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Asymmetric cell division (ACD) is used by stem cells to create diverse cell types while self-renewing the 

stem cell population. Nested within ACD is the biased segregation of organelles, which carries functional 

consequences on the functionality of sister cells from ACD. Centrosomes, which are the microtubule 

organizing centers of cells, are comprised of a pair of centrioles that differ by age and molecular 

composition. Biased segregation of molecularly distinct centrosomes could provide a mechanism to 

maintain stem cell fate, induce cell differentiation or both. However, the molecular mechanisms generating 

molecular and functional asymmetric centrosomes remain incompletely understood. The neural stem cell 

lineage in the developing Drosophila larval brain (neuroblasts) provide a robust model to address our 

mechanistic understanding of centrosome asymmetry within the context of ACD. Neuroblasts divide 

asymmetrically to form one neuroblast, which retains its stemness, and one ganglion mother cell (GMC), 

which will differentiate and divide once more to form neuronal and glial cells.  Here, we show how to 

utilize Drosophila neuroblasts to study basic cell biology and ACD, and using Drosophila neuroblasts, we 

show that protein phosphatase 4 (Pp4) is functionally required for centrosome asymmetry. 
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CHAPTER 1. INTRODUCTION  

1.1 ASYMMETRIC CELL DIVISION (ACD) 

Asymmetric Cell Division (ACD) is the process by which an original mother cell gives rise 

to two daughter cells with different properties. This contrasts with symmetric division, which gives 

rise to two daughter cells with identical properties. Stem cells routinely utilize ACD to maintain a 

population of cells that retain their stem-ness while also forming a population of cells that can 

undergo differentiation. Indeed, during development of the human forebrain, neural progenitor 

cells (NPCs) undergo asymmetric divisions to form self-renewed progenitor cells and 

differentiating cells that migrate into the ventricular zone (VZ) (Royall et al., 2023). These 

asymmetries between daughter cells are orchestrated either by external or internal cues. Extrinsic 

cues arise from external signals from the local cell niche, and intrinsic cues can include factors 

such as cortical cell fate determinants, biased localization of RNAs, biased segregation of 

organelles, and biased segregation of protein aggregates (Sunchu and Cabernard, 2020).  

ACD can manifest via (1) physical differences between daughter cells, and (2) differential 

inheritance of sub-cellular components. ACD has been observed in multiple diverse species and 

cell types. One example of size asymmetries can be observed in the budding yeast Saccharomyces 

cerevisiae, where the original mother cell will divide and form a smaller bud cell that is roughly 

half the size of its mother, exemplifying the physical size difference of ACD (Chan and Marshall, 

2014; Higuchi-Sanabria et al., 2014; Chan et al., 2016).  Among other asymmetries, molecular 

asymmetries can be observed in the first zygotic division in the nematode C. elegans, where sperm 

entry breaks the original symmetry of the unfertilized egg and establishes the anterior-posterior 

axis. The anterior and posterior regions of the cell will cluster different sets of partitioning (PAR) 



 

proteins, such that upon the first division, the posterior region of the cell gives rise to the germline 

and some somatic lineages, while the anterior region of the cell will only generate somatic cells 

(Munro and Bowerman, 2009; Gallo et al., 2010) .  

Both physical and molecular asymmetries can be observed in the neural stem cell lineage 

in Drosophila melanogaster. Extrinsic cues from the neuroectoderm establish an apical-basal 

polarity axis, where the activity of the PAR proteins PAR-3, PAR-6, and aPKC exclude cell fate 

determinants from the apical region of the cell and enrich them in the basal region. After cell 

division occurs, the apical cell retains its stemness while the basal cell forms a ganglion mother 

cell (GMC), which will give rise to differentiated neuronal cells (Doe, 2008; Prehoda, 2009; Loyer 

and Januschke, 2020).  

Finally, ACD can also be observed in higher order mammals, such as mice and humans; in 

the developing vertebrate nervous system, neuronal precursor cells undergo a period of symmetric 

cell division to establish a “founder population” of stem cells before switching to ACD to produce 

differentiating cells that migrate into the developing tissue (Noctor et al., 2004; Huttner and 

Kosodo, 2005).   

1.2 NUCLEIC ACID ASYMMETRY 

Asymmetric RNA segregation provides both spatial and temporal control of protein 

synthesis (Sallés et al., 1994; Dahanukar et al., 1999; Forrest et al., 2004; Nelson et al., 2004; 

Shlyakhtina et al., 2019). This asymmetric RNA segregation is one method through which cells 

can become polarized. RNA segregation also plays a role in development, where 71% of mRNAs 

expressed during fly embryogenesis have preferential subcellular localization, implying that 

asymmetric RNA segregation plays a role in early development (Lécuyer et al., 2007). Indeed, the 



 

anterior-posterior axis in Drosophila melanogaster development is controlled by the localization 

of gurken, bicoid, oscar, and nanos mRNA. These RNA are sorted either by microtubule-

dependent transport (gurken, bicoid, oscar) or via diffusion combined with trapping (nanos) 

(Pokrywka and Stephenson, 1991; Clark et al., 1994; González-Reyes et al., 1995; Johnston, 2005; 

Jaramillo et al., 2008; Zimyanin et al., 2008; Pilaz and Silver, 2017).  

RNA patterns can also persist in asymmetric divisions, where there is preferential 

inheritance of RNA transcripts into specific daughter cells. In Drosophila neuroblasts, Prospero 

mRNA interacts with and is bound by the RNA-binding protein Staufen, leading to Prospero 

accumulation on the basal cortex (Broadus et al., 1998). Similarly, while the protein product of 

the gene Miranda localizes basally towards the differentiating ganglion mother cell, the mRNA of 

Miranda localizes apically towards the renewing neuroblast (Schuldt et al., 1998). The correlation 

between Staufen and biased RNA inheritance is not exclusively restricted to fly development; 

Staufen is asymmetrically segregated during neural stem cell division in the developing mouse 

cortex and contributes to normal cortical development (Kusek et al., 2012). Indeed, many of the 

mRNAs that bind with Staufen in the mouse cortex control mitotic exit and metabolism of non-

coding RNAs, suggesting that asymmetric inheritance of Staufen (and thus, Staufen-bound RNAs) 

could contribute to stem cell differentiation (Kusek et al., 2012).  

S. cerevisiae has been used as a model for ACD due to the preferential segregation of 

organelles between a mother and its bud (expanded on in chapter 1.3, “Organelle Asymmetry”), 

the size asymmetry between mother and bud cells, and the regenerative properties of the bud cell 

compared to its mother. A prime example of RNA segregation in yeast comes from the mRNA 

transcript of the gene ASH1, which is asymmetrically concentrated at the bud neck to be inherited 

by the bud cell after division during asexual reproduction (Heym and Niessing, 2012). This causes 



 

the product of ASH1 to be exclusively expressed in the daughter cell, where it prevents mating 

type switching. In other words, this preferential segregation of the mRNA of ASH1 has a direct 

impact on cellular identity in progeny cells. Another example in S. cerevisiae comes from the RNA 

for the gene ENO2 (which catalyzes the conversion of substrates during glycolysis and 

glucogenesis), which again is preferentially distributed to the bud cell. This preferential 

segregation of ENO2 RNA into bud cells decreases as the mother cell increases in age but does 

not impact cell size asymmetry between mother and bud cells (Kukhtevich et al., 2022).  

Chimeric Antigen Receptor T cells (CAR-Ts) divide asymmetrically to distribute their 

proteome and transcriptome to result in daughter cells with divergent fates. Both pre-existing RNA 

transcripts and changes in gene expression (“RNA velocity,” the estimation of gene expression by 

distinguishing between spliced and un-spliced RNA as an approximation in gene expression 

(Manno et al., 2018)) contribute to changes in fate. This results in different transcriptional 

priorities in daughter cells, where one daughter will inherit transcripts/transcription factors to 

support proliferation and effector function, while the other daughter cell will inherit 

transcripts/transcription factors that restrain differentiation and promote longevity (Lee et al., 

2024). 

In developing mollusk embryos, differential RNA segregation is achieved via centrosome 

localization. First, RNAs are transported to the centrosome via microtubule-dependent transport, 

where they are then shunted to the cell cortex via actin-dependent transport. Importantly, these 

mRNA transcripts only arrive to the cell cortex if they first move to the centrosome, implying that 

centrosomes/organelles transport may act as a mediator of specific RNA delivery (Lambert and 

Nagy, 2002) . Similar dynamics can be seen in 24 different mRNA transcripts that preferentially 



 

segregate to centrosomes in Drosophila, implying that this centrosome-specific form of RNA 

delivery may occur in other organisms (Lécuyer et al., 2007).  

1.3 ORGANELLE ASYMMETRY 

Like RNA, organelles can also be asymmetrically segregated between daughter cells 

following ACD. Among other examples expanded on below, several examples of asymmetric 

organelle inheritance include: mitochondria with higher potential for energy synthesis are 

preferentially inherited by the younger bud cell in S. cerevisiae (McFaline‐Figueroa et al., 2011; 

Yang et al., 2022; 2024; Chelius et al., 2023; 2025); Lysosomes carrying Notch signaling proteins 

are preferentially inherited by neural progenitor cells in the mouse neocortex (Coumailleau et al., 

2009; Kressmann et al., 2015); and younger daughter centrosomes are preferentially inherited by 

the neuroblast in the developing Drosophila brain (Conduit and Raff, 2010; Januschke et al., 2011; 

Chen and Yamashita, 2021). This presents an interesting quandary: in symmetrically dividing 

cells, it is logical to equally partition the organelles of the mother cell equally between its 

progenies. How does this change in ACD? Organelles are synthesized to replace damaged or 

degraded older organelles, and these changes can conceivably confer differential organelle 

function (Lerit et al., 2013) . So, do asymmetrically dividing stem cells preferentially segregate 

their organelles into specific progeny cells to confer unto them specific capabilities? Below I detail 

examples of organelle asymmetry with respect to notable organelles, such as the mitochondria, the 

endoplasmic reticulum, the lysosome, and lastly, the centrosome.   



 

1.3.1 Mitochondria 

Mitochondria are responsible for generating ATP from the glycolysis pathway in 

eukaryotic cells. The mitochondria is comprised of an inner and outer membrane which give rise 

to the ion concentration gradient that is used to generate ATP.  

Mitochondria have been observed to segregate asymmetrically within the context of stem 

cell ACD: In mouse oocyte meiosis, mitochondria aggregate around the division spindle via dynein 

mediated mechanisms and move with the spindle towards the oocyte cortex. This asymmetric 

distribution of mitochondria is dependent on the actin cytoskeleton, spindle formation, and cell 

cycle progression (Dalton and Carroll, 2013). Later in division, mitochondria are excluded from 

the polar body, because the polar body is destined to degenerate, resulting in mitochondria 

preferentially segregating into the oocyte (Dalton and Carroll, 2013). This exemplifies the 

importance of asymmetric organelle inheritance, where improper segregation would result in a cell 

with a vastly depleted reserve of mitochondria.  

Similar dynamics can be observed in the budding yeast Saccharomyces cerevisiae, where 

the mother cell will retain lower-functioning, lower redox-potential mitochondria while the bud 

cells will inherit the higher-functioning, newly-synthesized mitochondria (McFaline‐Figueroa et 

al., 2011; Yang et al., 2022; 2024; Chelius et al., 2023; 2025). Biased mitochondrial fission 

facilitates the clustering of protein aggregates in the mitochondrial matrix and keeps older 

mitochondria in mother cells, underlying the asymmetric inheritance of mitochondria in yeast (Sun 

et al., 2023).   

This characteristic inheritance of preferential mitochondria also extends to humans. In 

human mammary stem-like cells, daughter cells that received fewer older mitochondria maintained 

their stem-ness, while inheriting older mitochondria was associated with losing stem-ness, 



 

implicating oxidative capacity with cell fate decisions (Katajisto et al., 2015). Indeed, in epithelial 

stem-like cells, mitochondria are segregated asymmetrically - cells that inherit newer mitochondria 

promotes stemness after division (Spinelli and Zaganjor, 2022). Indeed, similar dynamics extend 

to Drosophila neuroblasts, where mitochondria preferentially segregate into the renewed 

neuroblast (Sen et al., 2013). This segregation is dependent on the positioning of the bipolar 

spindle and distribution of the cytoplasm, further implicating other ACD regulators in the biased 

segregation of organelles (Sen et al., 2013). Morphological changes are observable in GMCs after 

neuroblast division, where mitochondria change from forming discrete puncta in neuroblasts to 

forming elongated, branched filaments in GMCs, implying differences in the capacities of 

mitochondria inherited (Sen et al., 2013). However, the quality of mitochondria distributed to 

neuroblasts and GMCs remains unknown.   

1.3.2 Endoplasmic Reticulum  

If mitochondria show a biased inheritance pattern of segregating older or less favorable 

cellular components away from the stem cell, then there must be a mechanism regulating this 

biased partitioning. The Endoplasmic Reticulum (ER) is one such organelle that can mediate the 

transport of subcellular components into progeny cells. In budding yeast, specialized ER structures 

are formed at the bud neck, implying asymmetric distribution of ER between mother and bud cells 

(Luedeke et al., 2005) . Indeed, a diffusion barrier in the ER is a mediator determining the 

segregation of aging factors in yeast (Shcheprova et al., 2008; Clay et al., 2014). Similar patterns 

are observable in  the single-celled embryo of C. elegans, where the ER is compartmentalized into 

an anterior and posterior domain during the first division, indicating a difference in diffusion 

barriers at the two domains (Lee et al., 2016).  



 

The pattern of ER-partitioning of damaged cellular components to the non-stem cell 

persists in mammalian systems. In mouse neural stem cells, the ER forms a diffusion barrier to 

promote the asymmetric segregation of cellular components; damaged cellular components are 

inherited by the non-stem cell in embryonic and young neural stem cell divisions, but are 

symmetrically inherited in the adult brain (Moore et al., 2015). Similarly, in human embryonic 

stem cells and induced pluripotent stem cells, the ER segregates asymmetrically (Imtiaz et al., 

2022). 

In Drosophila neuroblasts, the ER is asymmetrically partitioned to centrosomes in early 

mitosis. This partitioning of the ER to centrosomes is dependent on interactions with astral 

microtubules (Smyth et al., 2015); Because ER localization overlaps with the asymmetric MTOC 

activity in neuroblasts, it is suggested that MTOCs are required for asymmetric partitioning of the 

ER in ACD of Drosophila neuroblasts (Smyth et al., 2015). The specific pattern by which the ER 

segregates (i.e., preferential differences in the capacity of the ER membrane components inherited 

by the neuroblast versus those inherited by the GMC) in Drosophila neuroblasts remains to be 

seen.  

1.3.3 Lysosomes  

Lysosomes work to break down cellular components that are no longer required or are 

marked for degradation. They also serve as intermediary transport vesicles in signaling pathways 

and have been observed to segregate asymmetrically. In yeast, vacuoles (lysosome homologs) are 

asymmetrically inherited; mother cells will partition off newly synthesized portions of their 

vacuoles for transport to the developing bud cell via myosin motors, which is in line with the 

preferential inheritance observed in mitochondria and ER inheritance patterns (Legesse-Miller et 

al., 2006; Peng and Weisman, 2008; Ekal et al., 2024) . Similarly, lysosomes, autophagosomes, 



 

and mitophagosomes are asymmetrically inherited in mouse hematopoietic stem cell (HSC) 

daughters. Autophagy and mitochondrial clearance are lysosome-dependent processes and are 

required for hematopoietic stem cell function. HSC's that inherit a low number of lysosomes go 

on to differentiate, while those that inherit a high number of lysosomes retain their stemness 

(Loeffler et al., 2019). This knowledge has functional consequences for human hematopoietic stem 

and progenitor cells (HSPCs), where polarization occurs in interphase with the centrosome, Golgi, 

and lysosomes positioning near the point of contact with the cell micro-environment. During 

mitosis, cells orient their spindle perpendicular to the point of contact, giving rise to sibling cells 

with unequal amounts of lysosomes and the differentiation marker CD34, which indicates that 

preferential inheritance of lysosomes is tied to cell fate (Candelas et al., 2024).  

In neuron progenitor cells (both mouse embryonic neocortex and human embryonic stem 

cell derived brain organoid), lysosomes are asymmetrically inherited during radial glial cell (RGC) 

division, and there are increased numbers of endolysosomes (also known as phagolysosomes, 

which clear debris) in intermediate progenitor cells and autolysosomes (specific lysosomes tuned 

for autophagy) instead in newborn differentiated neurons, implying that inheriting endolysosomes 

promotes stemness, while inheriting autolysosomes leads to differentiation (Zou et al., 2024) .  

As mentioned previously, lysosomes can act as transportation intermediaries in cell 

signaling cascades. In both Drosophila sensory organ precursor (SOP) cells and in the zebrafish 

spinal cord, subsets of endosomes are preferentially inherited due to their concentrations of Notch 

receptors and ligands, with renewing stem cell progeny preferentially receiving endosomes rich in 

Notch components (Coumailleau et al., 2009; Kressmann et al., 2015). Further, lysosomes 

carrying Notch signaling proteins are segregated asymmetrically in human neural stem cells, which 

in turn impacts Notch activity in daughter cells. Cells that receive more Notch-containing 



 

lysosomes retain their stem-ness, while those which receive fewer Notch-containing lysosomes go 

on to differentiate (Bohl et al., 2022). 

1.3.4 Centrosomes 

The centrosome is the main microtubule organizing center (MTOC) of the cell and is 

responsible for orienting the bipolar spindle during mitosis. The centrosome is comprised of a pair 

of centrioles that duplicate once per cell cycle. At the onset of this duplication, Polo Like Kinase 

4 (PLK4, Sak in Humans) is recruited to the side of the pre-existing mother centriole (Habedanck 

et al., 2005). This enrichment of PLK4 on the mother centriole is mediated by Asterless in flies, 

and by CEP152 and CEP192 in humans (Dzhindzhev et al., 2010; Sonnen et al., 2013). Following 

this, the structural proteins SAS-5 and SAS-6 form a central cartwheel structure that establishes 

the ninefold symmetry of the centriole (Breugel et al., 2011). Once these two proteins are present, 

they then promote the recruiting of SAS-4 (CENP-J in humans), which then integrates into the 

outer region of the cartwheel and helps assemble the surrounding centriolar microtubules (Tang et 

al., 2011).  

With this duplication event comes age asymmetries, where in mammalian cells, only the 

mother centriole contains distal appendages that have accumulated on the mother due to its older 

age, while the daughter does not have these appendages due to being recently formed (Chen and 

Yamashita, 2021; Kumar and Reiter, 2021) . With this difference in age come other differences in 

centriole composition between mother and daughter centrioles; The mother centriole is more 

enriched for Asterless, a centriolar protein (Gallaud et al., 2020) while Centrobin localizes only to 

the daughter centriole (Januschke et al., 2013; Gallaud et al., 2020) Additionally, the outer dense 

fiber protein 2 (ODF2), Ninein, and Cep164 preferentially enriches the mother centriole due to the 

aforementioned distal appendages on the mother centriole (Lange and Gull, 1995; Nakagawa et 



 

al., 2001; Zou et al., 2005; Graser et al., 2007; Chen and Yamashita, 2021; Jaiswal and Singh, 

2021).  

These differences between mother and daughter centrioles confer different functional 

capacities in the centrosomes that are formed from mother and daughter centriole in interphase 

upon separation. One example of functional differences between centrioles is their capacity to 

recruit and form a pericentriolar matrix (PCM). The process of establishing a PCM is started by 

pericentrin, which forms fibrils that extend away from the centriole (Lawo et al., 2012) . At this 

point, both Asterless and Polo are present in the PCM. Upon activation of Polo, Polo 

phosphorylates Centrosomin (Cnn), which promotes the formation of an interconnected scaffold 

(Lee and Rhee, 2011). The Cnn scaffold then interacts with the protein Spindle defective 2 (Spd2), 

which allows Spd2 to be kept in the PCM and spread out and away from the centrioles, such that 

Spd2 moves away from the center of the PCM and centriole(Conduit et al., 2015) . New Spd2 will 

be incorporated near the centriole where it will then be pushed outwards. This then forms a positive 

feedback loop, where the expansion of Cnn allows for the further recruitment of Polo and Spd2, 

which in turn makes more space for more Cnn. To form active MTOCs, the PCM components of 

gamma tubulin (γTubulin) and gamma tubulin ring complexes (γTuRCs) are recruited to the Cnn-

Spd2 scaffold via phosphorylation of NEDD1 by NEK9, where they connect with other PCM 

components to strengthen the PCM (Sdelci et al., 2012). In most systems, the older mother 

centrosome, due to having a more mature centriolar structure, retains the capacity to interact with 

and recruit PCM factors to form an active MTOC, while the daughter centrosome, which lacks a 

mature structural centriole, remains inactive until it matures (Chen and Yamashita, 2021).  

These differences in molecular composition and functional capacity is accompanied by 

preferential segregation during stem cell divisions.  Indeed, many different cell types and 



 

organisms display preferential centrosome inheritance, and impairing this inheritance is associated 

with developmental defects; In Drosophila male germ line cells, mouse neural progenitors and 

mouse embryonic stem cells, the stem cell retains the older mother centrosome, while in 

Drosophila female germline cells and neuroblasts, the stem cells inherits the daughter centrosome   

(Chen and Yamashita, 2021; Burkhalter et al., 2024; Kiermaier et al., 2024; Pei et al., 2025; Xu et 

al., 2025).  

These inheritance patterns have developmental impact, where missegregation of 

centrosomes in the developing mouse cortex results in a decrease in number of progenitor stem 

cells and differentiated neuronal cells (Wang et al., 2009) . Given that the mother centrosome is 

generally more functionally capable than it’s daughter, an exciting hypothesis to consider is the 

“immortal centrosome” hypothesis, where in stem cell divisions, the renewing stem cell 

preferentially keeps the mother centrosome to ensure the stem cell always has access to a fully 

capable, mature centrosome (Chen and Yamashita, 2021). Indeed, this is observable in Drosophila 

male germline cells, where the renewed stem cell retains the mother centrosome while the 

differentiating cell inherits the daughter centrosome (Yamashita et al., 2007; Chen and Yamashita, 

2021). The same is seen mouse radial glial progenitor cells, neural progenitor cells, and embryonic 

stem cells (Wang et al., 2009; Habib et al., 2013; Chen and Yamashita, 2021).  

However, there are also cell types where the inverse occurs, and the cell that retains its 

stem-ness inherits the younger centrosome, contrasting the immortal centrosome hypothesis. This 

is readily seen in Saccharomyces cerevisiae, where the bud cell (the equivalent of a younger stem 

cell) inherits the older spindle pole body (SPB = centrosome equivalent) (Pereira et al., 2001; Chen 

and Yamashita, 2021). Indeed, while the stem cell retains the mother centrosome in the Drosophila 

male germline cell lineage, the opposite occurs in the Drosophila female germ line cells, where 



 

the stem cell inherits the daughter centrosome and the differentiating cell receives the mother 

centrosome (Salzmann et al., 2014; Chen and Yamashita, 2021). Finally, in Drosophila 

neuroblasts, the stem cells retain the daughter centrosome, while differentiating cells retain the 

mother centrosome (Conduit and Raff, 2010; Januschke et al., 2011; Chen and Yamashita, 2021).  

1.4 DROSOPHILA AS A SYSTEM TO STUDY ACD 

Drosophila melanogaster provide a robust model organism to study ACD, centrosome 

asymmetry, and brain development (Homem and Knoblich, 2012) . Drosophila neural stem cells 

(neuroblasts) display similar asymmetrically divisions as comparable stem cells in higher 

organisms and have relatively fast generation time compared to mammalian systems (Figure 1A). 

Because of this faster generation time, the waiting period between experiment conceptualization 

and experiment execution is drastically reduced compared to similar experiments in organoid 

culture or in vivo murine models. In addition to this, the Drosophila genome is thoroughly 

understood, making the fly genome readily accessible genetic perturbations, such as recombinant 

chromosomes and manipulation via CRISPR-Cas9. This is additionally supported by the relatively 

short generation time of Drosophila, meaning that genetic manipulations are generally faster to 

implement than similar processes in murine models.  

The central nervous system (CNS) of Drosophila larvae is easily accessible via 

microdissection, allowing researchers to study cellular processes in intact ex vivo tissue ((Segura 

and Cabernard, 2023) Figure 1B). The CNS of Drosophila larval brains is relatively transparent 

and readily imaged with conventional confocal microscopy, and due to their smaller size, 

introducing fluorescent labels via immunohistochemistry (IHC) is straightforward and does not 

require the laborious permeation and tissue clearing required in the CNS of other model systems 

(Segura and Cabernard, 2023). Finally, extensive work has revealed identity markers allowing for 



 

the distinction between neuroblasts, GMCs, intermediate neuronal progenitor (INP) cells, mature 

neurons and glial cells (Homem and Knoblich, 2012) Figure 1C).  

In Drosophila, there are two types of neuroblasts: Type I neuroblasts undergo ACD during 

the larval stage of development every 60-90 minutes to produce one renewed neuroblast and one 

ganglion mother cell (GMCs), which will divide once more over the next six to eight hours to 

produce neuronal and glial cells (Homem and Knoblich, 2012; (Fichelson et al., 2005), Figure 

2A). Type II neuroblasts also undergo ACD every 60-90 minutes, but instead of producing a GMC, 

they instead form an INP cell. These INPs will then undergo transcriptional changes and mature 

into a mature INP over the next 6-8 hours, after which it will divide asymmetrically three to six 

times to produce a renewed INP and one GMC (Chaya et al., 2025). This GMC will then go on to 

divide into neuronal and glial cells as they do with Type I neuroblasts (Homem and Knoblich, 

2012, Figure 2B).  

Therefore, Drosophila neuroblasts provide an exceptionally robust system to functionally 

test centrosome asymmetry within the context of asymmetric cell division due to their ease of 

genetic manipulation and observation with high-temporal confocal imaging (Sunchu et al., 2022; 

Segura and Cabernard, 2023; Segura et al., 2025). Below, I outline our current understanding of 

centrosome asymmetry in Drosophila neuroblasts. 

1.5 CENTROSOME ASYMMETRY IN NEURAL STEM CELLS 

Drosophila neuroblasts display functional and molecular centrosome asymmetry in 

addition to other manifestations of ACD. In neuroblasts, the daughter centrosome is destined to 

segregate into the renewed neuroblast, while the mother centrosome will segregate into the 

differentiating ganglion mother cell (GMC). The GMC will divide once more to give rise to 



 

differentiated neuronal cells (Cabernard and Doe, 2009; Januschke et al., 2011; Homem and 

Knoblich, 2012). During mitosis, centrioles in the mother and daughter centrosomes are duplicated 

(Gallaud et al., 2020). In the following interphase, these centrioles will separate and form two new 

centrosomes (Figure 3A). How does a daughter centrosome distinguish itself from its mother, and 

how do these differences contribute to asymmetric cell division? 

1.5.1 Daughter centrosome regulation in neuroblasts 

Centrosomes functionally differ from one another in neuroblasts via their different 

capacities to recruit and retain MTOCs. In early interphase following cytokinesis, centrioles 

separate from one another to form two distinct centrosomes. One of these centrosomes will remain 

near the apical region of the cell, while the other moves through the cytoplasm as kinesin cargo 

(Rebollo et al., 2007; Rusan and Peifer, 2007; Singh et al., 2014; Hannaford et al., 2022; 

Hannaford and Rusan, 2024). This difference in localization is thought to be ascribed to MTOC 

activity, with the apical centrosome remaining in the apical region of the cell via microtubule-

mediated interactions with Pins and the apical cortex (Rebollo et al., 2007).  This then primes the 

question: at the molecular level, what grants the apical centrosome the ability to retain an MTOC, 

and what removes MTOC capacity from the basal centrosome? 

The most prominent molecular regulation of centrosomes arises from an asymmetric 

distribution of the centriolar protein Centrobin (Cnb, CENTROB in humans) that localizes 

exclusively to the daughter centrosome (Januschke et al., 2013). Centrobin then interacts with 

other PCM proteins such as 𝛾Tubulin, Plp, Sas-4, Sas-6, and Cnn which is hypothesized to promote 

the formation of an interphase MTOC at the daughter centrosome (Januschke et al., 2013). 

Microtubules at the apical centrosome are stabilized by Wdr62,  which allows for the recruitment 

of Polo Kinase (Plk1 in mammals) to the centrosome along microtubules as cargo (Ramdas Nair 



 

et al., 2016). Once at the daughter centrosome, Polo phosphorylates Centrobin, forming a positive 

feedback loop to promote the localization of Centrobin, Polo, and MTOC activity at the daughter 

centrosome (Januschke et al., 2013, Figure 3C). This MTOC activity is believed to anchor the 

daughter centrosome in the apical region of the cell, thereby establishing the apical-basal division 

axis that arises in mitosis (Rebollo et al., 2007; Rusan and Peifer, 2007) . This further ensures that 

the active daughter centrosome, and not the inactive mother centrosome, segregates into the 

neuroblast after division.  

1.5.2 Centriole duplication and establishing asymmetry 

Upon entry into mitosis, centrioles will duplicate, reconstituting the age asymmetry 

between mother and daughter centrioles (Figure 3D, 3I). To re-establish molecular asymmetry in 

the following interphase after division, Centrobin and Polo are dynamically transferred from the 

mother centriole to the daughter, such that upon centriole separation in the next interphase, the 

daughter centriole (which will form the daughter centrosome) contains Centrobin and Polo, while 

the mother centriole (which will form the mother centrosome) does not (Figure 3E). This “passing 

of the torch” of molecular asymmetry is mediated by the phosphorylative activity of Polo on 

Centrobin, which is hypothesized to remove Centrobin and Polo from the mother centriole 

(Gallaud et al., 2020). Thus, at the end of mitosis, all of the Centrobin originating from the mother 

centriole has been removed from the mother and has been enriched on the daughter, and the apical 

pair of centrioles segregate into the renewed neuroblast (Figure 3F). While this illustrated the 

importance of phosphorylative control of molecular centrosome identity, it remained unclear if 

phosphatase activity is equally important for orchestrating this process.  



 

1.5.3 Mother centrosome regulation in neuroblasts 

The daughter centrosome is therefore characterized by containing components (Cnb, Polo, 

PCM) that are absent from the mother centrosome. Thus, there must be regulatory pathways that 

remove these factors from the mother centrosome. Indeed, the centriolar protein Bld10 (Cep135 

in mammals) is responsible for the removal of Polo from the mother centrosome in early 

interphase, thereby contributing to the inactivation of MTOC activity at the mother centrosome 

(Singh et al., 2014). This PCM shedding is further promoted by the activity of Plp and Plk4 (Polo 

Kinase 4), which preferentially phosphorylates PCM components on the mother centrosome to 

facilitate PCM shedding (Gambarotto et al., 2019). Because of this PCM shedding, the mother 

centrosome loses PCM components like Cnn and 𝛾Tubulin, while the daughter centrosome 

actively retains these components (Conduit and Raff, 2010). Without a PCM to recruit MTOC 

activity with, the mother centrosome instead moves through the cytoplasm on the interphase 

microtubule network as Kinesin-1 cargo. Later in mitosis, the basal centrosome will mature, recruit 

a PCM and MTOC, and position on the basal cortex to segregate into the GMC (Hannaford et al., 

2022; Hannaford and Rusan, 2024). In tandem with Centrobin transfer at the apical centrosome, 

Centrobin incorporates onto the daughter centriole at the basal centrosome during mitosis before 

segregation into the GMC (Gallaud et al., 2020).   

1.6 CONSEQUENCES OF CENTROSOME REGULATION AND CENTROSOME 

ASYMMETRY 

Centrosomal genes have been implicated in multiple developmental disorders, including 

primary microcephaly, retinal development, and craniofacial development (Yu et al., 2020; 

Kiermaier et al., 2024; Pei et al., 2025). Clearly, centrosome function is a critical contributor to 



 

normal development; While centrosomes are dispensible for normal development in flies, mutant 

flies without centrosomes die shortly after birth (Basto et al., 2006). Does this mean that miss-

regulation of centrosome asymmetry carries equal impact on development? Here, I outline several 

examples of centrosomal regulation in relation to developmental disorders.   

1.6.1 Microtubule activity and neurodevelopmental disorders 

Sas-4 (CENP-J) is a centriolar protein that is required for proper centrosome assembly. By 

getting recruited to the centrosome via the activity of Ana2, Sas-4 contributes to the recruitment 

of microtubules at active centrosomal MTOCs (Gallaud et al., 2014). Sas-4 is further required for 

proper asymmetric division orientation in neuroblasts, And mutant loss-of-function sas-4 flies lack 

detectable centrosomes and die shortly after birth due a lack of cilia in their sensory neurons (Basto 

et al., 2006; Januschke and Gonzalez, 2010). Similarly, CEP135 (Bld10) is another centrosomal 

protein that promotes microtubule binding, centrosome asymmetry, and spindle orientation in 

neuroblasts. It is chiefly responsible for inhibiting MTOC activity at the mother centrosome in 

neuroblasts, where it works to shed PCM factors to prevent abnormal MTOC development (Singh 

et al., 2014). These studies highlight how Sas-4 and CEP135 are critical for microtubule regulation 

at centrosomes; mutations to CENP-J and CEP135 have been implicated in neurodevelopmental 

disorders, mild to severe intellectual disability, and global developmental delay in other systems. 

While the direct connection between MTOC/MT regulation and neurodevelopmental defects 

remains elusive, these studies implicate that centrosomal MTOC regulation may be functionally 

critical during development. Further, mutations to these genes suggest substantial changes to 

protein structure, suggesting a role on centrosomal function (Saima et al., 2024).  

The Ubiquitin-fold mediator 1 (UFM1) degradation pathway has been implicated in 

microcephaly, and UFM1 mutant neuroblasts exhibit defects in mitotic progression and defective 



 

centrosomal MTOC, implicating that centrosomal function and regulation is developmentally 

important in the developing brain (Yu et al., 2020). Similarly, WDR62, which stabilizes 

microtubules at the apical daughter centrosome in interphase neuroblasts, is also implicated in 

primary microcephaly, further solidifying this link between centrosome regulation and 

neurodevelopment (Ramdas Nair et al., 2016). Indeed, integral PCM components such as gamma 

tubulin associate with other microcephaly-related proteins, such as CDK5RAP2, which is required 

to promote gamma tubulin ring complex activation and therefore microtubule activity (Gao et al., 

2025). Similarly, the protein MLL/WDR5 is required for microtubule nucleation and growth at 

centrosomes, and loss of MLL/WDR5 in U2OS cells resulted in chromosomes failing to align to 

the metaphase plate during mitosis, implying that centrosome function, via interaction with 

chromosome alignment, is a possible functional link between centrosome regulation and 

developmental disorders (Chodisetty et al., 2024). Thus, errors in centrosome alignment to the 

metaphase plate during mitosis can result in miss-segregation of chromosomes. Depletion of the 

centriolar protein SPOUT1 (ptch in flies) regulates centrosome attachment to spindle poles and is 

required for proper chromosome alignment. In its absence, Zebrafish mutants show reduction in 

larval head size. Additionally, these mutants displayed apoptosis that is likely related to alterations 

of cell cycle progression (Dharmadhikari et al., 2024). The position of the cleavage furrow is one 

mechanism that gives rise to physical asymmetries between sibling cells. Extensive work has been 

performed in Drosophila neural stem cells to identify the effectors of cleavage furrow positioning. 

During anaphase onset, the early and late furrow proteins Pavarotti, Anillin, and Myosin localize 

to the basal cortex in a microtubule-independent manner (Cabernard et al., 2010) . Specifically, 

the spatiotemporal regulation of Myosin is orchestrated by Rho kinase, which enriches myosin on 

the apical cortex before nuclear envelope breakdown, after which Partner of Inscuteable (Pins) and 



 

Protein Kinase N (Pkn) contribute to the down-regulation and removal of Myosin from the apical 

cortex (Tsankova et al., 2017) . This clearing of Myosin from the apical cortex results in expansion 

from the apical cortex before the basal cortex, and occurs in tandem with spindle positioning, 

spindle asymmetry, and centrosome MTOC asymmetry (Roubinet et al., 2017). Finally, in addition 

to the clearing of non-muscle myosin (Pham et al., 2019), centrosome-associated asters during 

mitosis are one of the required components for cell cleavage furrow positioning, where the 

positioning of the centralspindlin complex is dependent on peripheral astral microtubules. When 

these astral microtubules are removed, the cleavage furrow is repositioned such that the size 

asymmetry between daughter cells is reduced (Thomas et al., 2021). Therefore, astral microtubules 

originating from the centrosomes play a key role in regulating ACD (Thomas et al., 2021).  

1.6.2 Centriole duplication and neurodevelopmental disorders 

Errors in centriole duplication are associated with microcephaly. Furter, amplified numbers 

of centrioles are associated with chromosomal instability, metastasis, and cyst formation 

(Kiermaier et al., 2024). Centrioles duplicate once during mitosis, and this duplication is initiated 

by Plk4 in mammals (Kiermaier et al., 2024). This initiation via Plk4 gives one model to restrict 

abnormal centriolar duplication, as Plk4 only localizes to the pre-existing centriole to initiate 

duplication, after which it will self-degrade to prevent extra centriole formation (Ohta et al., 2014; 

Klebba et al., 2015; Kiermaier et al., 2024). Alstrom syndrome is a rare autosomal recessive 

genetic disorder characterized by developmental delay, childhood obesity, and multiple organ 

dysfunction (Marshall et al., 2015). Alstrom syndrome is caused by mutations to the gene ALMS1, 

which regulates the formation of cellular cilia. Alstrom syndrome protein (Alms1a and Alms1b in 

flies) regulates centriolar cartwheel assembly via Plk4 activity, further linking centrosomal 

regulation to developmental disorders (Brunet et al., 2025). Plk4 has an established role in 

https://docs.google.com/document/d/1i0y-kL-rXXCmfS-Fzq4cOrT-hK4qTiMR/edit#bookmark=id.8qwhsbrdyjdb
https://docs.google.com/document/d/1i0y-kL-rXXCmfS-Fzq4cOrT-hK4qTiMR/edit#bookmark=id.8qwhsbrdyjdb
https://docs.google.com/document/d/1i0y-kL-rXXCmfS-Fzq4cOrT-hK4qTiMR/edit#bookmark=id.8qwhsbrdyjdb


 

regulating centrosome asymmetry in fly neuroblasts, implying a connection between Plk4 

regulation of CS asymmetry and neurodevelopmental disorders via Plk4 regulation of centriolar 

duplication (Singh et al., 2014; Gambarotto et al., 2019) . Similarly, NUBP2 has been implicated 

in primary microcephaly, and transgenic mice deficient in NUBP2 revealed changes in neuronal 

progenitor cell proliferation and supernumerary centrosomes and cilia, further implicating 

supernumerary centrioles/centrosomes in developmental disorders (Rushforth et al., 2025). lastly, 

In zebrafish, the kinase ZYG-1 phosphorylates the centriolar proteins Sas-5 and Sas-6 to regulate 

centriole duplication during mitosis, and in phospho-mimetic Sas-5 mutants, supernumerary 

centrioles are formed, which likely carries developmental consequences (Sankaralingam et al., 

2024). Centriole duplication occurs in tandem with the centriolar transfer of Centrobin and Polo 

which give rise to molecular asymmetry (Gallaud et al., 2020; Segura et al., 2025). Because these 

two processes happen in the same temporal window, it is likely that errors in centriole duplication 

would be accompanied by transfer defects, which would disrupt centrosome asymmetry.   

1.6.3 Primary cilia 

In non-dividing cells, centrosomes contribute towards the formation of primary cilia, which 

can be used as mechanoreceptors to interact with the extracellular environment. They can also 

regulate signaling pathways (such as the Sonic hedgehog pathway) and are vital for the sense of 

olfaction, vision, and mechanosensation (Brown and Zhang, 2020). Unsurprisingly, WDR4, 

another microcephaly implicated gene, is required for head growth and neurogenesis via cilia 

formation, and loss of WDR4 results in aberrant cilia formation (Burkhalter et al., 2024). 

Centrosomes also function to form primary cilia, which is critical for photoreceptor cells in eye 

development.  Kinesin-5 (KIF11, Klp61F in flies) is essential for MTOC organization, centrosome 

separation, and spindle assembly. In KIF11’s absence, mutant mouse models develop defects in 



 

retinal development and vision loss. Further, KIF11 inhibition induces monopoloar spindles and 

mitotic arrest, leading to tetraploidy and cell death, implying that centrosomal regulation impacts 

developmental pathways in other tissue types (Xu et al., 2025). Indeed, centrioles also play a role 

in tooth development; mutant mice with Sas-4 (CPAP) mutations showed disrupted centriole 

organization in molar odontoblast cells, while increased centriole presence in control mice 

correlated with enhanced enamel development. It is unsurprising that these molar defects are also 

observed in patients with primary microcephaly, further linking developmental defects to 

centrosome activity (Pei et al., 2025). In cultured mouse fibroblast cells, the cell that inherits the 

mother centrosome has the capacity to develop a primary cilia (and is therefore more sensitive to 

Sonic hedgehog signaling) sooner than the cell that inherits the daughter centrosome, implying 

that centrosome asymmetry has a consequence on cilia formation (Chen and Yamashita, 2021).    

1.6.4 Centrosomal transport of RNAs 

In snails, centrosomes act as a mediator vessel to move cell fate determinants into their 

assigned progeny cell (Lambert and Nagy, 2002). This suggests that centrosomes may act as 

transitionary mediums to deliver specific cell fate determinants to the proper progeny cell, 

providing a mechanical consequence to centrosome asymmetry in neural stem cells. In snails, 

mRNA move into specific progeny cells via microtubule and actin-dependent delivery 

mechanisms to and from the centrosome, respectively (Lambert and Nagy, 2002; Suter, 2018). 

Indeed, similar dynamics can be observed in flies; the cell fate determinant Miranda (Mira), which 

segregates into the differentiating GMC, has both Mira RNA and Mira protein localized to the 

basal cortex, while a population of Mira RNA localizes to the apical centrosome (Ramat et al., 

2017) . Mechanistically, it is likely that Miranda dephosphorylated by Pp4 at the centrosome to 

ensure its proper basal localization, which may work similarly to the exclusionary actions of the 



 

PAR complex at the apical cortex (Connell et al., 2024). Future work will focus on determining if 

a loss of centrosome asymmetry results in a loss of biased mRNA delivery, if such systems exist 

in Drosophila.   



 

 

1.7 FIGURES 

1.7.1 Figure 1: Drosophila as a Model for ACD 

 
 

(A) Drosophila lifecycle. (B) Schematic of the Drosophila larval brain. (C) Schematic of 

neuroblasts (orange), ganglion mother cells (GMCs, light pink) and neurons/glia (magenta).  

  



 

1.7.2  

1.7.3 Figure 2: Overview of Neuroblast Biology in Drosophila 

 
(A) Type I Neuroblasts form neuroblasts and GMCs, which then divide once more to form mature 

neuron and glial cells. (B) Type II neuroblasts form neuroblasts and intermediate neuronal 



 

progenitor (INP) cells, which divide asymmetrically three to six more times to self-renew one INP 

and one GMC, which then divides once to form mature neuron and glial cells.  

1.7.4 Figure 3: The Centrosome Cycle in Drosophila Neuroblasts 

 

 
 

(A) early in mitosis, centrioles will separate from one another to form two new centrosomes. (B) 

The centrosome containing the daughter centriole will retain PCM components such as gamma 

tubulin and SPD2. (C) Via the microtubule supporting action of Wdr62, microtubules are 

incorporated into the centrosome, which allows for the recruitment of more Polo kinase to the 

centrosome to phosphorylate Centrobin, which retains Cnb on the centrosome. This then forms a 

positive feedback loop supporting an active MTOC. (D) in mitosis, centrioles will undergo 

duplication. (E) in tandem with centriole duplication, Centrobin is downregulated from the mother 

centriole and is enriched onto the nascent daughter centriole. (F) this culminates with the apical 



 

centrosome segregating into the renewed neuroblast to begin the cycle anew. (G) in contrast to the 

daughter centriole in interphase, the mother centriole, lacking Centrobin, cannot retain its PCM, 

and instead sheds it via Bld10, Cep135 and Plk4, resulting in (H) a mother centrosome with no 

discernable MTOC activity. (I) After centrosome maturation, the mother centrosome acquires 

MTOC activity and begins to duplicate its centriole. (J) there is an independent accumulation of 

Centrobin on the daughter centriole at the mother centrosome, ending with (K) the basal 

centrosome segregating into the differentiating GMC. 
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3.1 SUPPLEMENTAL FIGURES FROM SEGURA ET AL 2025 

3.1.1 Supplemental Figure 1: Pp4Δ mutants exhibit mitotic deficiencies 

 

(A) Representative image of a Pp4c RNAi mutant neuroblast. (B) Bar plot of frequency of 1X 

MTOC (gray) and 0X MTOC (blue) in wild type (left) and Pp4Δ mutants (right). (C) length of 

mitosis in minutes in wild type and Pp4Δ mutant brains. (D) Percent of mitotic neuroblasts in wild 

type and Pp4Δ mutant brains.  Scale bar denotes 5 µm. Each point denotes one neuroblast. p < 0.05 

were considered significant; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. The 

following statistical tests were used; Mann-Whitney U test (B, C). 

 

  



 

3.1.2 Supplemental Figure 2: Pp4r2 and Falafel are required for MTOC 

asymmetry in interphase 

  

 



 

Representative image sequences of (A) wild type, (B) flfl[795], (E, F) Pp4r2 RNAi expressing 

neuroblasts. All neuroblasts also express worGal4, UAS-mCherry::Jupiter  (top row and middle 

row: white) and Asterless::GFP (bottom row: green). Microtubule intensity at the (C) apical 

centrosome normalized to cytoplasmic signal or (D) apical to basal centrosome intensity ratios in 

wild type (gray) and flfl[795] mutants (blue).Microtubule intensity at the (G) apical centrosome 

normalized to cytoplasmic signal or (H) apical to basal centrosome intensity for wild type (gray) 

and Pp4r2 RNAi expressing neuroblasts (blue). Asl; Asterless. MTs; microtubules. Scale bar 

denotes 5 µm. Each point denotes one neuroblast. p < 0.05 were considered significant; * p < 0.05, 

** p < 0.01, *** p < 0.001, **** p < 0.0001.  Time in: h:mins. The following statistical tests were 

used: Unpaired Student’s T-test (C,D); Kruskal-Wallis test with uncorrected Dunn’s test for 

multiple comparisons (G,H).  

 

  



 

3.1.3 Supplemental Figure 3: 𝛾Tubulin mutants show a loss of MTOC 

asymmetry 

 

 



 

Representative images of (A) γTub23C[A6-2], (B) γTub23C[A14-9], (C), γTub23C[A15-2], and (D) 

γTub37C[e00793] mutants expressing worGal4, UAS-mCherry::Jupiter and Sas4::GFP. Orange and 

magenta arrrowheads and dashed boxes denote the apical (AC) and basal centrosome (BC), 

respectively. (E) Phenotypic penetrance in percent. wild type (WT); one active MTOC; 0x: no 

active MTOC; 2x: 2 active MTOCs. MTs; microtubules. Scale bar denotes 5 µm. Time in: h:mins.  



 

3.1.4 Supplemental Figure 4: gTub23C and gTub37C are redundant for 

MTOC formation in Drosophila neuroblasts 

 

 Representative (A) interphase and (B) metaphase images of wild type, 𝛾Tubulin37C[3], 

𝛾Tubulin23C[A14-9], and 𝛾Tubulin37C[S131A] mutants stained with anti-Asterless (Asl; magenta, top 



 

and bottom row) and 𝛾Tubulin (green, middle and bottom row). (C) AC/Cytoplasm or (D) 

BC/Cytoplasm ratios for wild type (grey), 𝛾Tubulin37C[3] (blue), 𝛾Tubulin23C[A14-9] (magenta), 

and 𝛾Tubulin37C[S131A] (orange) mutants in interphase and metaphase. (E) Representative images 

of wild type and 𝛾Tubulin23C[A15-2], 𝛾Tubulin37C[3] double mutant stained with anti-Asl 

(magenta, top row) and 𝛾Tubulin (green, middle and bottom row). High magnification images of 

𝛾Tubulin at the apical (yellow dashed box) and basal (blue dashed box) centrosome are shown in 

the bottom row. Left column shows representative images in interphase, and the right column 

shows representative images at metaphase. (F) Representative images of wild type and 

𝛾Tubulin23C[A15-2], 𝛾Tubulin37C[3] recombinants with anti-αTubulin (gray, top row) and anti-Asl 

(magenta, second row). Left column shows representative images in interphase, and the right 

column shows representative images at metaphase. Asl; Asterless. MTs; microtubules. Scale bar 

denotes 5 µm. Each point denotes one neuroblast. p < 0.05 were considered significant; * p < 0.05, 

** p < 0.01, *** p < 0.001, **** p < 0.0001. The following statistical tests were used: Kruskal-

Wallis test with uncorrected Dunn’s test for multiple comparisons (C,D). 

  



 

3.1.5 Supplemental Figure 5: gTub23C[A15-3], gTub37C[3] 

homozygous mutants exhibit MTOC deficiencies 

 

Representative image series of a (A) wild type and (B) gTub23C[A15-3], gTub37C[3] 

homozygous mutant. Neuroblasts expressing Cherry::Jupiter and Sas4::GFP. (C) Bar plot of 



 

frequency of 1X MTOC (gray) and 0X MTOC (blue) in wild type (left) and gTub23C[A15-3], 

gTub37C[3] homozygous mutants (right). (D) Normalized AC/Cytoplasm ratio of microtubule 

intensity in wild type (gray) and and gTub23C[A15-3], gTub37C[3]  mutant (blue) neuroblasts for 

interphase and prometaphase. (E) Normalized AC/BC ratio of microtubule intensity in wild type 

(gray) and and gTub23C[A15-3], gTub37C[3]  mutant (blue) neuroblasts for interphase and 

prometaphase. Each point denotes one neuroblast. p < 0.05 were considered significant; * p < 

0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.  The following statistical tests were used; 

Mann-Whitney U test (D, interphase, E, interphase); Unpaired Student’s T-test (D, prometaphase, 

E, prometaphase). 



 

3.1.6 Supplemental Figure 6: 3D-SIM image analysis  

 



 

(A) plots of individual values of Centrobin intensity at the daughter centriole (blue), mother 

centriole (yellow) and background (grey) for Pp4Δ mutant interphase neuroblasts. Background 

values (black lines) were used to evaluate Cnb intensity levels. If background intensity exceeded 

detectable Cnb on the mother or daughter centriole, the ratio was arbitrarily set to ‘1’ and were 

also counted towards the pool of neuroblasts with no Cnb signal on either centrosome. (B-E) 

representative bar plots of frequency of wild type (grey), Pp4Δ mutant (blue), and 

YFP::CnbT4E,T9E,S82E expressing (orange) neuroblasts in prophase (A), prometaphase (B), 

metaphase (C), anaphase (D), and telophase (E).Each point denotes one neuroblast. p < 0.05 were 

considered significant; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.  The following 

statistical tests were used: Chi-squared goodness of fit (B-E). 

  



 

CHAPTER 4. DISCUSSION  

4.1 PP4 PLAYS TWO ROLES IN THE CELL CYCLE TO REGULATE CENTROSOME 

ASYMMETRY.  

My findings revealed that Protein Phosphatase 4, a conserved serine/threonine 

phosphatase, is required for centrosome asymmetry in Drosophila neural stem cells. I show that 

all three members of the PP4 complex (the catalytic unit PP4-19C, and the regulatory subunits 

PP4r2 and PP4r3 (Falafel)) are required for proper centrosome MTOC asymmetry in interphase 

((Segura et al., 2025) Figure 1, Supplemental Figure 1). I further show that pp4 mutants, despite 

lacking MTOC activity in interphase, can mature into functional MTOCs during mitosis and form 

a proper bipolar spindle, resulting in normal asymmetric cell division resulting in one neuroblast 

and one GMC ((Segura et al., 2025) Figure 1). I additionally show that the PP4 complex is required 

for proper 𝛾Tubulin localization at the apical centrosome ((Segura et al., 2025), Figure 2), and that 

constitutively dephosphorylated 𝛾Tubulin results in an increase of MTOC activity in interphase 

((Segura et al., 2025) Figure 3). Additionally, I show that both isoforms of 𝛾Tubulin are required 

for proper MTOC formation in Drosophila neuroblasts ((Segura et al., 2025) Supplemental Figure 

2). Further, I identified Cdk1 as a putative kinase that acts upon 𝛾Tubulin in opposition to PP4’s 

dephosphorylation activity and show that trapping Cdk1 on centrosomes resulted in a decrease in 

MTOC activity in interphase ((Segura et al., 2025) Figure 4). These data are consistent with our 

proposed model where dephosphorylation of 𝛾Tubulin at Serine 131 results in an increase of 

microtubule nucleation, and phosphorylation of Serine 131 results in a decrease of microtubule 

nucleation.  



 

Because of these changes to MTOC activity in interphase, we next examined if the PP4 

complex is required for the proper localization and function of Polo and Centrobin, which are 

dependent on one other and on microtubule nucleation (Januschke et al., 2013; Ramdas Nair et al., 

2016; Gallaud et al., 2020). I observed that pp4 mutants exhibited reduced Polo localization at the 

apical centrosome, but paradoxically, Centrobin was properly localized to the apical centrosome 

((Segura et al., 2025) Figure 5 and Supplemental Figure 5). This led me to hypothesize that 

Centrobin may have a mitotic phenotype instead of an interphase one. To address this, I next 

focused on mitosis, where Centrobin is shed from the mother centriole and deposited onto the 

daughter centriole, which fundamentally establishes centrosome asymmetry for the following cell 

cycle (Gallaud et al., 2020). This transfer is mediated by the phosphorylation of Centrobin by Polo, 

implicating phospho-status as a potential regulator of Centrobin transfer.  

Due to a putative interaction between a regulatory subunit of PP4 (Falafel, PP4r3) and 

Centrobin via a conserved recognition motif (Lipinszki et al., 2015), I hypothesized that PP4 may 

also be required for the transfer of Centrobin during mitosis. Indeed, I observed that pp4 mutants 

exhibited a delay in transfer of Centrobin, with some cells showing either enrichment on the mother 

centriole or no enrichment on either centriole (Chapter 3, Segura et al., 2025, Figure 6). This was 

further supported when phospho-mimetic Centrobin displayed transfer delays similar to those 

observed in pp4 mutants, showing that phospho-state of Centrobin is critical to its transfer from 

mother to daughter centriole, and that PP4 may promote enrichment of Centrobin on the daughter 

centriole by de-phosphorylating the residues phosphorylated by Polo. These data are therefore 

consistent with a model wherein Polo is responsible for the removal of Centrobin from the mother 

centriole, and PP4 is required for the deposit of Centrobin onto the daughter centriole. Finally, 

these data provide additional evidence for the difference in centrosomal regulation in interphase 



 

versus in mitosis, where (1) PP4 may regulate interphase MTOC formation via interactions with 

𝛾Tubulin, and (2) establishes centriole identity during mitosis via interactions with Centrobin 

(Chapter 3, Segura et al., 2025, Figure 7).  

4.2 PHOSPHORYLATION STATE OF 𝛾TUBULIN REGULATES MICROTUBULE 

ORGANIZATION CENTER FORMATION.  

High levels of phosphorylated Serine 131 on 𝛾Tubulin has been shown to reduce astral 

microtubule nucleation at centrioles, and Ser131Asp 𝛾Tubulin mutants showed reduced capacity 

to regrow microtubules after depolymerization, implying that phosphorylation of Serine 131 

carries functional consequences for MTOC formation (Alvarado-Kristensson et al., 2009). 

Additional in vitro data have suggested that the PP4 complex acts upon 𝛾Tubulin, but prior to this 

study, these findings have not been confirmed in vivo (Voss et al., 2013). Here, I show in vivo data 

consistent with these prior findings, where we show that the phosphorylation state of 𝛾Tubulin 

regulates MTOC formation in Drosophila neural stem cells (Chapter 3, Segura et al., 2025, Figure 

3 and Supplemental Figure 3). Specifically, I show that the removal of de-phosphorylation activity 

in pp4 mutants results in 𝛾Tubulin that I presume to be phosphorylated, resulting in a loss of 

MTOC activity. I additionally show that mutation of Serine 131 on 𝛾Tubulin to an Alanine, thereby 

rendering it un-phosphorylatable, results in a gain of MTOC activity, and finally show that forced 

phosphorylation of 𝛾Tubulin via nanobody-trapped Cdk1 led to a decrease in MTOC activity 

(Chapter 3, Segura et al., 2025, Figure 3, Figure 4). These data are consistent with our model 

wherein phosphorylation of 𝛾Tubulin contributes to regulation of MTOC formation, and PP4/Cdk1 

may oppose one another as antagonistic regulators.  



 

4.3 BOTH ISOFORMS OF 𝛾TUBULIN ARE REQUIRED FOR MTOC FORMATION IN 

DROSOPHILA NEUROBLASTS. 

Previous to this study, the understanding of the two 𝛾Tubulin isoforms in Drosophila was 

that 𝛾Tubulin23C is required for all centrosomal function, and 𝛾Tubulin37C is required for meiotic 

spindle regulation and early oogenesis (Wilson and Borisy, 1998; Vázquez et al., 2008). Despite 

this, both 𝛾Tubulin23C and 𝛾Tubulin37C physically interact with each other, implying a shared 

complex between the two proteins (Wiese, 2008). Here I show that both isoforms of 𝛾Tubulin are 

required for MTOC formation in interphase (Chapter 3, Segura et al., 2025,  Supplemental Figure 

3). The null allele of 𝛾Tubulin23C (𝛾Tubulin23C[A15-2]) shows a gain-of-function phenotype where 

two active MTOCs are present in interphase, while 𝛾Tubulin37C null allele (𝛾Tubulin37C[3]) 

showed cells that had two active MTOCs in interphase, or cells with no MTOCs in interphase 

(Chapter 3, Segura et al., 2025, Figure 3, Supplemental Figure 3). Importantly, both null alleles 

show the capacity to form MTOCs, implying that 𝛾Tubulin is still properly incorporated into the 

centrosome under these mutations. However, homozygous 𝛾Tubulin23C[A15-2], 𝛾Tubulin37C[3] 

mutants showed a complete loss of 𝛾Tubulin at centrosomes, and thereby lacked any meaningful 

nucleation of microtubules in interphase (Chapter 3, Segura et al., 2025, Supplemental Figure 4, 

Supplemental Figure 5). Furthermore, single mutations to 𝛾Tubulin37C alone were sufficient to 

cause a change in MTOC activity, implying that 𝛾Tubulin37C is involved in centrosomal 

regulation outside of meiotic spindle regulation and early development (Chapter 3, Segura et al., 

2025, Figure 3 and Supplemental Figure 3). Therefore, I propose a new model wherein both 

isoforms of 𝛾Tubulin are functionally required for proper MTOC formation in interphase 

neuroblasts.  



 

4.4 POLO IS DEPENDENT ON PROPER MTOC ACTIVITY, WHILE CENTROBIN IS 

NOT.  

Polo and Centrobin are co-dependent on one another, and work together to promote the 

formation of an active apical MTOC in interphase neuroblasts (Januschke et al., 2013; 

Ramdas Nair et al., 2016; Gallaud et al., 2020). Further, Polo promotes the retention of Centrobin 

on the apical centrosome via phosphorylation activity. Because pp4 mutants lacked interphase 

MTOC activity, I hypothesized that pp4 mutants would show reduced levels of Polo and 

Centrobin. Indeed, my findings show that Polo is drastically reduced at the apical centrosome, 

likely due to the lack of microtubule activity needed to recruit it to the apical centrosome (Chapter 

3, Segura et al., 2025, Figure 5). This was verified by looking at Polo signal with reference to a 

centriole marker, verifying that Polo is still present on centrioles, but is vastly reduced compared 

to wild type (Chapter 3, Segura et al., 2025, Figure 5). These findings could suggest that pp4 

mutants would show a similar reduction in Centrobin localization at the apical centrosome; 

however, the apical centrosome in pp4 mutants can recruit Centrobin at levels comparable to those 

seen in wild type controls (Chapter 3, Segura et al., 2025, Figure 5). One possible explanation for 

this could be that the reduced level of Polo in pp4 mutants is permissive to phosphorylate and 

thereby retain Centrobin, but Centrobin alone cannot form an active MTOC. Importantly, this 

marks the first observation that Centrobin can persist at the apical centrosome with reduced MTOC 

activity and Polo localization, decoupling the feedback loop that these three components 

participate in. These new data instead suggest that Centrobins presence on the apical centrosome 

is equally contributed to by the mitotic transfer of Centrobin from mother to daughter centriole, 

followed by a secondary incorporation of Centrobin at the apical centrosome after mitosis in the 

following interphase.  



 

 

4.5 DEPHOSPHORYLATION OF CENTROBIN IS REQUIRED FOR MOTHER TO 

DAUGHTER TRANSFER IN MITOSIS.  

Centrosome asymmetry is characterized by the biased retention of Centrobin, where the 

younger daughter centrosome (which contains the younger daughter centriole) retains Centrobin, 

while the older mother centrosome (which contains the older mother centriole) does not (Januschke 

et al., 2013; Gallaud et al., 2020). Polo is responsible for phosphorylating and thereby transferring 

Centrobin from the mother centriole to the daughter centriole during mitosis. Falafel, the 

regulatory subunit of PP4, interacts with Centrobin in vitro (Lipinszki et al., 2015), which lead me 

to hypothesize that PP4-mediated dephosphorylation may contribute to Centrobin transfer. Indeed, 

in pp4 and phospho-mimetic Centrobin mutants, Centrobin fails to faithfully enrich on the 

daughter centrosome. My 3D-SIM data suggests that pp4 mutants have centrioles with either no 

Centrobin on either centriole or improper localization of Centrobin on the mother centriole, while 

in live cells we observe proper localization of Centrobin in pp4 mutants. To verify this, I imaged 

pp4 mutant neuroblasts as they exited mitosis, and observed a subset of cells where neuroblasts 

either displayed (1) one Cnb+ centrosome, (2) two Cnb+ centrosomes, or (3) two Cnb- 

centrosomes (Chapter 3, Segura et al., 2025, Figure 7). The frequency of these occurrences in my 

live cell dataset closely correlated with the frequency observed in my 3D-SIM dataset, suggesting 

that there does indeed exist a small sub-population of cells where Centrobin is miss-localized from 

the apical centrosome (Chapter 3, Segura et al., 2025, Figure 7). Importantly, these data suggest 

that this miss-localization is a consequence of impaired centriolar transfer during mitosis preceding 

interphase, and not a consequence of deficient MTOC activity at the apical interphase centrosome.   



 

4.6 LIMITATIONS OF THE STUDY.  

While we show that the three independent components of the PP4 complex are required for 

centrosome asymmetry, we do not empirically show that the three components form a heterotrimer 

in Drosophila neuroblasts. While it is possible that there may be other combinations of regulatory 

subunits, PP4 most abundantly forms a heterotrimer of PP4r2-PP4r3-PP4c, and the CRISPR-Cas9 

knockout of PP4c, knock-down of PP4r2, and falafel mutant data presented here strongly suggest 

that PP4 is forming a heterotrimer in Drosophila neuroblasts. Similarly, we verified the catalytic 

activity of PP4 by generating mutants of PP4 with inactive catalytic domains, composed of a pair 

of amino acid substitutions ([D85N, H115N]). One residue may be more critical than the other – 

however, due to the conservation of active sites between members of the phospho-protein 

phosphatase superfamily (Park and Lee, 2020), we deemed the double mutant suitable for our 

experiments.  

A similar issue arises in the expression of our rescue constructs: our catalytically dead 

construct is driven by a 10X UAS-driver, while our wild type construct is driven by a 5X UAS-

driver. This resulted in a subset of pp4 mutants rescued with the 10X PP4-dead construct 

displaying a gain-of-function phenotype, where both centrosomes maintained active MTOCs (data 

not shown). We addressed this discrepancy by taking advantage of the temperature sensitivity of 

the Worgal4 UAS system. Indeed, when reared at a lower temperature, pp4 mutants rescued with 

the 10X PP4-dead construct failed to form active MTOCs (Chapter 3, Segura et al., 2025, 

Supplemental Figure 1).   

Additionally, our mislocalization of 𝛾Tubulin37C may be described as ectopic, as it is 

being driven by a embryo-specific driver instead of a neuroblast-specific one. In addition to this, 

𝛾Tubulin23C is seen as the de facto 𝛾Tubulin gene responsible for microtubule nucleation at 



 

neuroblast centrosomes, leading one to propose the alternative explanation wherein 𝛾Tubulin23C 

is the upstream-most effector of regulation, consistent with 𝛾Tubulin23C’s established role in 

centrosome regulation, and any phenotypes seen in 𝛾Tubulin mutants is chiefly ascribed to miss-

regulation of 𝛾Tubulin23C. However, both previously described mutant alleles and our 

endogenous phospho-mimetic 𝛾Tubulin37C[S131A] mutant showed robust MTOC phenotypes in 

interphase (Chapter 3, Segura et al., 2025, Figure 3), implying that 𝛾Tubulin37C and 𝛾Tubulin23C 

are equally important to centrosome regulation. Were 𝛾Tubulin37C to be a downstream effector 

of 𝛾Tubulin dynamics, a single edit to the coding sequence of 𝛾Tubulin37C would have minimal 

consequences.  However, single edits to 𝛾Tubulin37C were sufficient to cause a phenotypic 

increase in MTOC activity at centrosomes in interphase, further implying the importance of 

𝛾Tubulin37C (Chapter 3, Segura et al., 2025, Figure 3).  

Additionally, there are multiple residues on 𝛾Tubulin that can act as regulatory domains 

for centrosome regulation (Kristensson, 2021), and it is likely that other residues are equally 

important. Because Serine 131 is the most well-characterized residue, we focused on it for this 

work. While the possibility of performing multiple single-base edits on all relevant residues on 

both 𝛾Tubulin23C and 𝛾Tubulin37C and all the different combinations therein is an exciting 

proposal, it is beyond the scope of this work.  

Lastly, another discrepancy is in our Cdk1 RNAi experiments (Chapter 3, Segura et al., 

2025, Figure 4), where a subset of cells show a loss of function. If Cdk1 is responsible for 

phosphorylating 𝛾Tubulin, and this phosphorylation results in a loss of MTOC formation, then the 

removal of Cdk1 should lead to an increase in MTOC activity. Why then do we observe a subset 

of cells that lack MTOC activity? This may be ascribed to the ubiquity of Cdk1, which has multiple 

targets, and due in part to penetrance issues of our selected RNAi. To address this, we performed 



 

trapping experiments where GFP-tagged Cdk1 was sequestered to the centrosome. Under those 

conditions, we observed a decrease in MTOC formation, which we ascribed to the phosphorylation 

activity of Cdk1 on 𝛾Tubulin, which is consistent with our model.  

CHAPTER 5. FUTURE DIRECTIONS AND CONCLUSION 

5.1 WHAT ARE OTHER PHOSPHO-REGULATORY SITES OF 𝛾TUBULIN? 

As discussed above, a major limitation of my study is that I only tested one edit (Serine 🡪 

Alanine) on only one gene (yTubulin37C). It is equally likely that other residues carry functional 

consequences on microtubule nucleation; indeed, several phosphorylation sites have been mapped 

to yTubulin and have been tested in S. cerevisiae and in human cell culture (Sulimenko et al., 

2022). Therefore, one could envision a set of experiments wherein all of these putative 

phosphorylation sites are assayed for their importance in microtubule nucleation. To achieve this, 

one would need to generate single-base edits to each of the identified phospho-sites on both 

yTubulin23C and yTubulin37C, and mutate them to either be un-phosphorylatable by mutating to 

an alanine or make them phosphor-mimetic by mutating them to either a glutamic acid or aspartic 

acid. I have already generated a recombinant null chromosome removing both gamma tubulin 

genes (Chapter 3, Segura et al., 2025, Supplemental Figure 4 and 5); one would have to pair this 

with a recombinant chromosome containing a gamma tubulin edit and a gamma tubulin null allele. 

For example, I will outline this experimental cross for Serine 32 on yTubulin23C, asumming a 

yTub23C[S32A] allele has been generated and recombined with yTubulin37C[3], which is the null 

allele of yTubulin37C: 

 



 

Parental Cross: 

𝛾𝑇𝑢𝑏23𝐶[𝑆32𝐴], 𝛾𝑇𝑢𝑏𝑢𝑙𝑖𝑛37𝐶[3]

𝐶𝑦𝑂, 𝐴𝑐𝑡𝑖𝑛 ∷ 𝐺𝐹𝑃
  ×  

𝛾𝑇𝑢𝑏23𝐶[𝐴15 − 2], 𝛾𝑇𝑢𝑏𝑢𝑙𝑖𝑛37𝐶[3]

𝐶𝑦𝑂, 𝐴𝑐𝑡𝑖𝑛 ∷ 𝐺𝐹𝑃
  

Larval Progeny to Image/Test: 

𝛾𝑇𝑢𝑏23𝐶[𝑆32𝐴], 𝛾𝑇𝑢𝑏𝑢𝑙𝑖𝑛37𝐶[3]

𝛾𝑇𝑢𝑏23𝐶[𝐴15 − 2], 𝛾𝑇𝑢𝑏𝑢𝑙𝑖𝑛37𝐶[3]
 

This would result in larvae expressing only phospho-mutant gamma tubulin, allowing for the study 

of each residue and its impact on cellular function, assuming that larvae tolerate these mutations. 

In an ideal scenario, the above experimental flowthrough would be performed for each residue (17 

total between both genes, totaling 34 edits and recombinant lines).  

Should this be constricted to a smaller number of targets, the Drosophila equivalents of 

human Y443 and S385 and yeast Y445  prove interesting candidates due to their direct impact on 

microtubule nucleation (Sulimenko et al., 2022). yTubulin23C only has equivalent residues for 

human y443 and yeast Y445 on the same residue, Y443. yTubulin37C has an equivalent residue 

for human Y445 and yeast Y443 at the same reside, Y444, and the same residue as human S385. 

By focusing just on these residues, the experimental load could be reduced from looking at all 

possible residues to only three in each gene. This could be paired with any number of residues 

from the predicted phospho-sites (shown in blue in Figure 1), as these un-tested residues would 

represent novel and new data on the importance of nascent untested phosphorylation stites, which 

would expand our understanding of gamma tubulin regulation. 

5.2 HOW DOES PHOSPHO-REGULATION OF 𝛾TUBULIN IMPACT 𝛾TURC/MTOC 

FORMATION? 

By performing the above experiments, one would also have the ability to determine if any 

of these phospho-sites are critical for the incorporation of gamma tubulin into gamma tubulin ring 



 

complexes (yTuRCs). From my work, I infer that mutations to Serine 131 on yTubulin37C 

interfere with yTubulin’s ability to incorporate into yTuRCs, manifesting as a defect in MTOC 

activity. However, I did not generate evidence to prove this point. Expanding this study to include 

other residues grants the potential to perform experiments testing for yTuRC assembly in mutant 

lines. To achieve this, one could perform co-immunoprecipitation paired with mass spectrometry 

on mutant lines to determine if mutations to phosphor-sites are permissive to yTuRC formation. 

At minimum, this could be performed on the Serine131Alanine line I already generated for my 

work, and would serve as a test-of-concept before moving on to perform similar experiments on 

other residues.  

5.3 HOW DO PP4 AND POLO DIFFERENTIATE BETWEEN MOTHER AND DAUGHTER 

CENTRIOLES? 

In my work, I propose that the centriolar transfer of Centrobin is a two-step procedure, 

where in early mitosis, Cnb is phosphorylated by Polo to remove it from the mother centriole, and 

in late mitosis, PP4 dephosphorylates Cnb to enrich Cnb on the daughter centriole. This proposed 

model generates an interesting question: How do Polo and PP4 differentiate between mother and 

daughter centrioles? Or in other words, what prevents Polo from removing Cnb from the daughter 

centriole, and what prevents PP4 from enriching Cnb on the mother centriole? To answer this 

question, more work is needed to identify structural and molecular differences between centrioles 

in Drosophila neuroblasts. To date, molecular factors that associate with the mother centriole 

include Ninein (Nin), Outer Dense Fiber protein 2 (ODF2), and Cep164, while Centrobin is the 

only known marker for daughter centrioles. Nin has been observed at both centrosomes in fly 

embryos (Kowanda 2016), but it has not yet been determined if an asymmetry in Nin can be 



 

observed in centrioles undergoing duplication during neuroblast mitosis, and if Cep164 localizes 

to centrosomes at all in neuroblasts. Should either protein show an asymmetry favoring the mother 

centriole, it would provide us with a system to test if these components are required for Polo and 

PP4 to differentiate between mother and daughter centrioles in a Cnb-independent manner. Should 

this be the case, partial knock-down , interference, or knock-out of Cep164 or Nin (or any other 

mother-exclusive protein) could be used to determine impact on Cnb transfer, which would support 

this hypothesis. Following this, one could determine functional domains of Nin/Cep164 to 

molecularly determine the mechanism of action between centriolar components, Polo, and PP4. 

An alternative to this is the centriolar protein Asterless (Asl), which is used to differentiate between 

mother and daughter centrioles in a Cnb-independent fashion. Mother centrioles, due to being older 

and more mature than their daughters, have more Asl incorporated into them. Therefore, an 

alternative hypothesis could be that in fly neuroblasts, PP4 and Polo differentiate between mother 

and daughter centrioles based on Asterless levels. Testing this would require a new marker to 

differentiate mother and daughter centrioles, which would then allow for the removal of Asl from 

mitotic neuroblasts to study the impact of asl mutants on Cnb transfer. 

5.4 WHAT IS THE IMPACT OF MTOC ASYMMETRY MISS-REGULATION ON CELL 

FATE? 

In neuroblasts, the functional difference between centrosomes in part determines their 

segregation pattern. The apical daughter centrosome, which maintains MTOC activity, is thought 

to remain anchored in the apical region of the cell due to microtubule-dependent interactions with 

the apical cortex. This then facilitates the biased positioning of the daughter centrosome such that 

it segregates into the renewing stem cell. Could there be functional consequences to this biased 



 

segregation? In the mollusk embryo, centrosomes act as a vehicle of biased mRNA delivery to 

daughter cells with different fates, implicating centrosomes as delivery mediators of cell fate 

determinants (Lambert and Nagy, 2002). Indeed, several mRNA transcripts have been observed at 

centrosomes in Drosophila larvae – it remains to be seen if these same transcripts or other, yet 

unidentified transcripts localize to centrosomes in larval neuroblasts (Lécuyer et al., 2007). To 

date, the only mRNA observed at centrosomes in neuroblasts is a minor population of Miranda 

and Orb2 RNA at the apical centrosome (Ramat et al., 2017; Robinson et al., 2021). Therefore, an 

exciting proposal would be to perform a two-part experiment, where one would (1) assay for 

centrosomal localization of candidate RNA species at centrosomes, and (2) assay for unidentified 

RNA species at centrosomes. To test candidate, one would employ single-molecule RNA 

fluorescent in situ hybridization (smRNA-FISH) as done previously (Lécuyer et al., 2007). 

Identifying novel RNA species however would be a more involved process. Initially, I had 

proposed using the Biotinylation via antibody recognition (BAR) approach, wherein biotinylation 

is induced at a limited locus to tag proteins and nucleic acids for extraction with magnetic anti-

biotin beads. In this approach, I proposed using our endogenous Centrobin::GFP construct, as this 

would allow us to restrict Biotinylation to the region around the apical centrosome, which would 

in turn allow us to identify RNA species that uniquely localize to the apical centrosome, and thus 

presumably segregate into the neuroblast. Similarly, using Asterless::GFP would identify all RNA 

species at centrosomes, and would potentially identify species that segregate into the GMC. 

However, I struggled to get specific Biotinylation at Cnb::GFP and Asl::GFP centrosomes, 

presumably due to an inefficient affinity between our GFP constructs and our selected anti-GFP 

antibodies. The antibodies selected did not recognize Asl::GFP or Cnb::GFP, but could recognize 



 

Pins::GFP (Figure 2). Therefore, should a suitable antibody be identified, this experiment would 

be able to proceed after further troubleshooting.  

 Should candidate RNA species be found at either the apical or basal centrosome, it would 

be enlightening to observe their localization patterns in vivo. This has been achieved with the MS2 

RNA-tagging system, where candidate RNA transcripts are edited to introduce MS2-loops to their 

terminal non-coding regions. When paired with a fluorescently-tagged coat protein that recognizes 

and binds to these MS2 loops, one can effectively monitor RNA localization via fluorescent 

microscopy in vivo. Indeed, this approach has been used in neuroblasts to track Miranda RNA 

localization, though the signal to noise ratio was best when done in neuroblast culture instead of 

ex vivo brains (Ramat et al., 2017). Indeed, I struggled to replicate the ex vivo findings reported in 

Ramat et al., 2017, and could not detect any noticeable localization patterns of Prospero RNA 

using the same MS2 system (Figure 3). Therefore, it is likely that outside of neuroblast culture, 

resolving RNA localization in ex vivo brains would prove challenging. However, smRNA-FISH 

should provide sufficient information about localization patterns throughout interphase and mitosis 

with sufficient N’s.    

5.5 DO CENTROSOMAL DEFECTS IN PP4 MUTANTS LEAD TO DEVELOPMENTAL 

DEFECTS? 

Centrosomes and centrosomal regulation have been implicated numerous times in 

developmental defects such as microcephaly. However, it remains unexplored if these defects are 

ascribed to MTOC asymmetry miss-regulation. For this reason, the pp4 mutant characterized here 

provides an excellent candidate to probe for the impact of MTOC asymmetry on the developing 

larval brain. Unlike other mutants that remove MTOC asymmetry in interphase, pp4 mutants retain 



 

Cnb on the apical centrosome, and retain a small (albeit reduced) population of Polo on the apical 

centrosome. While mitosis is largely unaffected, a small population of cells undergo miss-

regulated transfer of Cnb during mitosis, while a larger subset of cells yield a neuroblast with Cnb 

enriched on the daughter centriole (Chapter 3, Segura et al., 2025). This provides us with an 

excellent model to test for developmental impact of MTOC asymmetry, as pp4 mutants lose 

functional MTOC asymmetry in interphase, and retain the centrosome-specific localization of 

Centrobin (Chapter 3, Segura et al., 2025).  

The only current barrier to probing this question further is the lethality of the pp4 null 

mutant, which affects all cells in the organism (leading to other pp4-specific phenotypes) and is 

homozygous lethal, eliminating all mutants sometime during pupation. To get around this barrier, 

one would have to identify other means to selectively knock-down PP4 activity in neuroblasts at 

different stages of development. The regulatory subunits PP4r2 and PP4r3 (Falafel) show similar 

MTOC phenotypes to pp4 mutants, making these proteins prime targets for knock-down for 

developmental experiments (Chapter 3, Segura et al., 2025). In addition, RNAi against the 

catalytic subunit PP4-19C may also be used, providing yet another avenue to remove MTOC 

asymmetry. When paired with the temperature sensitivity of the WorniuGal4-UAS system, it may 

be possible to inhibit total MTOC asymmetry loss until later developmental stages, allowing one 

to observe developmental defects at different developmental timepoints. Should this be unfeasible, 

there are several putative PP4-inhibiting proteins (DHX38, TIPRL, PP4IP) that could be expressed 

in neuroblasts via optogenetics to give temporal control over knock-down of PP4 (Park and Lee, 

2020). Finally, one could also generate PP4c::GFP, PP4r2::GFP, or PP4r3::GFP constructs and 

selectively trap them to nanobody domains to miss-localize them at different developmental 

timepoints. Utilizing these tools, one would assay for (1) brain morphology, (2) brain composition 



 

(stem vs non-stem cell counts), (3) single cell RNA sequencing, and (4) behavioral assays (larva: 

rolling, adults: climbing) at the larval and adult timepoints to determine the impact of MTOC 

asymmetry on development. In particular, should larvae with MTOC defects survive to adulthood, 

it would be interesting to observe the differences between control brains and MTOC-deficient 

brains.  

5.6 SPATIAL-TEMPORAL ACTIVITY OF PP4  

Finally, it remains to be seen if and how PP4 performs dual regulatory roles in neuroblasts. 

One explanation could be differential regulation via PP4’s regulatory subunits, which may impact 

the localization of the catalytic subunit (Park and Lee, 2020). To investigate this further, I 

attempted to generate an endogenous PP4::GFP construct. While I was able to generate 

transformants, the signal of PP4::GFP was extremely diffuse in the cytoplasm, and required 

excessive exposure settings (Figure 4, ~50% laser power and at least 500 ms of exposure time) to 

generate detectable signal. As an alternative approach, I tried to use antibodies against PP4c, 

PP4r2, and PP4r3. The PP4c antibody, which was an alternative antibody used to observe PP4 at 

centrosomes in embryos (Helps et al., 1998) , proved to be non-specific, as pp4 mutants presented 

anti-PP4 signal. PP4r2, and PP4r3 presented prominent nuclear signal, though this was not verified 

with appropriate stainings in PP4r2, and PP4r3 mutant controls. Therefore, a possible continuation 

of this work should include (1) a re-assessment of PP4r2 and PP4r3 antibodies and potential 

generation of PP4c, PP4r2, and PP4r3 endogenous GFP CRISPR tags. This would allow for the 

identification of localization and thus regulatory dynamics of the PP4 complex and would allow 

for several of the other experiments outlined above (nanobody trapping, RNA identification via 

pull-down). 

 



 

5.7 CONCLUSION  

Here I show that Protein Phosphatase 4 is required for centrosome asymmetry in neural 

stem cells. I show that pp4 mutants fail to form MTOCs in interphase, and that pp4 mutants show 

reduced levels of 𝛾Tubulin. I show that phospho-mimetically inactive 𝛾Tubulin increases MTOC 

formation in interphase and that Cdk1-phosphorylated 𝛾Tubulin decreases MTOC formation, 

implying that PP4 regulates interphase MTOC activity by dephosphorylating 𝛾Tubulin, likely at 

Serine 131. Lastly, I show that PP4 reduces interphase Polo localization, and that PP4 regulates 

the centriolar transfer of Centrobin during mitosis, where pp4 mutants fail to enrich Centrobin on 

the daughter centriole.  Future work will explore the mechanism by which PP4 and Polo 

differentiate between mother and daughter centrioles and will test other Serine/Threonine residues 

on 𝛾Tubulin for possible regulatory sites of microtubule nucleation.   

 

  



 

5.8 FIGURES 

5.8.1 Figure 1: Conserved phospho-sites of gamma tubulin in 

Drosophila 

 
 

Shown are the conserved phosphorylation sites of gamma tubulin 23C and 37C in Drosophila. 

Conserved sites were identified by aligning each gamma tubulin gene using either S. cerevisiae 

Tub4 or H. sapiens TUBG1. The top row contains the yTubulin23C sequence, while the bottom 

row contains the yTubulin37C sequence. Residues highlighted in yellow denote phosphorylation 

sites identified and verified in yeast and humans; blue denotes predicted phosphorylation sites of 

human TUBG1; purple denotes sites that are predicted in human TUBG1, and have been verified 

in yeast Tub4; orange denotes residues identified in human TUBG1 and tested in Drosophila 

neuroblasts.  

  



 

5.8.2 Figure 2: Anti-GFP candidate antibodies. 

 



 

Figure 2: Anti-GFP antibody testing. (A) Chicken anti-GFP used in parallel on Cnb::GFP, 

Asl::GFP, and Pins::GFP. (B) mouse anti-GFP-HRP used on Pins::GFP. (C) Chicken, mouse, and 

rabbit anti-GFP used on Pins::GFP. (D) Goat anti-GFP-HRP used on Pins::GFP.   



 

5.8.3 Figure 3: Miranda RNA in the MS2 RNA-tagging system. 

 

 

Figure 3: Miranda RNA in the MS2 RNA-tagging system. Asterix denotes nucleolus. Dashed line 

denotes Miranda RNA signal at the apical centrosome (metaphase) and basal cortex (telophase).   



 

5.8.4 Figure 4: Endogenous CRISPR-mediated PP4c::GFP 

 

 

Figure 4: Representative PP4c::GFP image.   
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