myo-Va in relation to Rab11 endosomes during cilia formation in the 

KV. A possibility is that we observe Myo-Va and Rab11 endosomes colocalized at 

the cilium. This could suggest that both Rab11 and Myo-Va vesicles potentially work 

together to regulate ciliogenesis. Subsequent studies that test the requirement of 

Rab11 endosomes in Myo-Va or Myo-Va vesicles in Rab11 endosome organization 

during cilia formation will be necessary to support this hypothesis. Taken together, 

these studies could identify a potential molecular mechanism that identifies the 

temporal organization of Myo-Va and Rab11 endosome recruitment to the ciliary 

vesicle during KV development. This potentially connects the involvement of the 

actin cytoskeleton in centrosome positioning and cilia formation as Myo-Va is an 

actin based motor protein (Mehta A.D. et al., 1999). 
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If we observe that KV pre-abscising cell’s centrosome is ciliated, a potential 

mechanism is that the cilium itself is driving centrosome directed bridge movement. 

Future studies are needed to specifically test the contribution of a cilium in 

centrosome bridge directed  movement. Since there is evidence for centrosome 

involvement in abscission and that we find cilia at the centrosome (Figure 3.6), laser 

ablation of the cilia (but not the centrosome) could be employed during pre-

abscission. This would identify whether  the ciliated centrosome is involved in 

regulating abscission completion and whether the cilium was required for 

centrosome positioning towards the cytokinetic bridge. To specifically test the role of 

the cilium during centrosome movement in pre-abscission, depleting canonical cilia 

proteins like intraflagellar transport proteins (IFT) can be employed. For example, 

IFT20 and IFT88 are proteins that have been used to study the contribution of cilia 

during cellular processes (Follit et al., 2006; Pazour et al., 2000). If the ciliated 

centrosome is involved in centrosome movement to the cytokinetic bridge and in 

bridge cleavage, it could potentially suggest a novel cilium driven mechanism to 

regulate centrosome positioning during cilia formation.    

 Overall, the significance of centrosome movement during pre-abscission 

could be involved in a tissue developmental context to dictate the formation of an 

apical membrane and dictate where the cilium will be formed (Figure 5.1). Identifying 

the molecular and cellular mechanisms of when and where a cilium is constructed 

during tissue formation in cells in culture utilize serum starvation methods to 

stimulate ciliogenesis (Wu et al., 2018). Cells are arrested in the G0 phase of the cell 

cycle by use of serum free media which facilitates cilia formation. In addition, 

removal of serum from the media eliminates growth factors necessary for cell cycle 

progression into M-phase (Avasthi and Marshall, 2012; Goto et al., 2013; Nachury et 
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al., 2007; Plotnikova et al., 2009; Westlake et al., 2011). Even though these studies 

have been integral in identifying signaling and cellular mechanisms regulated by cilia 

in other cellular processes like cell polarization, cell migration and tissue formation. 

Removal of serum potentially masks the role for a cilium in the context of regulating 

pre-abscission mechanisms during cell division. Studies in our lab find that cilia can 

be present in pre-abscising cells  in mammalian cells in culture that are grown in a 

medium supplement with growth serum (Figure 5.2). It is therefore necessary to 

identify the spatial and temporal mechanisms of cilia formation in the context of a 

developing tissue in an animal in vivo. This is why studies in chapter 4 utilizing KV as 

a model to study ciliogenesis during tissue formation in zebrafish are integral in 

identifying the developmental cues regulating centrosome positioning and cilia 

formation. Taken together, the studies in this thesis highlight the importance of 

understanding the molecular mechanisms that coordinate centrosome positioning, 

abscission and cilia formation in the context of a developing tissue in vivo which will 

provide an avenue to understand the developmental cues that are disrupted leading 

to improper tissue formation that causes disease progression. 
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