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Abstract 

WHEN THE TIME IS RIGHT: REGULATION OF CELL DIVISION IN DROSOPHILA 

Lotti Brose 

Accurate cell division is paramount to growth, development, and repair in all multi-

cellular organisms. Unsurprisingly, cell division is highly regulated, with checkpoints in place 

following the major growth phase, DNA duplication, and spindle assembly. However, no 

checkpoint exists to determine whether or not the resulting daughters physically divide. It is 

on this process, cytokinesis, which serves as the focal point of my thesis. 

Cytokinesis results in the physical separation of two daughter cells following mitosis. 

In animal cells, this process relies heavily on the contraction of the actomyosin ring at the 

ingressing furrow. Along with this mechanical pinching, cells rely on the addition of 

membrane components to the furrow to increase the membrane surface area of both 

daughters. New membrane is delivered via vesicles derived from both the secretory and 

endocytic pathways. Cytokinesis failure results in binucleate cells, which can lead to 

aneuploidy, a hallmark of cancer, or cell death in the following divisions. 

Vesicle delivery must be highly regulated during cytokinesis. Because these vesicles 

function in other processes prior to mitosis, redirection and timing are everything. Our lab 

specifically focuses on the functional transition of the recycling pathway from interphase to 

mitosis in the early Drosophila embryo. During mitosis, the recycling endosome (RE) is 

positioned at the centrosomes and sends vesicles to the ingressing furrow. These vesicles 

contribute membrane, actin, and actin remodelers to the furrow, and mutants in major parts of 

this pathway result in incomplete ingression, aneuploidy, and failure of the embryo to 

develop. The primary focus of my thesis is the cell cycle regulation of RE-derived vesicle 

delivery to the ingressing furrow. Specifically, I examine the role of the conserved  

Drosophila protein, Nuf, in regulating vesicle delivery during the early embryonic divisions 

and during the asymmetric stem cell divisions of the larval neuroblast. 
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Rab11 is a small RE-associated GTPase required for vesicle-mediated membrane 

delivery to the ingressing furrow. Nuf is a Rab11 effector that binds Rab11 GTP at the RE 

and is required to activate vesicle delivery. In the early embryo, without Nuf vesicle delivery is 

not initiated, leading to cytokinesis failure and embryonic lethality. However, Nuf localization 

to the centrosome must be regulated to occur only during mitosis. Indeed, we observe that 

Nuf localization is cell cycle-regulated, with its highest concentration at the centrosome 

occurring at prophase followed by loss of Nuf from the centrosome. Stimulation of the embryo 

by cyclin-B injection to jumpstart mitosis similarly displaces Nuf from the centrosome. We find 

that this localization correlates with high phosphorylation levels of Nuf shortly following its 

cytoplasmic dispersal. This is achieved through phosphorylation of Ser225 and Thr227 

specifically by the cell cycle kinase Polo. In vivo, inhibition of Polo activity results in a loss of 

phosphorylated Nuf as well as Nuf maintenance at the centrosome during metaphase, when 

it should have already dispersed to the cytoplasm. Constitutive activation of Polo showed an 

opposing effect, with less Nuf at the centrosome even during prophase, though these results 

were not significant. 

As we probed further into the importance of Nuf phosphorylation, we generated non-

phosphorylatable and phosphomimetic Nuf mutants to determine whether these two residues 

alone are responsible for the localization defects observed in the different polo backgrounds. 

It is important to parse these differences, as Polo plays several roles during the cell cycle that 

may directly influence Nuf localization. While non-phospho Nuf did not have an observable 

effect on Nuf localization, phosphomimetic Nuf was not maintained at the centrosome at any 

phase of mitosis. Further, both mutants exhibited furrowing defects in the form of actin gaps 

and ectopic actin. These results strongly suggest phosphorylation of these residues 

specifically plays a key role in Nuf localization and activity during cytokinesis.  

Nuf localization to the centrosome is driven by the minus-end directed motor, 

Dynein/Dynactin and dependent on microtubules. Indeed inhibition of microtubule 

polymerization or Dynein heavy chain expression prevents Nuf accumulation at the 
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centrosome regardless of mitotic phase. Cytoplasmic Nuf binds Dynein/Dynactin and is 

transported along the microtubules to the centrosome-associated RE. Nuf is continually 

dispersing from the RE into the cytoplasm, requiring constant recruitment via 

Dynein/Dynactin until metaphase. We hypothesize that phosphorylation of Nuf at these 

residues disrupts the Nuf/Dynein binding site. These residues lie outside of the Rab11-

binding domain, suggesting another mechanism for Nuf loss from the centrosome when it is 

phosphorylated. Nuf has been shown to bind both Dynein heavy chain as well as a 

component of the dynactin complex, Arp1. In a dosage-sensitive interaction between nuf and 

Dynein/Dynactin components, flies heterozygous for nuf and dynactin 2 are semi-sterile, 

suggesting a strong interaction. Further work is required to determine whether these mutant 

residues are capable of binding Dynein/Dynactin directly. 

In addition to its role in cytokinesis regulation in the early embryo, we examined a 

potential role for Nuf in regulating division asymmetry later in development. Division 

asymmetry is controlled by many factors intrinsic and extrinsic to the cell. Many early studies 

demonstrate the importance of proper segregation of small RNA and protein determinants to 

specific regions of the cell cortex. Additionally, the centrosome has been shown to influence 

division asymmetry in several cell types and organism. Much like the cortical determinants, 

inheritance of the mother or daughter centrosome is specified to the daughter stem cell 

faithfully in each division. Recently, we learned that exogenous formation of an active RE in 

Drosophila sensory organ precursor (SOP) cells increases cell fate transformation. Using our 

developed tools for RE examination and manipulation, we sought to determine how Nuf 

expression affects the asymmetric divisions of the Drosophila larval neuroblast (NB) and 

pupal SOP cells. 

The Drosophila larval neuroblast is a neural stem cell that produces a population of 

differentiated neurons that comprise much of the adult central nervous system. It divides 

asymmetrically into a self-renewing daughter neuroblast and a differentiating ganglion mother 

cell (GMC). In this division, the daughter centrosome is preferentially segregated to the self-
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renewing daughter NB. We find that Nuf is also preferentially segregated to the daughter NB 

following division. Expression of our Nuf phospho-mutants maintains this preference, in which 

both non-phospho and phosphomimetic Nuf are more frequently inherited by the daughter 

NB. Interestingly, when Nuf is symmetrically distributed following division, non-phospho Nuf is 

frequently lost from both daughters following division, while phosphomimetic Nuf is 

maintained in both daughters. We hypothesize that phosphorylation of Nuf may protect it from 

degradation during division. Polo, a known kinase of Nuf, is repressed in the daughter GMC, 

while its activity is enhanced in the daughter NB. This provides a model in which Polo 

phosphorylates Nuf in the daughter NB, while any Nuf remaining in the daughter GMC is 

targeted for degradation. 

Drosophila SOP cells divide asymmetrically to expand the peripheral nervous system 

including the bristles, socket cells, sensory neurons, and sheath cells. Following the first 

division, only one of the daughter cells (pIIb) forms an active RE. Overexpression of both 

Rab11 and Nuf result in RE formation in both pIIb and pIIa daughters, and this leads to cell 

fate transformations toward the epithelial fate that manifest as bristle duplications. We find 

that expression of phosphomimetic Nuf, but not non-phospho nor GFP Nuf, in SOP cells 

results in statistically significant bristle duplications. We hypothesize that phosphorylation of 

Nuf stabilizes the RE in SOP cells, resulting in RE formation in pIIb and pIIa, driving a 

preference for epithelial fate. 

Altogether, this thesis explores the role of the RE-associated protein Nuf in the 

regulation of RE throughout development in Drosophila. Nuf influences and directly regulates 

cytokinesis in the early embryo via RE-derived vesicle delivery to the ingressing furrow. Nuf 

phosphorylation influences its subcellular localization and stabilization in the embryo, larval 

neuroblast, and sensory organ precursor cells. 
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Chapter 1: Introduction 

Cytokinesis and vesicle delivery 

Cytokinesis is the final event in the cell cycle in which two daughter cells physically 

separate following mitosis. For single-celled organisms, this process is crucial for 

reproduction, while multi-cellular organisms require proper cytokinesis for growth and tissue 

repair/replacement. In animal cells, cytokinesis requires proper assembly of the contractile 

ring, composed of actin microfilaments at the cell cortex and the molecular motor myosin. As 

myosin moves along multiple actin filaments, the cortex of the cell is pinched, forming what is 

known as the cytokinesis furrow. The final step of cytokinesis, in which the daughter cells are 

completely severed, is called abscission.  

In addition to the contractile ring, cytokinesis also relies on vesicle delivery to the 

ingressing furrow. These vesicles derive from the Golgi apparatus and the recycling 

endosome (Sisson et al. 2000; Papoulas et al., 2005; Albertson et al., 2005; Montagnac et 

al., 2008). The vesicles can act as both a source of membrane, as well as carry critical 

components to the ingressing furrow, such as RhoGEF and actin (Crest et al., 2012). Vesicle 

delivery is mediated along microtubules via the motor proteins kinesin and dynein. Vesicle 

delivery to the furrow is critical to maintain the surface-to-volume ratio in the daughter cells. If 

this process does not occur, the daughter cells would have insufficient plasma membrane to 

complete cytokinesis. 

This dissertation focuses largely on the regulation of vesicle delivery to the 

cytokinesis furrow. This activity must occur in a cell cycle-dependent manner, where vesicles 

are diverted to the ingressing furrow only at the end of mitosis. Failure of cytokinesis to occur 

following mitosis leads to a single cell containing two complete nuclei. In future divisions, 

binucleate cells may undergo improper mitosis: multipolar spindles may form, or 

chromosomes attach incorrectly, leading to aneuploidy (reviewed in Tormos et al., 2015). 

This aneuploidy can further lead to cancer or cell death. 
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Stem cells and division asymmetry 

Division asymmetry results in two, non-identical daughter cells in which these 

daughters often adopt different fates and functions from the mother cell. Division asymmetry 

and cell fate can be influenced by extrinsic or intrinsic signals. In extrinsic signaling, 

neighboring cells secrete molecules that interact with the dividing cells to determine cell fates. 

For example, in Drosophila spermatogenesis, physical association with the hub cell maintains 

the germline stem cells through activation of the JAK-STAT pathway, while the daughter cells 

are exposed to differentiating factors (Kiger et al., 2001; Tulina and Matunis, 2001; 

Yamashita et al., 2003). Intrinsic signals that lead to asymmetric division occur within the 

mother cell. Asymmetry can be achieved physically, by setting up spindle asymmetry in 

relation to the cytokinesis furrow. Asymmetry can also be achieved through expression of 

different proteins in the resulting daughters. The latter is set up through segregation of 

proteins and RNAs to opposite sides of the mother cell cortex. These cortical components, 

often known as Par proteins, are segregated to different daughter cells following cytokinesis, 

leading to differential expression and cell fate (Inaba et al., 2012). Missegregation of these 

components (or of the cytokinesis furrow with regards to these components) can lead to 

symmetric division. When division asymmetry fails, it can lead to over-proliferation or loss of 

key cell populations. 

Division asymmetry is most frequently observed in stem cell divisions, where the 

stem cell must divide into a daughter stem cell and a daughter differentiating cell. These 

divisions typically serve to maintain a pool of undifferentiated cells that can later replace 

dying tissue. Asymmetric divisions can also occur in precursor cells. Well-studied examples 

of asymmetric stem cell divisions include Drosophila neuroblasts, Drosophila sensory organ 

precursor cells, mouse radial glial cells, and the first C. elegans embryo divisions. It is critical 

to maintain this balance of stem- and differentiating-cells. Proliferation of undifferentiated 

stem-like cells is a hallmark of many cancers, while loss of stem cell populations can lead to 

the inability to replace dead cells in a tissue (Bapat et al., 2005). 
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In addition to cortical components, the centrosome is frequently segregated 

asymmetrically in these divisions. In Drosophila male germline stem cells and mouse radial 

glial progenitor cells, the more mature “mother” centrosome is specifically maintained in the 

daughter stem cell (Wang et al., 2009; Yamashita et al., 2007). In Drosophila neuroblasts, the 

mother centrosome is segregated to the differentiating daughter cell (Conduit and Raff, 2010; 

Januschke et al., 2011). A recent study has suggested that asymmetric formation of the 

recycling endosome may also play a role in asymmetric cell fate (Emery et al., 2005). 

The Drosophila early embryo 

The Sullivan lab uses the Drosophila early embryo as a model for cytokinesis. The 

first 14 cell divisions of a Drosophila embryo occur in a syncytium, in which the nuclei divide 

in a synchronously (Sullivan et al., 1995; Sisson et al., 1999; Ferree et al., 2016). By the 10th 

cycle, the nuclei migrate from the inner yolk to the cortex of the embryo, where they associate 

with the membrane. Once the nuclei reach the cortex, each nuclear division utilizes actin and 

membrane at the cortex to form furrows and maintain proper spacing. Each cell cycle lasts 

only 10-15 minutes, so this model affords us the opportunity to study multiple cytokinesis 

events in short amounts of time. Further, during the syncytial divisions, transcription does not 

occur, so the mother provides all necessary RNAs and proteins in the oocyte before the egg 

is laid. This creates a unique genetic environment in which the genotype of the mother is 

often more important for early development than the genotype of the embryo itself. When the 

mother does not provide essential RNAs to the embryo, the embryo dies, a phenomenon 

termed maternal-effect lethality. 

While these divisions are syncytial, they serve as an excellent model for cytokinesis. 

The ingressing furrows contain the same components as traditional cytokinesis furrows, 

including actin, myosin, anillins, and the septins (Miller, 1995; Stevenson et al., 2002; 

Albertson et al., 2005). These furrows, known as metaphase furrows, exhibit key differences 

from traditional animal cytokinesis. They form during prophase/metaphase rather than 
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anaphase telophase. They encompass rather than bisect the spindle. This prevents astral 

microtubules from neighboring centrosomes from fusing during these rapid, synchronous 

divisions. Further, these metaphase furrows begin ingression during prophase and then 

regress shortly after anaphase to compensate for the short time between divisions. 

The Drosophila embryonic cortical divisions are a model system for cell cycle studies. 

In addition to their rapid rate, they are amenable to sophisticated genetic, cellular and 

biochemical approaches. The effect of molecularly defined mutations on these divisions is 

easily analyzed through fixed and live fluorescent analysis. This enables one to readily 

determine primary and secondary defects of the mutation. In addition, the large size of the 

embryos facilitates studies involving injection of cell cycle inhibitors or fluorescent probes. 

Further, large quantities of staged embryos are easily obtained enabling biochemical, 

proteomic and RNA profiling studies. 

Drosophila asymmetric divisions 

Drosophila, like most eukaryotes, maintain pools of tissue-specific stem and 

progenitor cell populations throughout development. Some of the most notable examples 

include larval neuroblasts, germline stem cells, sensory organ precursors, and intestinal stem 

cells. The work in this dissertation focuses on two populations: larval neuroblasts and 

sensory organ precursor cells. 

Drosophila larval neuroblasts are a population of neural stem cells that divide 

asymmetrically, producing differentiated neurons that ultimately form the larval central 

nervous system, while maintaining a small stem cell population. In the larval brain, these 

neuroblasts rely on intrinsic signaling to generate two distinct daughter cells. The proteins 

Bazooka, Inscuteable, and Pins, accumulate at the apical cortex, along with the daughter 

centrosome, while the proteins Numb, Brain tumor, Prospero, Miranda, and Staufen 

accumulate at the basal cortex with the mother centrosome (Knoblich, 2008; Morin and 

Bellaiche, 2011; Siller and Doe, 2009; Yu et al., 2006). The spindle aligns asymmetrically, 
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with the metaphase plate nearer the basal cortex than the true equator of the cell. A 

neuroblast division yields one larger, non-differentiated daughter stem cell and one smaller, 

differentiated ganglion mother cell (GMC). This GMC may continue to divide, expanding the 

population of differentiated neurons in the brain. When certain determinants (mentioned 

above) are mislocalized to the incorrect cortex, or if the spindle is misoriented, the division is 

no longer asymmetric, often leading to a loss of stem cell populations (Rusan et al., 2007; 

Sansreget et al., 2013). 

Drosophila sensory organ precursor (SOP) cells asymmetrically divide and contribute 

to the peripheral nervous system, notably the sensory bristles and their follicle cell – the 

epithelial fate – and the neuron and sheath cells that are enervated by stimuli of the bristles. 

The SOP cell divides once asymmetrically into the pIIa and pIIb cells using intrinsic cues at 

the anterior and posterior cortices, where Numb, Neuralized, Discs large, and Pins are at 

anterior, and Par-3/6 and active Lgl are found at the posterior (Bellaiche et al., 2004; 

Coumailleau et al., 2008). The pIIa and pIIb cells then interact with each other through the 

Notch-Delta signaling pathway to influence their fates extrinsically. The pIIa cell divides into 

the bristle and follicle cells. The pIIb cell divides first into a pIIIb cell and a gilal cell, then the 

pIIIb cell divides into the neuron and sheath cells. Perturbation of either the intrinsic cortical 

components in the SOP or of the Notch-Delta pathway can lead to cell fate transformations 

(Coumailleau et al., 2008). 

Nuclear fallout and the recycling endosome 

This dissertation centers on the regulation of the protein Nuclear fallout (Nuf), a 

recycling endosome-associated protein that is required for cytokinesis in the early Drosophila 

embryo. Nuf was first identified as part of a screen for maternal effect lethal mutations: 

embryos lacking maternally-loaded nuf exhibit nuclear division defects specifically during the 

late cortical divisions. The name nuclear-fallout stems from the fact that the products of these 

abnormal nuclear divisions sink into the interior of the embryos. The division defects are 
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caused by a failure to form furrows between neighboring spindles. This results in spindle 

fusions, colliding nuclei, nuclear fallout, and embryonic lethality (Sullivan et al., 1993). The 

human orthologue of Nuf is Arfophilin-interacting protein 2 (FIP3). Like Nuf, FIP3 associates 

with the recycling endosome and is essential for the later stages of furrow ingression during 

cytokinesis (Fielding et al., 2005; Wilson et al., 2005). 

Nuf associates with the RE by binding the RE-specific Rab, Rab11, and acting as a 

Rab11 effector. Rabs are small GTPases that function throughout the cell in all aspects of 

vesicle trafficking including targeting, docking, and fusion. Drosophila express thirty-one 

different Rabs, as many Rabs exhibit endosome- and organelle-specificity (Zhang et al., 

2007). Rab11 is the only Drosophila Rab specific to the RE endosome. It covalently binds to 

the RE membrane to direct trafficking of RE-derived vesicles. Nuf binds GTP-Rab11 and 

stimulates vesicle delivery from the recycling endosome to the ingressing furrow during these 

syncytial divisions. Interestingly, embryos derived from females mutant for rab11 also exhibit 

furrow formation defects strikingly similar to nuf-derived embryos (Riggs et al., 2003). Both 

Nuf and Rab11 are found at the centrosome-associated RE during the syncytial divisions, 

and each requires that other for proper RE localization interdependently (Riggs et al., 2003). 

Nuf is thought to be recruited to the RE by binding the molecular motor Dynein and traveling 

along the astral microtubules toward the centrosome. During prophase, Nuf stimulates Rab11 

vesicles to travel toward the ingressing furrow to add membrane, actin, and other remodeling 

factors required for furrow formation. 

Nuf is a cell cycle regulated phospho-protein. IKKepsilon, aPKC, and Polo are 

kinases shown to target Nuf (Otani et al., 2011; Calero-Cuenca et al., 2018; Brose et al., 

2017). Despite being targeted by multiple kinases, in vivo analysis of the early embryo 

reveals only two residues of Nuf are phosphorylated: Ser225 and Thr227 (Zhai et al., 2008). 

We identified Polo as the kinase responsible for phosphorylating these two residues. 

Phosphorylation of Nuf at these two sites in the early embryo is directly correlated with the 

subcellular localization of Nuf. During mitosis, Nuf associates tightly with the centrosome until 
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metaphase, when it is dispersed into the cytoplasm. We showed through a combination of 

genetic and chemical inhibition that phosphorylation of Nuf by Polo results in Nuf’s 

centrosomal displacement. We hypothesize that phosphorylation of these two residues 

disrupts the binding of Nuf to Dynein. Thus, as Nuf falls off the recycling endosome, it cannot 

be recruited when phosphorylated.  

Our lab has generated flies that express GFP-tagged Nuf, and GFP-non-phospho 

and GFP-phosphomimetic Nuf constructs. In the non-phospho mutant, both serine and 

threonine were replaced with alanine residues, preventing phosphorylation by Polo. In 

contrast, phosphomimetic Nuf flies replaced serine and threonine with aspartate and 

glutamate, respectively. This substitution mimics phosphorylation, causing Nuf to be 

“constitutively” phosphorylated, regardless of polo expression. We show that substitution of 

these residues affects Nuf and Rab11 localization as well as furrow formation and embryo 

survival in a nuf background. 
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Overview 

In this thesis, I used the Drosophila early embryo as a model for cytokinesis 

regulation. We show that the timing of metaphase furrow ingression and regression is directly 

correlated with Nuf association and dissociation from the centrosome, respectively. Further, 

this association is dependent on Nuf phosphorylation state. When Ser225 and Thr227 are 

phosphorylated by Polo in late prophase, Nuf disperses into the cytoplasm. Both chemical 

inhibition and genetic knockdown of polo expression leads to maintenance of Nuf at the 

centrosome during metaphase, suggesting phosphorylation of Nuf is the driving force behind 

its localization. 

We then generated phospho-mutants of Nuf, in which these two residues could not 

be phosphorylated or mimicked constitutive phosphorylation. We show that phosphomimetic 

Nuf prevents Nuf and Rab11 from accumulating at the centrosome, even during prophase. 

Both mutants exhibit partial female sterility. Further, both mutants result in furrow formation 

defects, supporting the hypothesis that Nuf localization to the centrosome is key for 

regulating furrow ingression. 

A previous study has shown that overexpression of nuf and rab11 can influence cell 

fate determination in Drosophila SOPs. Using our Nuf phospho-mutants, we sought to study 

whether Nuf phosphorylation influences cell fate in two asymmetric divisions: Drosophila 

larval NBs and SOPs. While these results are preliminary, we show evidence that Nuf is 

preferentially segregated to the daughter NB following division. Phosphomimetic Nuf appears 

to have a stabilizing effect, leading to its maintenance in both daughter cells. In contrast, non-

phospho Nuf tends to be lost from both daughters following division. Further, phosphomimetic 

Nuf appears to drive cell fate transformation of SOPs, resulting in more bristle duplications 

and suggestive of an epithelial fate preference. 
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Chapter 2: Polo kinase mediates the phosphorylation and cellular localization of 
Nuf/FIP3, a Rab11 effector 

ABSTRACT 

Animal cytokinesis involves both actin-myosin–based contraction and vesicle- mediated 

membrane addition. In many cell types, including early Drosophila embryos, Nuf/ FIP3, a 

Rab11 effector, mediates recycling endosome (RE)–based vesicle delivery to the cytokinesis 

furrow. Nuf exhibits a cell cycle–regulated concentration at the centrosome that is 

accompanied by dramatic changes in its phosphorylation state. Here we demonstrate that 

maximal phosphorylation of Nuf occurs at prophase, when centrosome-associated Nuf 

disperses throughout the cytoplasm. Accordingly, ectopic Cdk1 activation results in 

immediate Nuf dispersal from the centrosome. Screening of candidate kinases reveals a 

specific, dosage- sensitive interaction between Nuf and Polo with respect to Nuf-mediated 

furrow formation. Inhibiting Polo activity results in Nuf underphosphorylation and prolonged 

centrosome association. In vitro, Polo directly binds and is required for Nuf phosphorylation at 

Ser-225 and Thr-227, matching previous in vivo–mapped phosphorylation sites. These 

results demonstrate a role for Polo kinase in directly mediating Nuf cell cycle–dependent 

localization.  
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INTRODUCTION 

Cytokinesis, the final step in mitosis, involves actin-myosin–based ingression of the plasma 

membrane to produce two distinct daughter cells. Work over the past decade reveals that 

animal cytokinesis requires a combination of actin-myosin–based contraction and vesicle-

mediated membrane delivery. The vesicles, derived from both the secretory and endosomal 

pathways, provide membrane for the ingressing furrow (Albertson et al., 2005; Schiel and 

Prekeris, 2013). Functional studies reveal that the recycling endosome (RE) plays a key role 

in vesicle-based membrane delivery during furrow ingression and abscission, the final stage 

of cytokinesis (Rothwell et al., 1999). Much of our understanding of the role of the RE in 

cytokinesis comes from genetic disruption of Rab11, a small GTPase associated with and 

required for RE function. Disruption of Rab11 results in specific defects in both the early and 

late stages of furrow formation (Hickson et al., 2003; Riggs et al., 2003; Fielding et al., 2005; 

Wilson et al., 2005). RE-derived vesicles deliver key actin regulators and endosomal sorting 

complex required for transport (ESCRT) proteins to the site of the advancing furrow (Cao et 

al., 2008; Neto et al., 2013; Schiel and Prekeris, 2013). Thus the RE plays a dual role in 

providing membrane and in regulating cortical actin dynamics at the advancing furrow.  

RE-mediated vesicle delivery to cytokinesis furrows must be precisely coordinated 

with the cell cycle. Insight into this process comes from the finding that Nuf/FIP3, a Rab11 

effector, is necessary for proper RE formation and function and exhibits cell cycle–

coordinated changes in its localization and phosphorylation state (Rothwell et al., 1998; 

Royou et al., 2004; Riggs et al., 2007; Horgan et al., 2010; Otani et al., 2011; Takahashi et 

al., 2011; Collins et al., 2012). During anaphase in mammalian cells, FIP3 relocalizes from a 

concentrated centrosomal localization to a diffuse cytoplasmic distribution. FIP3 then 

accumulates at the furrow and finally during late telophase at the midbody (Takahashi et al., 

2011). These changes in subcellular localization are accompanied by changes in the 

phosphorylation state of FIP3/Nuf (Riggs et al., 2007; Otani et al., 2011). The mechanisms 

underlying the cell cycle–regulated relocation of FIP3 and the functional significance of the 
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cell cycle–regulated changes in Nuf/FIP3 phosphorylation remain unclear. CDK1-mediated 

FIP3 phosphorylation sites were identified and mapped. However, phospho-mutants 

disrupting these sites had little effect on FIP3 localization or cytokinesis (Otani et al., 2011). 

Here we address this issue directly by analyzing Nuf/FIP3 phosphorylation and 

localization dynamics during the syncytial cortical divisions of the early Drosophila embryo. 

Furrow formation in these rapid divisions is myosin independent and driven primarily by 

vesicle addition to the plasma membrane (Royou et al., 2004). As in mammalian cells, Rab11 

and its Nuf/FIP3 effector are responsible for guiding vesicles originating from the centrosome-

associated RE to the ingressing furrow (Rothwell et al., 1999). The RE vesicles contain a 

potent actin remodeler, RhoGEF, and delivery of these vesicles drives cytoskeletal 

remodeling at the ingressing furrow (Cao et al., 2008). Unlike conventional cytokinesis, these 

furrows form during prophase and metaphase and encompass rather than bisect the spindle. 

Known as metaphase furrows, they are otherwise structurally and compositionally identical to 

conventional cleavage furrows (Crest et al., 2012).  

During interphase through prophase, Nuf associates with and relies on microtubules 

and the minus-end motor protein dynein to accumulate at the centrosome-associated RE 

(Riggs et al., 2007). The maximal concentration of Nuf at the centrosome-associated RE 

correlates with ingression of the metaphase furrows (Riggs et al., 2007). During prophase, 

Nuf exhibits a dramatic dispersal from the centrosome to the cytoplasm. Like FIP3, Nuf also 

exhibits cell cycle–regulated changes in phosphorylation, but the responsible kinases and the 

functional significance of these phosphorylation events remain unclear.  

In the studies presented here, we take advantage of our ability to perform western 

blot analysis of individual immunofluorescently stained and imaged Drosophila embryos. 

These studies demonstrate that low and high levels of Nuf phosphorylation correlate with a 

concentration and dispersal from the centrosome, suggesting a direct involvement of cell 

cycle–regulated kinases. We use genetic, biochemical, and cell biological techniques to 

demonstrate that these events are mediated by Polo kinase. We map the Polo-mediated Nuf 
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phosphorylation sites and demonstrate that Polo activity influences Nuf localization at the 

centrosome.  
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METHODS AND MATERIALS 

Fly strains  

Stocks were maintained on standard maize meal/molasses medium at room temperature 

unless otherwise noted. OreR served as the wild-type control stock. Other stocks used in this 

study include Nuf1/TM3, Sb (Rothwell et al., 1999), polo10/TM6C, Tb, Sb (Bloomington), 

GFP-Nuf/CyO (Riggs et al., 2003), alphaTub-Gal4:VP16 (Bloomington), Sqh-GFP (Royou et 

al., 2004), and Moesin-GFP (Cao et al., 2008).  

Embryo fixation and immunostaining  

Flies laid eggs for 1h at 29°C, and then embryos were aged for 1h at room temperature. 

Collected embryos were dechorionated in 50% bleach for 2min, extensively rinsed, 

permeabilized in heptane, and transferred into a mixture with equal volume of heptane and 

37% formaldehyde for 5 min. The formaldehyde was removed, and the embryos were 

devitellinated in a 1:1 solution of heptane and methanol for 1 min. The heptane was removed, 

and the embryos were stored in methanol at 4°C. The embryos were rehydrated in PBTA 

(phosphate-buffered saline [PBS] + 0.1% Triton X-100 + 0.05% sodium azide) before 

staining. The primary anti- bodies used include rabbit anti-Nuf (1:250; Rothwell et al., 1999), 

rabbit anti-pNuf S225 (1:30; Otani et al., 2011), and mouse anti- tubulin DM1A (1:100; 9020; 

Sigma-Aldrich). Secondary Alexa 488- and 594–conjugated antibodies were used at 1:300 or 

1:500 (Molecular Probes).  

Single-embryo Western immunoblots  

Immunoblots of staged embryos were prepared as previously described (Riggs et al., 2007). 

Collected embryos were dechorionated in 50% bleach for 2min, extensively rinsed, 

permeabilized in heptane, and transferred into a mixture with equal volume of heptane and 

methanol (containing 1mM Na3VO4) for fixation. Embryos were rinsed three times in ice-cold 
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99% methanol with 1mM Na3VO4 and rehydrated with embryo buffer (EB) containing 10mM 

of NaF. The embryos were then stained with EB containing 4 µg/ml Hoechst 33258 for 3–

4min, rinsed twice in EB, and transferred to 40% EB/60% glycerol. Embryos were staged 

visually using the 4′,6-diamidino-2-phenylindole channel of a fluorescent microscope. Hand-

picked cycle 13 embryos (four per sample) were dissolved in 2Å∼ SDS sample buffer and 

run on SDS–PAGE and immunoblotting using standard procedures.  

Multiple-embryo Western immunoblots  

Embryos were collected from OreR and nuf embryos after laying for 1.5h at room 

temperature. Embryos were hand dechorionated and lysed directly in 25µl of 1× SDS sample 

buffer. Each sample contained 15 embryos from each genotype. Samples were stored at 

−80°C. Samples were thawed, spun down, and boiled for 10min, and then 20µl was loaded

onto a 7.5% precast SDS gel (Bio-Rad), which was run at 100V for 80 min. The protein was 

transferred to nitrocellulose at 100V for 1h at 4°C. The membrane was Ponceau stained to 

confirm proper transfer and then blocked for 30min in 5% dry milk plus PBS-Tween (PBS-T) 

at room temperature. The membrane was incubated with primary overnight at 4°C (rabbit 

anti-Nuf, 1:750). The membrane was rinsed 3 × 10min in PBS-T at room temperature and 

then incubated in secondary for 1.5h at room temperature (goat anti-rabbit horseradish 

peroxidase, 1:5000). The membrane was rinsed 3 × 10min in PBS-T at room temperature 

and then treated with visualization solution (ThermoSci SuperSignal West Pico 

Chemiluminescent Substrate). Optimum exposure time was 5min on film. Quantification of 

these bands was performed using Fiji.  

Treatment of embryos with BI2536  

Embryos were collected for fixing and staining or Western blot analysis as described. For 

Western blot analysis, OreR embryos were hand dechorionated and then placed in a tube 
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with a 1:1 solution of heptane and 1µM BI2536 (in dimethyl sulfoxide [DMSO]; Santa Cruz 

Biotechnology) and vigorously mixed every 2min for 10min (about the length of a single cell 

cycle). The DMSO layer was removed, and then the embryos were removed from the 

heptane to dry. Each of 15 embryos was lysed in SDS loading buffer and subjected to SDS–

PAGE analysis as described. As a control, OreR embryos were also treated in a 1:1 solution 

of heptane and DMSO.  

For fixing and staining, OreR embryos were collected as described. After bleach 

dechorionation, the embryos were permeabilized in a 1:1 solution of heptane and 1µM 

BI2536 and vigorously mixed every 2min for 10min. The DMSO layer was removed, and the 

rest of the fix and stain procedure followed the described protocol. As a control, OreR 

embryos were also treated in a 1:1 solution of heptane and DMSO.  

Kinase assay  

Full-length Polo kinase cDNA was cloned into a Gateway baculovirus expression construct 

(Invitrogen) with a hexahistidine (6×His) tag. Sf9 cells were infected and then harvested on a 

nickel column at a concentration of 0.5 mg/ml. GST-tagged Nuf (Rothwell et al., 1999) was 

purified using glutathione–Sepharose beads to a concentration of 1 mg/ml. Dephosphorylated 

casein (Sigma-Aldrich) was dissolved in water to 1 mg/ml. Kinase reactions were assembled 

using 5µg of substrate (casein or GST-Nuf), 0.05mM ATP, 0.05µg of Polo-6×His, 5µCi of 

ATP32, and kinase buffer (10mM 4-(2-hydroxyethyl)-1-pi- perazineethanesulfonic acid, pH 

7.5, 75mM KCl, 5mM MgCl2, 1mM dithiothreitol, 0.5mM ethylene glycol tetraacetic acid). 

Extracts from Sf9 cells infected with empty virus were used as control kinases at 0.5 mg/ml. 

The 25-µl reactions were carried out at 30°C for 20 min and then boiled in 2× sample buffer 

and run on SDS– PAGE. Nonradiolabeled Polo phosphorylated bands were gel extracted and 

used for tandem mass spectrometry. Mass spectrometry was performed by the Bio-Organic 

Biomedical Mass Spectrometry Resource at the University of California, San Francisco, using 

standard protocols.  
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Confocal microscopy and image analysis  

Confocal microscope images were captured on an inverted photoscope (DMIRB; Leitz) 

equipped with a laser confocal imaging system (TCS SP2; Leica) using an HCX PL APO 

63×/numerical aperture 1.4 oil objective (Leica) at room temperature.  

The images in Figures 6 and 7 were edited in exactly the same way with minor adjustments 

to brightness and contrast to emphasize the localization. All fixed images were quantified 

using Fiji software using the raw files. For each image, a 6-µm line was drawn through the 

center of each centrosome tangent to the nucleus, and pixel intensity was measured along 

the line in both tubulin and Nuf channels. In Excel, the pixel intensity for each centrosome 

was averaged for each embryo. To combine embryo data of the same genotype and cell 

cycle stage, the average values for each embryo were scaled with respect to the peak tubulin 

value of the highest embryo such that each embryo would have the same intensity for the 

peak tubulin value. These adjusted averages were then averaged again. The graphs 

represent the pixel intensity for both the Nuf and tubulin channels normalized to the tubulin 

signals (0 = lowest tubulin value; 1 = highest tubulin value). For chi-square analysis, the 

lowest average Nuf value (from all cycle 11 and 12 embryos) was subtracted from the peak 

average Nuf value to find the difference. The difference was then subjected to chi-square 

analysis, where OreR represents the “expected” value.  

Supplemental Figure S2 was captured live after injection of rhodamine-labeled tubulin 

(Cytoskeleton) into cycle 11 GFP Nuf or GFP Nuf; polo10 embryos.  
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RESULTS 

The cell cycle–regulated dispersal of Nuf from the centrosome is accompanied by 

increased phosphorylation  

Previous work demonstrated that Nuf protein levels remain constant but undergo cycles of 

dispersion and concentration at the centrosome that are coordinated with the cell cycle 

(Rothwell et al., 1998). In addition, these studies demonstrate that Nuf undergoes cell cycle–

regulated phosphorylation (Riggs et al., 2007). However, it re-mained unclear whether highly 

phosphorylated Nuf was associated with concentration or dispersal from the centrosome. To 

resolve this issue, we performed western blot analysis on individual wild-type embryos in 

which Nuf localization was determined by prior immunofluorescent analysis. The embryos 

were fixed in the presence of phosphatase and protease inhibitors. After fixation, γ-tubulin 

(marking the centrosome), Nuf, and DNA were labeled in order to precisely stage and select 

syncytial nuclear cycle 12 embryos. The distance between sister centrosomes increases as 

the nuclei progress from early through late interphase (Cao et al., 2010). Thus the separation 

distance provides a means of precisely timing each embryo and estimating interphase timing 

based on minutes after nuclear envelope formation at telophase. Once imaged, each embryo 

was subjected to an ultrasensitive western blotting technique to determine the 

phosphorylation state of Nuf (see Materials and Methods).  

Figure 1A depicts fixed time points in wild-type nuclear cycle 12 embryos as they 

progress through interphase, prophase, and anaphase. This analysis reveals that Nuf 

concentration at the centrosome increases during interphase and then abruptly decreases at 

prophase. As previously described, western blot analysis reveals a distribution of higher–

molecular weight bands corresponding to the phosphorylated Nuf (Rothwell et al., 1998; 

Riggs et al., 2003; Figure 1B). The single- embryo western analysis reveals that the intensity 

of these bands is constant from early through late interphase. However, the intensity of these 

higher–molecular weight bands dramatically increases during prophase. The increase in Nuf 

phosphorylation is coincident with its dispersal from the centrosome. Thus dispersion of Nuf 
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from the centrosome at prophase is correlated with a dramatic increase in its phosphorylation 

state.  

Cdk1 activation drives a centrosome-to-cytoplasmic relocation of Nuf  

The concentration of Nuf at the centrosome during interphase and cytoplasmic dispersal 

during prophase suggest that cell cycle regulators mediate Nuf localization dynamics. To test 

this idea, we took advantage of previous studies demonstrating that injection of stabilized 

cyclin B into interphase syncytial Drosophila embryos activates Cdk1 and prematurely drives 

both the nuclei and cytoplasm into metaphase (Royou et al., 2008). Here we injected 

stabilized cyclin B into late-interphase cycle 13 syncytial Drosophila embryos expressing 

green fluorescent protein (GFP)–tagged Nuf. At this stage, Nuf is highly concentrated at the 

centrosomes (Figure 2). These images demonstrate that within 30s of cyclin B injection, there 

is a dramatic dispersal of Nuf from the centrosome (Figure 2). As cyclin B radially diffuses 

from the injection site, there is a corresponding radial dispersal of Nuf from the centrosome 

over time (Figure 2). The timing and pattern of Nuf dispersal are in accord with previous 

studies demonstrating injection of stabilized cyclin B driving syncytial nuclei into metaphase 

(Royou et al., 2008). Significantly, Nuf dispersal occurs only near the injection site, and Nuf 

remains concentrated at the centrosome in regions distant from the injection site (red and 

green boxes, respectively). These studies suggest that activation of Cdk1 mediates the 

centrosome-to-cytoplasmic relocation of Nuf.  

A specific, dosage-sensitive interaction between Nuf and Polo kinase  

The cyclin B injection studies and cell cycle–dependent phosphorylation states of Nuf 

suggest that cell cycle–regulated kinases may directly target Nuf. To identify these kinases, 

we took advantage of previous studies demonstrating that in the early embryo, Nuf exhibits 

dosage-sensitive phenotypes with actin-remodeling proteins (Cao et al., 2008). Six conserved 

cell cycle kinases (bubR1, aur, grp, cdk1, rok, polo) were screened for a dosage-sensitive 
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interaction with Nuf. Embryos derived from females doubly heterozygous for nuf and mutants 

in one of these six kinases were analyzed for defects in metaphase furrow formation 

(Rothwell et al., 1998). Figure 3 depicts the results of this analysis. Embryos derived from 

nuf1/+ have no effect on metaphase furrow formation or integrity. Similarly, none of the 

kinases tested had furrow defects when individually heterozygous in an otherwise wild-type 

background (polo, bubR1, aur, grp, cdc2, rok; unpub- lished data). Examining embryos 

derived from females doubly heterozygous for nuf and each of the kinase mutants revealed 

that only nuf1/+:polo/+ females produced embryos with disruptions in metaphase furrow 

formation. Thus, among this set of cell cycle–regulated kinases, Polo is unique in exhibiting a 

dosage-sensitive interaction with Nuf. This raised the possibility that Polo directly targets Nuf. 

In vivo Nuf phosphorylation sites match in vitro Polo-targeted phosphorylation sites  

Pull-down assays demonstrate that Nuf and Polo directly interact. Glutathione-covered 

Sepharose beads bound with either bacterially purified glutathione S-transferase (GST) or 

GST-Nuf protein were incubated with bacterially expressed MBP-tagged Polo. These beads 

were then extensively washed, boiled, and run on SDS–PAGE. Western blotting using an 

anti-MBP antibody detected significant levels of MBP-Polo only in the lane in which the beads 

were bound with GST-Nuf (Figure 4A). These data demonstrate that Polo kinase physically 

interacts with Nuf. To test whether Polo kinase mediates Nuf phosphorylation, we performed 

in vitro kinase assays using baculovirus-expressed Polo (Figure 4C). Polo was incubated with 

either casein, a known target of Polo, or GST-Nuf in a reaction mix containing [P33]ATP (see 

Materials and Methods). A mock protein preparation from SF9 cells infected with the virus 

lacking the Polo gene served as the negative control (Tao et al., 2016). As shown in Figure 

4C, casein is highly phosphorylated in these assays, resulting in a band at 30kDa, 

demonstrating that the baculovirus-expressed Polo kinase is active in vitro. Of significance, 

GST-Nuf is also phosphorylated by the same Polo kinase preparation, resulting in a band at 
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100kDa. In contrast, the negative control lane failed to reveal phosphorylation of casein or 

GST-Nuf, indicating that the phosphorylation of Nuf in this assay depends on Polo.  

To identify the specific sites on Nuf that Polo phosphorylates, we performed these in 

vitro assays with and without ATP32. Autoradiography reveals a strong signal at the slowest-

migrating, high–molecular weight bands (∼100 kDa; Supplemental Figure 1). These bands 

were excised (asterisks), and liquid chromatography–tandem mass spectrometry (LC 

MS/MS) was used to identify phosphorylated residues (Supplemental Figure S1). This 

analysis revealed two amino acids with significant levels of phosphorylation: Ser-225 and 

Thr-227 (Figure 4D). Significantly, a Drosophila genome-wide proteomics study revealed that 

these same two Nuf residues were phosphorylated in vivo (Zhai et al., 2008).  

Polo inhibition results in decreased Nuf phosphorylation  

Taken together, these studies demonstrate that Nuf is likely a direct in vivo target of Polo 

kinase. To further test this idea, we used a small-molecule inhibitor of polo (BI2536) to reduce 

its activity in early syncytial embryos and examine the effects on Nuf phosphorylation (Brand 

and Dormand, 1995). Western blot analysis was performed on 0- to 1.5-h Drosophila embryo 

collections from OreR and nuf– mothers, and BI2536 was used to inhibit Polo kinase activity 

(Figure 5). Anti-Nuf western blots on embryo extracts derived from wild-type (OreR) and 

homozygous nuf females are shown in lanes 1 and 2, respectively, of Figure 5. As previously 

shown, the higher–molecular weight bands (arrowhead) are the phosphorylated forms of Nuf 

(Rothwell et al., 1998). The major non-phosphorylated band can be found at 68 kDa 

(asterisks). These bands are absent in embryo extracts from nuf-derived females (lane 2; 

asterisk indicates where the nonphosphorylated band would be). Extracts from embryos in 

which Polo activity is reduced through small-molecule inhibition result in a dramatic loss in 

the abundance of phosphorylated Nuf (lane 3), as seen from the ratio of phosphorylated Nuf 

to nonphosphorylated Nuf. These studies are in accord with our in vitro experiments and 
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demonstrate an in vivo correlation between Polo activity and Nuf phosphorylation levels, 

lending additional support to the idea that Nuf is a direct target of Polo kinase both in vitro 

and in vivo.  

Decreased Nuf phosphorylation is correlated with Nuf concentration at the 

centrosome  

Wild-type and OreR embryos treated with the Polo inhibitor BI2536 were fixed and staged as 

described. During prophase, Nuf reaches its peak concentration at the centrosome. 

Immunofluorescence analysis of all embryos examined revealed Nuf concentration at the 

centrosome during prophase (Figure 6). In control embryos, Nuf is absent from the 

centrosome from prometaphase through telophase. Of interest, the BI2536-treated embryos 

exhibited maintenance of Nuf at the centrosome through metaphase (Figure 7). Chi-square 

analysis indicates that BI2536-treated embryos maintain Nuf at the centrosome during 

metaphase with p = 0.00052. Embryos of a strong hypomorph of Polo (polo10) also exhibited 

this maintenance of Nuf at the centrosome during metaphase (Supplemental Figure S2). 

Taken together, these data demonstrate that decreased Polo activity results in decreased Nuf 

phosphorylation and increased association of Nuf with the centrosome.  

Of interest, Nuf intensity at the centrosome increases as embryos age, with the lowest 

intensity measured during cycle 10 and slowly increasing until cellularization (Supplemental 

Figures S3 and S4). This likely correlates with the lengthening of each nuclear division time, 

allowing more Nuf to accumulate at the centrosome during later cycles.  
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DISCUSSION 

It is now well documented that the RE plays an important role in vesicle-mediated membrane 

addition during cytokinesis (Albertson et al., 2005; Montagnac et al., 2008). Less well 

explored is the spatial and temporal regulation of vesicle-mediated membrane addition. 

During cytokinesis, the timing of vesicle delivery and actin-myosin–based furrow formation 

must be precisely coordinated with one another and the cell cycle. Progress on this issue has 

come from examining the cell cycle dynamics of Rab11, a RE-associated small GTPase, and 

its effector, FIP3/Nuf. In mammalian cells, Rab11 and FIP3 colocalize and are dispersed 

throughout the cytoplasm from interphase through metaphase (Takahashi et al., 2011). 

During anaphase, Rab11/FIP3 predominantly localizes at the pericentrosomal positioned RE. 

During telophase, Rab11/ FIP3 moves from the centrosome to the furrow and then to the 

midzone microtubules. At the midzone, Rab11/FIP3 is essential for abscission driven by 

vesicle fusion at the leading edge of the furrow (Horgan et al., 2004; Wilson et al., 2005; 

Simon and Prekeris, 2008; Simon et al., 2008). This cell cycle–regulated dynamics requires 

microtubules, as well as motor proteins (Riggs et al., 2003; Horgan et al., 2004).  

Taken together, these findings raise a number of issues regarding the relationship 

between Nuf/FIP3 function, localization, phosphorylation state, and the responsible kinases. 

Like mammalian FIP3, Nuf undergoes cycles of accumulation at the centrosomes and 

dispersion throughout the cytoplasm (Rothwell et al., 1998). Nuf concentration at the 

centrosome-associated RE reaches a maximum at pro- phase. Entry into metaphase results 

in a loss of its centrosomal concentration and cytoplasmic dispersion. Previous studies 

demonstrated that Nuf undergoes cell cycle–regulated phosphorylation, with the highest 

levels occurring during prophase (Riggs et al., 2007). Here, through a combination of genetic 

interaction analysis, binding, and kinase assays, we identified Polo kinase as directly 

targeting Nuf. Among six cell cycle–regulated kinases tested, only Polo exhibited a dosage-

sensitive interaction with Nuf. We also found that Polo directly binds Nuf and phosphorylates 

Nuf in vitro. Significantly, previously mapped in vivo Nuf phosphorylation sites (S225 and 
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T227) match the sites targeted by Polo in our in vitro kinase assays (Zhai et al., 2008). These 

findings are supported by our in vivo studies indicating that decreased Polo activity results in 

corresponding decreases in Nuf phosphorylation. Previous studies demonstrated that Polo 

localizes to the centrosome during prophase, which corresponds to the time of maximal Nuf 

centrosomal concentration (Moutinho-Santos et al., 1999). Therefore Polo is well positioned 

to influence the phosphorylation state of Nuf. In addition, Polo has emerged as a key 

regulator of cytokinesis, controlling both the timing and position of furrow formation, as well 

as membrane addition (Ohkura et al., 1995; Herrmann et al., 1998). The positioning of these 

residues is not conserved from Nuf to FIP3, suggesting that phosphorylation of other 

sequences in FIP3 is required to effect its localization in mammalian cells.  

To determine the functional consequences of Polo-mediated phosphorylation of Nuf, 

we examined the timing of Nuf centrosomal localization when Polo activity is inhibited by the 

small molecule BI2536. In wild-type syncytial embryos, Nuf concentrates at the centrosome 

during interphase through prophase and is released into the cytoplasm at prophase, marked 

by nuclear envelope breakdown (NEB). Embryos treated with the small-molecule inhibitor of 

Polo, BI2536, exhibit wild-type behavior during interphase through pro- phase, but the 

release of Nuf into the cytoplasm is significantly delayed, and Nuf remains concentrated at 

the centrosome well after NEB. Taken together, these results demonstrate a role for Polo 

kinase in directly mediating Nuf cell cycle–dependent localization.  

The mechanism mediating Nuf release from the centrosome remains unclear. High-

resolution live studies demonstrate vectorial transport of individual Nuf puncta, suggesting 

that this may rely on microtubules and an as-yet-unidentified kinesin (Riggs et al., 2007). This 

notion is in accord with studies demonstrating that the organization and positioning of other 

endosomes is driven by a combination of plus and minus end–directed motor proteins 

(Pangarkar et al., 2005). A recent study showed that perturbation of both Nuf and dynein 

negatively affect the recruitment of Cad99C to the apical end of microvilli in Drosophila 

epithelial cells, suggesting that Nuf and dynein work together when moving Rab11 vesicles 
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toward microtubule minus ends (Khanal et al., 2016). Nuf physically associates with dynein 

and requires this minus-end motor protein for proper recruitment to the centrosome (Horgan 

et al., 2004; Riggs et al., 2007). A previous study observed directional movement of Nuf away 

from the centrosome during live analysis, suggesting that Nuf may rely on the plus end–

directed motor kinesin when it is released from the centrosome (Riggs et al., 2003).  

Insight into the mechanism by which Polo-mediated phosphorylation of Nuf 

influences its recruitment to the centrosome comes from previous studies of Nlp. Nlp is a 

centrosomal protein that recruits γ-tubulin and plays an important role in early centrosome 

maturation; Nlp also localizes to the centrosome via its interaction with dynein (Casenghi et 

al., 2005). Phosphorylation by Polo causes Nlp to lose its binding to dynein, and 

accumulation is rapidly lost. Based on these studies, we speculate that Polo phosphorylation 

disrupts Nuf's ability to associate with dynein. This disruption would inhibit dynein-mediated 

recruitment of Nuf to the centrosome and result in the observed cytoplasmic dispersion of Nuf 

at prophase. Of interest, a study found that in hair follicle–producing cells in Drosophila, Nuf 

trafficking of RE vesicles was directly regulated by IKK kinase, which phosphorylates Nuf and 

affects its association with dynein (Otani et al., 2011). Moreover, that phosphorylation was at 

S225, one of the sites found in our studies. In both Drosophila and HEK293 cells, Nuf/FIP3 is 

phosphorylated by the IKK-related kinases IKKε and TBK1 (Otani et al., 2011).  

Other studies found the FIP3 residue S102 to be directly phosphorylated by Cdk1-

cyclin B (Collins et al., 2012). These studies indicate that Nuf/FIP3 is targeted by a number of 

kinases and at multiple sites that may affect its interaction with other proteins. Our data 

implicate Polo as the primary kinase responsible for Nuf dissociation from the centrosome in 

the early Drosophila embryo. The residues surrounding S225 and T227 that we identified do 

not conform to the traditional consensus sequence for Polo binding, suggesting that we 

discovered a novel targeting site for Polo kinase (Elia et al., 2003).  

These studies were performed in the early Drosophila embryo, in which cytokinesis 

furrows encompass rather than bisect the spindle and RE-mediated vesicle addition occurs 
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from the centrosome rather than the midzone (Crest et al., 2012). In conventional cytokinesis, 

FIP3/Rab11 localizes to the midzone microtubules to activate RE-mediated vesicle delivery 

during the final abscission stages of cytokinesis (Takahashi et al., 2011). Like Nuf, FIP3 

undergoes cell cycle–regulated phosphorylation events. Given our results and the fact that 

Polo kinase concentrates at the midzone microtubules, we suspect Polo may be a key kinase 

that targets and influences FIP3 localization at the midzone in mammalian cells (Moutinho-

Santos et al., 1999). A full understanding of the role of phosphorylation in the cell cycle 

regulation of Nuf localization requires the construction of phosphomimetic and non-

phosphorylatable Nuf transgenic lines. This will be a focus of our future studies.  
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Figure 2.1: Western analysis of single embryos reveals that dispersal of Nuf from the 
centrosome is correlated with increased phosphorylation. (A) Wild-type cycle 12 
embryos, fixed and stained for Nuf (green), tubulin (red), and DNA (blue), reveal that Nuf 
accumulates at the centrosomes as the embryos progress through interphase. During 
prophase, Nuf rapidly disperses from the centrosomes to the cytoplasm. (B) Western analy-
sis was performed on individual immunofluorescently stained and imaged embryos. 
Centrosome distance was used to stage embryos within interphase as described in Cao et 
al. (2010). There is a dramatic increase in the Nuf phosphorylation (higher–molecular 
weight bands) during prophase concomitant with Nuf dispersal from the centrosomes. 
Western analysis of dynein served as a loading control.
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Figure 2.2: Cdk1 activation results in a rapid 
dispersal of Nuf from the centrosome to the cyto-
plasm. Interphase cycle 14 embryos bearing GFP-Nuf 
were injected with stabilized GST–cyclin B. At this 
stage, Nuf is normally concentrated on the centro-
somes. Immediately after the injection, Nuf is driven off 
the centrosomes and dispersed into the cytoplasm. 
The radius of Nuf dispersal increases over time corre-
sponding to the radial dispersion of the cyclin B, driving 
Cdk1 activation. The red box indicates an area near the 
injection site where Nuf is driven off of the centrosome. 
The green box indicates an area distant from the injec-
tion site, where Nuf remains at the centrosome. Scale 
bars, 50 μm (main image), 10 μm (inset).
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Figure 2.3: Nuf exhibits a dosage-sensitive interaction with Polo kinase. Embryos 
derived from females doubly heterozygous for nuf and one of six cell cycle–regulated 
kinases (polo, bubR1, aur, grp, cdk1, rok) were fixed and stained for their DNA (blue) and 
actin-based metaphase furrows (green). Only embryos derived from females doubly 
heterozygous for the nuf and polo mutants (nuf1/+: polo/+) exhibit defects in the meta-
phase furrows. The furrows are uneven and weak in places and exhibit gaps. These 
defects are similar to those observed in embryos derived from nuf-homozygous females.
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Figure 2.4: Polo directly binds Nuf and is required for Nuf phosphorylation. 
(A) Pull-down experiments using GST-Nuf and MBP-Polo demonstrate that Nuf directly

binds Polo. Bacterially purified GST-Nuf was bound to Sepharose beads. Bacterially

purified MBP-Polo was added to the column. Nuf-bound Polo was eluted and probed with

MBP antibody on SDS–PAGE. (B) Coomassie stain of baculovirus-expressed Polo and

virus without Polo (negative control) illustrates an abundant Polo band (arrowhead)

between 50 and 75 kDa not present in the negative control. (C) In vitro assays demon-

strate that addition of Polo kinase results in Nuf phosphorylation. Casein was used as

positive control. Negative control contains extracts from nontransfected cells. (D) Sche-

matic of Nuf domains, indicating the two residues phosphorylated by Polo as determined

by LC MS/MS (unpublished data).
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Figure 2.5: Polo inhibition decreases Nuf phosphorylation. 
Western blot analysis of 0- to 1.5-h embryos reveals the nonphosphory-

lated band of Nuf at 68kD (asterisks) and the phosphorylated isoforms of 

Nuf at 82–95 kDa (arrowhead) in wild-type samples. These bands are 

absent in embryos derived from nuf mothers (middle lane). In this lane, 

the asterisk indicates where the nonphosphorylated band should be. 

BI2536-treated embryos result in a dramatic decrease in the phosphory-

lated isoforms (right lane). The calculated ratio of phosphorylated Nuf to 

nonphosphorylated Nuf indicates a threefold reduction in Nuf phosphory-

lation when Polo activity is inhibited.
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Figure 2.6: Polo inhibition does not change Nuf localization during prophase. 
(A) Untreated (top) and BI2536 (Polo inhibitor)-treated (bottom) prophase cycle 11

embryos stained for Nuf (green) and tubulin (red). Arrowheads indicate the position

of the centrosome in both the tubulin and Nuf channels. (B) Nuf (gray) and tubulin

(black) intensity at the centrosome for each genotype at cycles 11 and 12, where 3

represents the center of the centrosome. The values are normalized to tubulin signal

(0–1), and the axes for Nuf graphs are expanded to compare the two treatments.

OreR, n = 126; BI2536, n = 618. (C) Highest average Nuf intensity, lowest average

Nuf intensity, and difference between these intensities for all cycle 11 and 12 embry-

os for each treatment, as well as the chi-square value (as compared with OreR) and

corresponding p value. All analyses were performed on the raw data.
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Figure 2.7: Polo inhibition results in Nuf maintenance at the centrosome during 
metaphase. (A) Untreated (top) and BI2536 (Polo-inhibitor)-treated (bottom) prophase 

cycle 11 embryos stained for Nuf (green) and tubulin (red). Arrowheads indicate the 

position of the centrosome in both the tubulin and Nuf channels. (B) Nuf (gray) and tubulin 

(black) intensity at the centrosome for each genotype at cycles 11 and 12, where 3 

represents the center of the centrosome. The values are normalized to tubulin signal (0–1), 

and the axes for Nuf graphs are expanded to compare the two treatments. OreR, n = 243; 

BI2536, n = 175. (C) Highest average Nuf intensity, lowest average Nuf intensity, and differ-

ence between these intensities for all cycle 11 and 12 embryos for each treatment, as well 

as the chi-square value (as compared with OreR) and corresponding p value. All analyses 

were performed on the raw data.
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Supplemental Figure 2.1: Polo directly binds and is required for Nuf phosphory-
lation GST-Nuf and baculovirus-expressed Polo were incubated in the presence 
or absence of ATP32. Autoradiography reveals a strong signal at the slowest migrat-
ing, high molecular weight bands (100kDa). These bands were excised (see asterisks) 
and subjected to liquid chromatography tandem mass spectrometry (LC MS/MS).
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Supplemental Figure 2.2: Genetic reduction of Polo activity maintains Nuf at the 
centrosome through metaphase. A) Cycle 11 GFP Nuf embryos through the stages of 
mitosis injected with rhodamine-labeled tubulin (top) and expressing GFP Nuf (bottom). 
B) Cycle 11 GFP Nuf; polo10 embryos through the stages of mitosis injected with
rhodamine-labled tubulin (top) and expressing GFP Nuf (bottom). Both experiments were
recorded with identical laser settings and represent the original, non-manipulated data.
The difference in tubulin background likely reflects the distance from the injection site
these images were taken. Any difference in the Nuf channels is likely a reflection of differ-
ences that arise when polo expression is reduced.
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Supplemental Figure 2.3: Nuf maintenance at the centrosome is cycle-dependent 
(prophase) A) Graphs indicate the tubulin (blue) and Nuf (red) signal at the centrosome 
during prophase for OreR and BI2536-treated embryos for each cycle. An asterisk 
indicates that only one embryo contributes to that graph, while the others are averages 
of multiple embryos. B) The charts indicate the number of centrosomes and embryos for 
each genotype in each cycle.
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Supplemental Figure 2.4: Nuf maintenance at the centrosome is cycle-dependent 
(metaphase) A) Graphs indicate the tubulin (blue) and Nuf (red) signal at the centro-
some during prophase for OreR and BI2536-treated embryos for each cycle. An asterisk 
indicates that only one embryo contributes to that graph, while the others are averages 
of multiple embryos. B) The charts indicate the number of centrosomes and embryos for 
each genotype in each cycle.
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Chapter 3: Aberrant phosphorylation states of Nuf/FIP3, a Rab11 effector, disrupt 
cytokinesis in the early Drosophila embryo 

ABSTRACT 

During cytokinesis, mammalian cells rely on a combination of actomyosin-based constriction 

and vesicle delivery for furrow ingression during cytokinesis. In the early Drosophila embryo, 

the conserved Rab11 effector, Nuf/FIP3, is essential for recycling endosome-derived vesicle 

delivery to ingressing furrows. Loss of Nuf disrupts furrow formation in the early embryo 

resulting in abnormal nuclear divisions, aneuploidy, and inviability of the embryo. Recent 

work in the lab has shown that Nuf/FIP3 localization is cell cycle-dependent and regulated via 

phosphorylation by Polo kinase, specifically at Ser225 and Thr227. In this study, we have 

generated flies expressing non-phosphorylatable and phosphomimetic Nuf to determine the 

functional significance of these phospho-sites. Using a combination of genetic, cytological, 

and confocal microscopy techniques, we determined that these two sites are critical for Nuf 

and recycling endosome localization as well as actin and membrane furrow formation. We 

hypothesize that these two sites are required for recruitment of Nuf to the centrosome, likely 

via the motor protein Dynein/Dynactin. 
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INTRODUCTION 

Cytokinesis is the physical separation of two daughter cells following mitosis. In mammalian 

cells, this separation is driven both by contraction of the actomyosin ring and vesicle delivery 

to the ingressing furrow. Vesicles derived from both the secretory and endocytic pathways 

contribute membrane and key molecules to the furrow (Sisson et al., 2000; Riggs et al., 2003; 

Papoulas et al., 2005; Albertson et al., 2005; Wilson et al., 2005; Montagnac et al., 2008). 

Failure of vesicle delivery can affect both furrow ingression and abscission, ultimately leading 

to incomplete cytokinesis, binucleate cells, and future aneuploidy.  

In both Drosophila and mammalian cells, the recycling endosome (RE) contribution of 

membrane vesicles is critical for cytokinesis to occur. Both Rab11 and Nuf/FIP3 are essential 

RE proteins required for cytokinesis (Riggs et al., 2003; Hickson et al., 2003; Wilson et al., 

2005). In rab11 or nuf mutants, furrow ingression in the Drosophila early embryo is 

incomplete, leading to spindle fusions, aneuploidy, and nuclear fallout (Sullivan et al., 1993; 

Rothwell et al., 1998; Riggs et al., 2003). These embryos do not progress through 

development. Similarly, studies in mammalian cells demonstrate Rab11 is required for furrow 

ingression. FIP3, the human orthologue of Nuf, is absolutely required for secondary 

ingression and abscission (Wilson et al., 2005; Fielding et al., 2005; Schiel et al., 2012). 

In our lab we have explored the timing and subcellular localization of Rab11 and Nuf 

in the early divisions. Both Rab11 and Nuf accumulate at the centrosome-associated RE in 

prophase, but Nuf dissociates from the RE during metaphase (Riggs et al., 2003). This timing 

correlates strongly with furrow ingression, suggesting regulation of vesicle delivery is directly 

related to the association of Nuf with the centrosomally associated RE. Further, we have 

shown that Nuf dispersal into the cytoplasm is correlated with phosphorylation at Ser225 and 

Thr227 (Brose et al., 2017). When Nuf is phosphorylated by Polo kinase it can no longer 

associate at the RE, halting vesicle delivery to the furrow and prompting furrow regression. In 

the absence of Polo activity, non-phosphorylated Nuf is maintained at the centrosome 

through metaphase (Brose et al., 2017). 
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This research explores the consequences of non-phosphorylatable or constitutively 

phosphorylated Nuf in the Drosophila early embryo divisions. Previous work has shown that 

overexpression of Rab11 or Nuf leads to cell fate transformations in Drosophila sensory 

organ precursor cells by way of stabilizing RE formation in pIIa (Emery et al., 2005). The 

authors suggested that Nuf phosphorylation may play a key role in stabilizing RE formation. 

We have created transgenic flies that express non-phosphorylatable (nonphospho) Nuf and 

constitutively phosphorylated (phosphomimetic) Nuf in a nuf background. We find that 

phosphorylation state of Nuf throughout the cell cycle affects viability, the subcellular 

localization of Nuf, the formation of the RE as observed by Rab11 localization, and proper 

metaphase furrow formation. 
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METHODS AND MATERIALS 

Fly Stocks and Husbandry 

Stocks were maintained on standard maize meal/molasses medium at room temperature 

unless otherwise noted. OreR served as the wild-type control stock. Other stocks used in this 

study include w;;nuf1mat a-tubulin::GAL4/TM3,Sb,Ser, deficiencies in Dynactin subunits 1-6 

(Bloomington), w;;nuf1/TM3,Sb,Ser.  

UAS::GFP-Nuf and Nuf phospho-mutant stocks were generated by injection of 

constructs into the germlines of w1118 flies and integrated into the genome by P-element 

mediated transposition. The transgene contains a mini-white marker, and lines were selected 

for stable expression of this marker. After a series of crosses, transgenic stocks were 

maintained as w;UAS::GFP Nuf transgene/CyO;nuf1/TM3,Sb,Tb.  

For all Nuf phospho-mutant embryos, homozygous transgenic males (w;UAS::GFP 

Nuf transgene; nuf1) were crossed to w;;nuf1mat a-tubulin::GAL4/TM3,Sb,Ser. The resulting 

females were mated to their genotype-matched brothers (w;UAS::GFP Nuf transgene/+;nuf1/ 

nuf1mat a-tubulin::GAL4). 

Hatch Rate Analysis 

Transgenic females and males were mated at 29oC for 5 hours on fresh grape plates with 

yeast paste. All embryos were collected, transferred to new plates without yeast paste, and 

maintained at 25oC. After 40-45 hours, these plates were screened for hatched eggs. Rates 

are represented as a percentage of hatched/laid. 

Embryo Fixation and Immunostaining 

Flies were acclimated to collection bottles (grape agar plates + yeast paste) for 24 hours 

before collection. Flies laid embryos for one hour, then the embryos were aged for one hour 

at room temperature. Embryos were transferred to a collection basket and dechorionated in a 

50% bleach solution. Dechorionated embryos were transferred to a clean dram vial with 

solution of heptane. An equal volume of 37% formaldehyde was added, mixed, and let sit for 
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5 minutes. The formaldehyde was removed, and methanol was added at equal volume, 

mixed, and let sit for 1 minute. The heptane was removed along with any embryos in the 

upper phase. Methanol was added to fill ½ of the dram vial, and embryos were stored at 4oC 

until immunostaining. 

Embryos were rehydrated in 100ul of PBTA for 15 minutes at room temperature. 

Embryos were left in primary antibodies overnight at 4oC. Primary antibodies included 20ug 

rabbit anti-Nuf, 1:100 mouse anti-alpha tubulin (Sigma). Embryos were washed 4x15 minutes 

in PBTA, then incubated in secondary antibodies for 1.5 hours at room temperature. 

Secondary antibodies included Alexa 488 anti-rabbit and Alexa 594 anti-mouse. Embryos 

were washed 4x15 minutes in PBTA, washed quickly 4 times in PBS-Azide, then placed on 

slides in 40ul mounting medium and sealed. Slides were stored in the dark at -20oC. 

Embryo Fixation and Staining with Phalloidin and Propidium Iodide 

Flies were acclimated to collection bottles (grape agar plates + yeast paste) for 24 hours 

before collection. Flies laid embryos for one hour, then the embryos were aged for one hour 

at room temperature. Embryos were transferred to a collection basket and dechorionated in a 

50% bleach solution. Dechorionated embryos were transferred to a clean dram vial with 

solution of heptane. An equal volume of 37% formaldehyde was added, mixed, and let sit for 

5 minutes. The formaldehyde was removed, and embryos were removed in heptane to a 

1x1cm square of Whatman paper. Embryos were transferred to double stick tape, covered in 

PBTA, and de-vitellinated by hand with a syringe and 23 gauge needle. Embryos were stored 

in a clean dram vial in PBTA at 4oC. 

Embryos were treated with 100uL RNaseA at 37oC for 2 hours. The RNaseA was 

removed, and embryos were then treated with Alexa 488 Phalloidin 1:100 in PBTA at room 

temperature for 2 hours. Embryos were washed 4x15 minutes in PBTA, washed quickly 4 

times in PBS-Azide, then placed on slides in 40ul mounting medium containing propidium 

iodide and sealed. Slides were stored in the dark at -20oC. 
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Fixed Tissue Imaging 

Confocal microscope images were captured on an inverted photoscope (DMIRB; Leitz) 

equipped with a laser confocal imaging system (TCS SP5; Leica) using an HCX PL APO 

63×/numerical aperture 1.4 oil objective (Leica) at room temperature. Z stacks were captured 

at a step size of either 0.5um or 1um. 
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RESULTS 

Transgenic Nuf phospho-mutants result in partial female sterility 

A recent study in our lab found that Polo kinase is responsible for phosphorylating Nuf at two 

residues, Ser225 and Thr227 (Figure 1A). Phosphorylation of Nuf determines its localization, 

where non-phosphorylated Nuf accumulates at the centrosome until prophase, and 

phosphorylated Nuf is dispersed into the cytoplasm by metaphase. When expression of polo 

is diminished, Nuf is maintained at the centrosome through metaphase. Changes in Nuf 

localization may also affect metaphase furrow dynamics. Interestingly, these residues lie 

within the coiled-coil region of Nuf, not the Rab11-binding domain (Figure 1B). Previous work 

in the lab shows that Nuf is constantly associating and disassociating with the RE (Rothwell  

et al., 1998; Riggs et al., 2003). In order to maintain functional levels at the RE, Nuf must be 

continuously recruited. We have shown that Nuf relies on both microtubules and the minus-

end directed motor Dynein to concentrate at the RE (Riggs et al., 2007). We hypothesize that 

phosphorylation of these residues does not prevent Nuf from binding Rab11, but rather from 

binding to Dynein/Dynactin to be recruited to the centrosome. 

To determine the importance of phosphorylation at these two residues, our lab 

generated transgenic Nuf flies in which we mutated both residues to alanines (a non-

phosphorylatable, or non-phospho, Nuf). Similarly, we mutated both residues to aspartate 

and glutamate, respectively, to act as a phosphomimetic Nuf (Figure 1C). Additionally, all 

transgenes express GFP at the N-terminus. In total, we generated GFP Nuf, GFP non-

phospho Nuf, and GFP phosphomimetic Nuf transgenic flies. 

We first tested the viability of embryos derived from mothers expressing these 

transgenes in a nuf background. GFP Nuf flies rescued the mutation at about 50%. Non-

phospho Nuf flies rescued to 20.3%, and phosphomimetic Nuf flies rescued at 13.5% (Figure 

2). No eggs hatched from homozygous w;;nuf1mat-a-tubulin GAL4 females. These results 

demonstrate that all of the Nuf transgenes rescue the nuf phenotype, while the phospho-
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mutants have a more severe effect than GFP Nuf alone, suggesting that regulation of Nuf 

phosphorylation is required for early Drosophila development. 

Phosphomimetic Nuf cannot localize to the centrosome 

Nuf localization to the centrosome is regulated throughout the cell cycle, with the highest 

concentrations observed at prophase and dispersion into the cytoplasm observed at 

metaphase (Rothwell et al., 1998; Riggs et al., 2003; Brose et al., 2017). Nuf is a phospho-

protein, and careful, single-embryo experiments have shown that phosphorylation of Nuf is 

directly correlated with its dispersion into the cytoplasm (Rothwell et al., 1998; Brose et al., 

2017). Further, only two residues of Nuf have been identified as phospho-sites in the early 

embryo, Ser225 and Thr227 (Zhai, et al., 2008; Brose et al., 2017). Using the Nuf phospho-

mutants our lab has generated, we sought to determine the functional significance of these 

residues in the subcellular localization of Nuf throughout the cell cycle. 

 We propose that phosphorylation of these residues disrupts the ability of Nuf to bind 

the minus-end motor protein Dynein/Dynactin. In the presence of non-phospho Nuf, we 

expect it will be able to bind Dynein past prophase, resulting in Nuf maintenance at the 

centrosome in metaphase, similar to our findings when polo expression is diminished. Failure 

to bind Dynein should result in Nuf’s dispersal into the cytoplasm, as it can no longer be 

recruited to the RE/centrosome along microtubules. Using our phospho mutants, we expect 

to see mislocalization of Nuf throughout the cell cycle as its binding to Dynein is disrupted.  

 To determine the localization pattern of our transgenes, we imaged embryos fixed 

and stained for Nuf and alpha-tubulin during prophase and metaphase. Figure 3 shows cycle 

10 and 11 embryos stained for Nuf (green) and alpha-tubulin (red) during prophase. GFP Nuf 

and non-phospho Nuf both localize to the centrosome, while phosphomimetic Nuf does not 

appear to specifically bind at the centrosome. Interestingly, phosphomimetic Nuf is expressed 

at high levels, but it does not peak at the centrosome, suggesting phosphorylation at these 

residues prevents it from localizing to the centrosome, even during prophase. 
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 Figure 4 shows cycle 10 embryos stained for Nuf (green) and alpha-tubulin (red) 

during metaphase. As expected, GFP Nuf does not localize to the centrosome during 

metaphase. We expected non-phospho Nuf to behave similarly to embryos with diminished 

polo activity, but Nuf was not maintained at the centrosome during metaphase in the non-

phospho mutants. Phosphomimetic Nuf did not localize to the centrosome during metaphase. 

We can conclude that phosphorylation of these two residues clearly affects the ability of Nuf 

to be recruited to the centrosome during prophase. However lack of phosphorylation does not 

necessarily lead to Nuf maintenance during metaphase. 

Nuf and RE localization are tightly interdependent (Riggs et al., 2003; Emery et al., 

2005). Like Nuf, Rab11 (a marker for the RE) localizes to the centrosome at prophase in the 

early divisions and is dispersed at metaphase (Rothwell et al., 1998; Riggs et al., 2003; Brose 

et al., 2017). In the absence of either Nuf or Rab11, the other does not localize to the 

centrosome, and both mutants exhibit furrow formation defects and maternal effect lethality 

(Sullivan et al., 1993; Rothwell et al., 1998; Riggs et al., 2003; Cao et al., 2008).  

Since our Nuf phospho-mutants displayed aberrant localization during the cell cycle, 

we determined the effect of the phosphorylation state of Nuf on RE formation. Embryos were 

fixed and stained for Rab11 and alpha-tubulin in both prophase and metaphase. GFP Nuf 

embryos exhibit normal Rab11 staining at the centrosome during prophase and in the 

cytoplasm during metaphase (data not shown). Based on the interdependence of Rab11 and 

Nuf, we expect non-phospho Nuf mutants will exhibit wild-type Rab11 localization. In 

contrast, since phosphomimetic Nuf did not localize to the centrosome during the cell cycle, 

we expect Rab11 will not localize to the centrosome. 

Nuf phospho-mutants disrupt furrow formation 

Nuf localization to the centrosome during mitosis is known to activate vesicle delivery to the 

ingressing furrow from the recycling endosome. In the absence of Nuf after prophase, vesicle 

delivery halts, and the furrow begins to regress. In the absence of Nuf and Rab11, furrow 
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formation is disrupted, leading to improper centrosome spacing, aneuploidy, and nuclear 

fallout. 

We have shown in Figure 3 that phosphomimetic Nuf does not localize to the 

centrosome during prophase. It follows that disruption of this localization should prevent 

vesicle delivery and furrow formation. We hypothesize that our Nuf phospho-mutants will 

negatively affect furrow formation in the early embryo. 

Using fixed confocal analysis of Drosophila early embryos, we show that both the 

non-phospho and phosphomimetic Nuf mutants exhibit actin furrow abnormalities. In the non-

phospho mutants, actin staining is extremely weak. Gaps between the actin lead to uneven 

nuclear spacing, an early indication of future aneuploidy (Figure 4).  

Similarly, fixed phosphomimetic Nuf embryos exhibit gaps in the actin-based furrows 

that disrupt nuclear spacing, though the actin staining is very strong. In addition, these 

embryos frequently exhibit what we describe as ectopic actin, polymerized actin that appears 

as a network between the furrows or above the nuclei that is never seen in wild-type 

embryos. 

Additionally, we observed under white light the overall health and structure of the 

embryos in our mutants. Compared to GFP Nuf embryos, both the non-phospho and 

phosphomimetic mutants exhibited defects at the cortex (not shown). In wild-type and GFP 

Nuf embryos, the cortex during the cell cycle shows a distinct, clean outline of the pseudo-cell 

division with invaginations at the ingression sights. This outline is uniform throughout the 

embryo cortex, and a cross-section looks similar to cob of corn. In our phospho-mutants, 

particularly the phosphomimetic Nuf, the outline is less uniform, the invaginations less clear. 

This suggests Nuf phosphorylation state is not only affecting actin furrow formation but also 

membrane components of the furrow as well. Indeed, our lab has shown that nuf embryos 

exhibit stronger effects on furrow membrane than furrow actin (Rothwell et al., 1999; Cao et 

al., 2008; Crest et al., 2012).  
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Dosage-sensitive interactions between nuf and Dynactin result in sterility 

Nuf is constantly associating and dissociating from the RE prior to metaphase in the early 

embryo. Chemical inhibition of microtubule polymerization and expression knockdown of 

dynein heavy chain have both been shown to prevent the recruitment of Nuf to the RE in the 

following cell cycle (Riggs et al., 2007). These data suggest Nuf is transported by Dynein 

along microtubules to the centrosome-associated RE. Indeed, Nuf directly binds both DHC 

and a component of the Dynactin complex (Arp1) in vitro (Riggs et al., 2007; Crest, 

unpublished). As S225 and T227 do not exist in the Rab11-binding domain of Nuf, we 

hypothesize that these residues interact with Dynein during prophase. We propose that 

phosphorylation of these residues disrupts the Nuf/Dynein interaction, preventing the 

recruitment of Nuf to the RE at metaphase. 

To test our hypothesis about a Nuf/Dynein interaction genetically, we relied on our 

previous studies that show Nuf exhibits a dosage-sensitive phenotypes with Polo kinase and 

actin-remodeling proteins (Brose et al., 2017, Cao et al., 2008). We screened deficiencies in 

all six Dynactin subunits as well as a DHC hypomorph for a dosage-sensitive interaction with 

Nuf. Embryos derived from females doubly heterozygous for nuf and these Dynein/Dynactin 

deficiencies were analyzed for defects in metaphase furrow formation. Surprisingly, none of 

the imaged embryos exhibit a strong defect in actin furrow despite the lower doses of both 

Nuf and Dynein/Dynactin (data not shown). This suggests that either Nuf does not interact 

directly with these proteins or that the lower dose is still sufficient to produce healthy 

embryos. Interestingly, a deficiency in Dynactin 2 (Dynamitin) in combination with nuf did not 

produce enough embryos to image, despite multiple attempts to produce a fertile cross. We 

suggest this interaction may be strong enough to disrupt not embryogenesis but perhaps 

oogenesis in the females. Further work is required to determine the health of the ovaries and 

oocytes in these flies.  
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DISCUSSION 

The role of vesicle delivery to the cytokinesis furrow is gaining recognition in the field. In the 

absence of key secretory and endosomal pathway components, completion of cytokinesis 

fails, leading to multinucleate and/or aneuploid cells. We seek to advance the understanding 

of these mechanisms by further studying how these pathways are regulated to switch from 

their interphase to mitotic roles. 

Phosphorylation of Nuf/FIP3 has been correlated with its localization and function in 

the past (Rothwell et al., 1998; Collins et al., 2012; Brose et al., 2017). This study sought to 

determine the effects of aberrant phosphorylation of the only two targeted residues in the 

Drosophila early embryo, Ser225 and Thr227. We find that both non-phospho and 

phosphomimetic Nuf are capable of rescuing the nuf maternal effect lethality. However, both 

phospho-mutants exhibit increased female sterility compared to a GFP Nuf rescue transgene. 

To explain the lower rescue rates, we utilized immunofluorescent confocal 

microscopy to study the effects of these transgenes on Nuf and Rab11 localization. Embryos 

in mitosis exhibit a cell cycle-dependent localization of both Nuf and Rab11, in which Nuf and 

Rab11 are enriched at the centrosome during prophase but disperse into the cytoplasm by 

metaphase. Previous work in the lab has shown that inhibiting the activity of Polo, the kinase 

responsible for phosphorylating Nuf at these two residues, leads to a maintenance of Nuf at 

the centrosome during metaphase, suggesting phosphorylation alone may be affecting Nuf’s 

localization (Brose et al., 2017). Indeed, while we find that non-phospho Nuf does not 

significantly affect Nuf or Rab11 localization, phosphomimetic Nuf did not localize to the 

centrosome even during prophase. Rab11 localization was also impaired in phosphomimetic 

Nuf embryos, implying impaired RE formation and function. 

During mitosis, Nuf localization to the RE stimulates Rab11 vesicle delivery to the 

ingressing furrow. These vesicles deliver membrane, actin, and the actin remodeler RhoGEF 

to the furrow, expanding both the actin and membrane growth of the metaphase furrows. In 
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both nuf and rab11 mutants, failure of vesicle delivery to the furrows affects actin and 

membrane furrowing, leading to aneuploidy, nuclear fallout, and embryo death. Phalloidin 

staining of the actin furrows demonstrates that both the non-phospho and phosphomimetic 

Nuf mutants exhibit metaphase furrow defects. Non-phospho Nuf embryos exhibit a milder 

phenotype, with low actin signal and occasional aneuploidy. In contrast, phosphomimetic 

embryos exhibit both gaps in the actin furrow as well as ectopic actin networks between 

normal sites of furrow formation. DIC optic observations also indicate phosphomimetic Nuf 

membrane is more greatly affected, as the edges of metaphase embryos are not as crisp 

compared to GFP Nuf and non-phospho Nuf embryos.  

The two altered residues in this study are located in a central, coiled-coil domain of 

the protein while the Rab11-binding domain is found at the C-terminus. This suggests that 

phosphorylation of these residues does not displace Nuf from the RE directly. Instead, we 

hypothesize that phosphorylation of these two residues disrupts the binding of Nuf to the 

minus end-directed motor, Dynein. Indeed, past work in our lab has demonstrated that Nuf 

binds Dynein in vitro (Riggs et al., 2003). Further, anti-DHC injection of embryos prevents Nuf 

from being recruited to the RE in the syncytium and after cellularization (Riggs et al., 2003). 

In a similar fashion, Nlp, a centrosomal protein, is phosphorylated by Plk1, and this 

phosphorylation is correlated with Nlp dissociation from the centrosome (Casenghi et al., 

2003). Follow-up studies show that this phosphorylation specifically disrupts the interaction 

between Nlp and dynactin subunit p150Glued (Casenghi et al., 2005). In our hands, a 

preliminary, dosage-sensitive interaction between nuf and dynactin subunit deficient flies 

suggests Nuf may require Dynamitin for early embryo survival. However, more work is 

required to determine if these residues are in fact the dynein binding site on Nuf. 
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MAPMPRIQLPNGNSSIKASTNDFLFAETMSGDSSPTPSSPPSSTAGV
AKSQCSSLSDGESFEGYGENEYPTQLREARSSNSNGSHNMSNHINN
NSNISVGNNSGHNHSGHSNDGNNNLNGSTGVELDLAPHVGSSTPQD
DDELNIMPRDNWARRSLRRTPTSSGRRQISSNALASQLYRSSSFNSS
GRSSNCDTTEDMYSDISLENRHDYDYRLELLQRKVDDLS*DT*QNIAE
DRTTRTKTEYAVLQARYHMLEEQYRESELRAEERLAEEQKRHREILA
RVEREASLQNENCQMKIRATEIEATALREEAARLRVLCDKQANDLHR
TEEQLELARDQIGVLQQEHEEQAQALRRHEQEKKSTEELMLELGRE
LQRAREESGARAMPTTSPESIRLEELHQELEEMRQKNRTLEEQNEE
LQATMLTNQATMLTNGVEQGRHLLNGTLNSLAQELEEMSQAQLQQA
FQEKEDENVRLKHYIDTILLNIVENYPQLLEVKPMERK

Figure 3.1: Schematic of Nuf phospho-mutants. A) Nuf sequence 
color-coded by domain. Asterisks indicate Polo targets. B) Nuf domains 
with their amino acid positions. C) Schematic of GFP and phospho-mutant 
Nuf domains with amino acid substitutions indicated where red is 
non-phosphorylatable and green mimics constitutive phosphorylation Nuf.
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Genotype Laid

GFP Nuf

non-phospho
Nuf

phospho-
mimetic

Nuf

1085 532 49.0%

RateHatched

665 135 20.3%

155 21 13.5%

Figure 3.2: Nuf phospho-mutants exhibit partial female 
sterility. GFP Nuf and the Nuf phospho-mutants were allowed 
to lay embryos for five hours, then the hatch rate was deter-
mined no more than 48hrs later. All transgenes rescued the nuf 
maternal effect lethality phenotype, while the phospho-mutants 
exhibited partial sterility compared to GFP Nuf alone.
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Figure 3.3: Nuf phospho-mutant localization during prophase. Cycle 10 and 11 
embryos fixed and stained for Nuf (green) and tubulin (red) during prophase. GFP Nuf and 
non-phospho Nuf exhibit wild-type Nuf staining that localizes at the centrosome 
(non-phospho Nuf is weak but present). Phosphomimetic Nuf does not localize to the 
centrosome during prophase despite high diffuse expression.
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Figure 3.4: Nuf phospho-mutant localization during metaphase. Cycle 10  embryos 
fixed and stained for Nuf (green) and tubulin (red) during metaphase. Nuf does not localize 
to the centrosome in any of the transgenic embryos. Phosphomimetic Nuf appears to 
mildly affect spindle structure compared to GFP Nuf.
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Figure 3.5: Nuf phospho-mutants disrupt actin furrow formation. Cycle 10, 12, and 
cellularized embryos fixed and stained for actin (phalloidin, green) and DNA (propidium 
iodide, red) during metaphase. GFP Nuf exhibits normal furrowing at all three cycles. 
Non-phospho Nuf exhibits weak actin staining, with occasional gaps (arrows), and aneu-
ploidy is observed at cellularization. Phosphomimetic Nuf exhibits furrow gaps as well as 
ectopic actin (arrowheads). Strength of actin furrow disruption varied among embryos.
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Chapter 4: Phosphorylation of Nuf/FIP3 influences RE formation and inheritance in 
asymmetrically dividing cells in Drosophila  

ABSTRACT 

The mechanisms driving division asymmetry in stem and progenitor cells have been studied 

and defined for decades. Intrinsic determinants accumulate in mutually exclusive domains to 

affect cell fate following division. These determinants are largely RNA- or protein-derived and 

therefore small relative to the cell. To date, the centrosome is the only organelle implicated in 

influencing division asymmetry. In this study we show that Nuf/FIP3, a recycling endosome-

associated protein, is asymmetrically segregated and regulated in two asymmetric divisions 

in Drosophila: the larval neuroblast and the sensory organ precursor cells. In the neuroblasts, 

phosphorylation of Nuf/FIP3 stabilizes Nuf in the daughter GMC, as evidenced by its 

maintenance in both the daughter NB and the daughter GMC following division. In the SOP 

cells, phosphorylation of Nuf stabilizes the formation of the recycling endosome in the 

daughter pIIa cell, driving a cell fate transformation from neural to epithelial fate in adult flies. 

While these perturbations in division asymmetry exhibit only mild effects in the adult fly, this 

study sets a new precedent for organelles influencing division asymmetry. 
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INTRODUCTION 

Division asymmetry is a hallmark of many stem and progenitor cells. In stem cell divisions, 

the resulting daughters assume two fates: one self-renewing daughter stem cell, and one 

daughter that differentiates into one or more specific lineages (Knoblich et al., 2008). 

Harnessing the regenerative potential of these stem cells has piqued the interest of biologists 

and the medical field over the past decade. In recent years, advancements have been made 

in manipulating stem cells to treat macular degeneration, pancreatic alpha-cell replacement in 

Type I diabetes, neurodegeneration, and aging (Nazari et al., 2015; Millman et al., 2016; Shi 

et al., 2017). Still more remains to be understood about the mechanisms driving division 

asymmetry and how cells maintain an undifferentiated state. 

Several studies have shown that division asymmetry is influenced extrinsically, in 

which the neighboring cells, or niche, provide extracellular cues to guide division asymmetry 

(Leatherman, 2013). For example, in male Drosophila germline stem cells (mGSCs), the cell 

that remains physically associated with the niche, or hub, cell maintains its stemness (self-

renewing properties), while environmental cues advance the differentiation of the unattached 

daughter (Kiger et al., 2001; Tulina and Matunis, 2001; Yamashita et al., 2003). In addition, 

many cells can also establish division asymmetry intrinsically, in which the cell segregates 

internal components that influence cell fate following division. These intrinsic cell fate 

determinants are frequently small proteins or RNAs that aggregate specifically at one pole of 

the cell. Such internal regulation requires the cell to set up apical/basal or anterior/posterior 

polarity and then orient the spindle in relation to this polarity to ensure self-renewing 

determinants are segregated to only one daughter (Neumuller and Knoblich, 2009). 

It has long been established that the centrosome establishes polarity and proper 

spindle alignment in these divisions (Rusan and Peifer, 2007). Astral microtubules emanating 

from the centrosome toward the cortex help guide intrinsic determinants to the correct poles. 

In fact, mutations that disrupt these astral microtubule arrays result in cell fate defects, likely 

due to improper segregation of these polarity determinants (Rusan and Peifer, 2007; 
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Sansreget et al., 2013). Recently, several studies have shown that the centrosome itself may 

also act as an intrinsic determinant. In a number of stem cells – including Drosophila male 

germline stem cells, Drosophila neuroblasts, and mouse radial glial cells – the centrosome 

with the more robust microtubule organizing center (MTOC) is apically positioned and 

inherited by the self-renewing daughter stem cell (Lerit et al., 2013). This suggests a strong 

role for the centrosome as an organelle in influencing stem cell fate following asymmetric 

division.  

The above studies raise the issue of whether cytoplasmic organelles in addition to 

the centrosome may be involved in establishing division asymmetry. Here I examine the role 

of the recycling endosome, an endocytic organelle required for vesicle delivery to the plasma 

membrane, in establishing the division asymmetry associated with stem cells. These studies 

are based on a previous study demonstrating that overexpression of Rab11, a RE-specific 

GTPase, led to cell fate transformations in the sensory organ precursor (SOP) cells, favoring 

an epithelial fate over a neuronal fate (Emery et al., 2005). They suggest that establishment 

of an active RE in both daughters following asymmetric division influences this 

transformation, as overexpression of Nuf, a Rab11-activating protein, also leads to fate 

transformations. 

We explored the subcellular localization and cell fate transformation of wild-type and 

mutant Nuf in Drosophila larval neuroblasts (NBs) and SOPs. In a Drosophila NB division, the 

stem cell divides asymmetrically into a self-renewing daughter NB and a differentiating 

daughter ganglion mother cell (GMC). The spindle orients to an apical/basal polarity, where 

apical determinants such as Bazooka, Inscuteable, and Pins are maintained by the daughter 

NB, and the basal determinants are inherited in the daughter GMC (Knoblich et al., 2008; 

Morin and Bellaiche, 2011; Siller and Doe, 2009; Yu et al., 2006). In this division, the more 

robust, daughter centrosome is found at the apical end (Rusan and Peifer, 2007). In contrast, 

SOPs exhibit an anterior/posterior polarity, in which the SOP divides into an anterior pIIb cell 

with the determinants Numb, Neuralized, Discs large, and Pins, and a posterior pIIa cell with 
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the determinants Par-3/6 and active Lgl (Bellaiche et al., 2004; Coumailleau et al., 2008).The 

pIIb cell will divide to differentiate into a neuronal fate, while the pIIa cell will divide to adopt 

an epithelial fate. We find that Nuf is preferentially segregated to the daughter stem cell 

following the NB divisions and that Nuf phospho-mutants strongly influence Nuf maintenance 

when it is symmetrically segregated. Further, phosphomimetic Nuf strongly influences cell 

fate transformation in Drosophila SOPs, driving an epithelial fate similar to that observed by 

Emery, et al. (2005). 
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METHODS AND MATERIALS 

Fly stocks and husbandry 

Stocks were maintained on standard maize meal/molasses medium at room temperature 

unless otherwise noted. OreR served as the wild-type control stock. Other stocks used in this 

study include Sca-GAL4/CyO (Bloomington), elav-GAL4; H2Av-RFP.  

UAS::GFP-Nuf and Nuf phospho-mutant stocks were generated by injection of 

constructs into the germlines of w1118 flies and integrated into the genome by P-element 

mediated transposition. The transgene contains a mini-white marker, and lines were selected 

for stable expression of this marker on the second chromosome. Transgenic stocks were 

crossed to their respective GAL4 drivers and selected for GFP expression (neuroblast) or the 

absence of curly wings (SOP). 

Widefield microscopy 

Preparation of third-instar larval brains for live analysis were dissected in PBS and 

transferred in a drop of PBS on a coverslip. The brain was slightly squashed as described in 

Buffin et al. (2005). The brains were observed with a wide-field fluorescence inverted Leica 

DMI6000B microscope equipped with a Hamamatsu ORCA C9100 EM-CCD camera and 

100x (NA 1.4) lens and 1x binning. Z series of 0.5 um steps were acquired every 20s for a 

maximum time of 25 min, then processed and deconvolved with LAS AF6000 software. All 

movie frames are maximum-intensity projections.  

Bristle duplication analysis 

Nuf transgenes were crossed to Sca-GAL4/CyO. F1 progeny were selected for the absence 

of curly wings, indicating a genotype of GFP::Nuf transgene/Sca-GAL4. These flies were 

scored for loss or duplication of the major bristles visible on the thorax. Each fly was scored 

only once, even if multiple bristles were lost/duplicated. A confidence interval was calculated 

to compare bristle duplication rate between the Nuf transgenic flies and Sca-GAL4 controls. 
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RESULTS 

Nuf is preferentially segregated to the daughter neuroblast following asymmetric stem 

cell divisions 

Many RNA and proteins are unequally distributed during asymmetric stem cell divisions. 

Often, these molecules influence the fate of the resulting daughter cells to either maintain 

stemness or to terminally differentiate. In addition to these components, it has been shown 

that the centrosome, the primary microtubule organizing center in mitotic cells, is also 

specifically segregated in these asymmetric divisions. We explored the segregation of 

Nuf/FIP3, a RE protein that is required for cytokinesis in the early embryo and mammalian 

cells, following the asymmetric division of larval NBs.  

Based on work published by Emery et al. in 2005, and due to its centrosomal 

localization, we sought to determine if Nuf, and by association the RE, could also be 

asymmetrically inherited in this division. We expressed GFP tagged Nuf and the phospho-

mutants in larval NBs with a WT background and followed this division live using widefield 

fluorescent microscopy. For all three genotypes, Nuf is preferentially segregated to the 

daughter NB following division (Figure 1). This suggests two models of Nuf segregation. In 

the first model, Nuf is dispersed throughout the cytoplasm through metaphase and then 

selectively transported into the resulting daughter NB in late anaphase. In the second model, 

any Nuf remaining in the daughter GMC is rapidly degraded following cytokinesis (Figure 2). 

Notably, not all the divisions result in asymmetric segregation of Nuf. When Nuf is 

segregated symmetrically, the phospho-mutants have strong opposing segregation patterns. 

In the non-phospho Nuf NBs, Nuf is frequently lost during the division, inherited by neither 

daughter cell. While Nuf expression in neighboring interphase cells appears strong, by 

anaphase no detectable Nuf is observed in non-phospho Nuf NBs. In contrast, 

phosphomimetic Nuf NBs maintain Nuf in both daughter cells and a rate of 33% (Figure 1C).  

Nuf expression in these cells is bright, where diffuse and punctate Nuf are clearly segregated 

to both daughter cells and maintained following cytokinesis. These results suggest that the 
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phosphorylation state of Nuf may influence the fate of the daughter cells following NB 

division. Maintenance of phosphomimetic Nuf in both daughter cells following division 

supports our second model of Nuf segregation. We propose that phosphorylation of Nuf in 

these divisions protects against degradation following cytokinesis, which explains both why 

the phosphomimetic is so frequently segregated into both daughters while non-phospho Nuf 

is not seen in either daughter following division. 

Polo activity has been well-characterized in this division. Interestingly, Polo is most 

active at the centrosome to be inherited by the daughter NB, while its activity is repressed by 

Plp in the future daughter GMC (Lerit and Rusan, 2013)(Figure 3A). Based on our previous 

work implicating Polo as a primary kinase of Nuf, we can expand our model to suggest that, 

in WT NBs, Polo activity phosphorylates Nuf at the daughter NB pole, protecting Nuf from 

degradation (Figure 3B). In contrast, Polo repression at the GMC pole means Nuf is not 

phosphorylated, leading to its degradation following division (Figure 3C). 

Currently these results have only been characterized in an otherwise WT 

background. More work is necessary to determine the strength of these effects in a nuf 

mutant background. Should the phosphorylation state of Nuf be critical for properly 

asymmetric NB divisions, it would provide yet another model to study and manipulate stem 

cell divisions in a tractable model organism. 

Phosphorylation of Nuf results in cell fate transformation in SOP cells 

Emery et al. (2005) provided the first evidence that the RE plays a distinct role in 

stem and progenitor cell differentiation. Their work shows that, despite the same abundance 

of Rab11 in both pIIa and pIIb cells, only pIIb is capable of localizing and forming a functional 

RE. The existence of this RE allows for the recycling of the signaling protein Delta. When 

Delta is recycled to the surface of pIIb, it can bind to Notch on the surface of pIIa, activating 

Notch in pIIa and driving an epithelial cell fate. Interestingly, overexpression of Rab11 or Nuf 

drove cell fate transformation in this population, resulting in extra epithelial cells.  
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We used our Nuf phospho-mutants to determine if the phosphorylation state of Nuf 

could affect RE formation and, ultimately, affect cell fate. We drove expression of our mutants 

in SOPs using Scabrous-GAL4. Scabrous is a secreted protein expressed in the R8 

photoreceptor precursor cells and sensory organ precursor cells of various imaginal discs 

(Mlodzik et al., 1990). Analysis has been so far limited to mutants in a wild-type background. 

We can use the highly regular bristle pattern on the thorax of the fly as a readout for cell fate 

transformation. Duplication of bristles and/or sockets indicates a change from neuronal to 

epithelial fate, while loss of one or more of these bristles indicates an epithelial-to-neuronal 

transition. 

We find that phosphomimetic Nuf drives cell fate transformation to the epithelial, 

resulting in bristle duplications in 62.93% of flies (n=116). In contrast, non-phospho Nuf 

results in fewer bristle duplications, though no bristle loss, compared to GFP Nuf control 

(Figure 4). The driver itself is rather leaky, resulting in about 50% of flies with bristle 

duplications, however even compared to  this leaky driver, our results are significant. 

We suggest that phosphorylation of Nuf, similar to NBs, may be stabilizing Nuf at the 

RE in both pIIa and pIIb in these mutants. Formation of a RE in both cells leads to Delta 

recycling in both cells. Notch can then be activated in both pIIa and pIIb, eliminating the 

neuronal cell fate of pIIb and enhancing the epithelial fate (Figure 5). More work will be 

required to determine the importance of Nuf phosphorylation in a mutant background and 

with a less leaky driver. 
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DISCUSSION 

The regulation of division asymmetry has gained traction in recent years as science and 

medicine seek new, stem cell-based treatments for cancers and degenerative disorders. 

While cancerous cells are often described as existing in a “de-differentiated” state, we can 

use findings in the field to more specifically target tumor cells in treatment. Further, 

maintaining stemness in tissues prone to degeneration could combat age-related diseases by 

introducing a pool of back-up cells to replace dying tissue. All in all, as the focus shifts onto 

patient-derived treatment, the field of stem cell research will likely see rapid advancements in 

the years to come. 

This study demonstrates a novel role for Nuf and the centrosome-associated RE in 

influencing cell fate following asymmetric cell divisions of the Drosophila NBs and SOPs. The 

Drosophila NB has been studied as a model for asymmetric stem cell division for some time, 

and many mutants in determinants and the MTOC have been identified in this system. 

Drosophila SOPs are another attractive model to study division asymmetry for their 

straightforward phenotype and well-characterized cell-cell interactions. 

In the NBs, we find that, much like the daughter centrosome, Nuf is preferentially 

segregated to the self-renewing daughter following divisions. Phospho-mutants of Nuf also 

preferentially segregate to the daughter NB. Interestingly, the role of phosphorylation of these 

two sites of Nuf exhibits a much stronger phenotype when Nuf is symmetrically inherited, in 

which phosphomimetic Nuf is maintained strongly in both daughter cells while non-phospho 

Nuf appears to be lost. This creates an attractive model in which Polo activity at the apical 

pole is capable of phosphorylating Nuf, protecting Nuf in the future daughter NB while non-

phosphorylated Nuf at the basal end is degraded in the GMC. Support for this model comes 

from studies of beta-catenin, which is phosphorylated at by cAMP-dependent kinase, and this 

phosphorylation protects it from degradation via ubiquitination (Hino et al., 2005). 

In the SOPs, we observed that phosphomimetic Nuf is capable of driving cell fate 

transformation to the epithelial fate at a significant rate, similar to those observations seen by 
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Emery et al. (2005). In the future we hope to also image Nuf in the pupal SOPs to determine 

the state of the RE in pIIa and pIIb cells in our given phospho-mutants. To date, Polo activity 

has not been strongly attributed to influencing division asymmetry in the SOPs. In fact, 

Aurora kinase A shows the greatest activity as a cell cycle regulator in this division, opening 

an avenue to another possible Nuf kinase (Berdnik and Knoblich, 2002). 

A great caveat of this study is that to date, all experiments have been performed in 

an otherwise wild-type background. We hope to soon move our phospho-mutant expressions 

into a nuf background so that we can be certain our observations are a result of transgene 

expression alone and not general overexpression of Nuf in these tissues. Further, our 

phospho-mutants represent only a few of the known phosphorylated residues of Nuf in post-

embryonic Drosophila. Both IKKe and aPKC have been shown to target Nuf at S225 and 

other residues, respectively (Otani et al., 2011; Calero-Cuenca et al., 2016). It would be 

useful to determine the extent of phosphorylation of Nuf in these cell types. 

Currently our results are modest, suggesting the RE is not central in determining cell 

fate following asymmetric division. Unlike known mutants in fate determinants, Nuf does not 

induce brain tumors or excessive bristle phenotypes (Woodhouse et al., 1998; Bilder, 2004; 

Chia et al., 2008). However, studies in an overlapping mechanism for regulating division 

asymmetry provide yet another pathway to manipulate in future treatments. 
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Figure 4.1: Nuf is preferentially segregated to the self-renewing daughter follow-
ing neuroblast division. A) Still frames of a neuroblast division with DNA (red) and Nuf 

(cyan). Nuf is preferentially segregated to the larger, self-renewing daughter (bottom left) 

following cytokinesis. B) Quantification of Nuf segregation to the daughter neuroblast 

(NB - black) or ganglion mother cell (GMC - grey) in GFP Nuf (n=23), non-phospho Nuf 

(n=28), and phosphomimetic Nuf (n=12). C) Quantification of Nuf segregation for each 

Nuf transgene to NB (black), GMC (dark grey), neither daughter (light grey), or both 

daughter (white). n is the same for each transgene as in (B).
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Figure 4.2: Models of Nuf inheritance in the dividing neuroblast. A) Nuf (cyan) is 
initially distributed throughout the cytoplasm in punctae (stars) and diffusely. Late 
anaphase/early telophase, Nuf rushes past the metaphase plate to be inherited by the 
basal daughter neuroblast. B) Conversely, Nuf is still present in both daughters at 
telophase, but is degraded in the daughter GMC following cytokinesis.
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Figure 4.3: Nuf phospho-mutants influence symmetric Nuf inheritance in larval 
neuroblasts. A) Illustration of wild-type neuroblast division with apical (purple) and basal 
(red) determinants. Polo expression is inhibited at the apical pole by Plp. Activity of Polo at 
the basal pole results in phosphorylated Nuf (highlighted stars). Only the daughter neuro-
blast (NB) inherits Nuf because it is protected by phosphorylation. B) In non-phospho Nuf 
mutants, Nuf is not inherited by either daughter cell despite Polo activity. C) In phosphomi-
metic Nuf neuroblasts, both NB and GMC daughters inherit Nuf.
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Figure 4.4: Nuf phospho-mutant bristle duplication events. Summary of bristle 
duplication events in Nuf phospho-mutant transgenes expressed under the 
Sca-GAL4 promoter. Total is the number of flies counted, where duplications are the 
number of flies with one or more duplicated bristles on the thorax (each fly was 
counted once even if more than one duplication occurred). Confidence interval was 
calculated compared to Sca-GAL4 control where * = p<0.05 and ** = p<0.01.
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Figure 4.5: Nuf phospho-mutants influence cell fate in Drosophila SOP cells.
SOP cells divide asymmetrically to adopt a neuronal fate (pIIb, purple determinants) or 
epithelial fate (pIIa, red determinants). Both daughters inherit Nuf (cyan). In pIIb, an active 
RE forms (clustered cyan stars) around the centrosome (yellow star). The prevailing 
hypothesis states that formation of the RE allows recycling of the Notch ligand Delta. 
Recycled Delta can then be presented to the neighboring pIIa cell to activate Notch and 
inform an epithelial fate. We propose that phosphorylation state of Nuf influences RE 
formation in both pIIb and pIIa. In non-phospho Nuf mutants we expect to see no RE 
formation and bristle loss. In contrast, we expect our phosphomimetic Nuf mutants to form 
RE in both pIIb and pIIa. This would result in Delta recycling and presentation to both cells, 
leading to bristle duplications.
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