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Thesis Abstract 

 

Germline stem cells (GSCs) divide asymmetrically to produce one new daughter 

stem cell and one daughter cell that will subsequently undergo meiosis and 

differentiate to generate the mature gamete. The ‘silent sister hypothesis’ proposes 

that in asymmetric divisions, the selective inheritance of sister chromatids carrying 

specific epigenetic marks between stem and daughter cells impacts cell fate. To 

facilitate selective sister chromatid segregation in stem cells, this hypothesis 

specifically proposes that the centromeric region of each sister chromatid is 

distinct. In Drosophila GSCs, it has recently been shown that the centromeric 

histone CENP-A - the epigenetic determinant of centromere identity - is 

asymmetrically distributed on sister chromatids. In these cells, CENP-A deposition 

occurs in G2 phase such that sister chromatids destined to end up in the stem cell 

harbour more CENP-A, assemble more kinetochore proteins and capture more 

spindle microtubules. These results suggest a potential mechanism of ‘mitotic 

drive’ that might bias chromosome segregation.  

 

In this thesis, we report that the inner kinetochore protein CENP-C, which binds to 

centromeric chromatin, is required for the assembly of CENP-A in G2 phase in 

GSCs. Moreover, CENP-C is required to maintain a normal asymmetric 

distribution of CENP-A between stem and daughter cells. In addition, we show 

that CENP-A is gradually lost at the centromere of GSCs over time, with depletion 

of CENP-C accelerating this loss of CENP-A. Finally, we show that disruption to 

the centromeric core in GSCs disrupts the balance of stem and daughter cells in the 

ovary, shifting GSCs toward a self-renewal tendency. Ultimately, we provide 

evidence that centromere assembly and maintenance via CENP-C is required for 

efficient asymmetric division in female Drosophila GSCs. 
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1. Introduction 
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1.1 Asymmetric Cell Division in Stem Cells 

 

1.1.1 Cells, Cell Division and the Cell Cycle  – An Overview  

 

The most basic unit of life is a cell, first observed and published in the book 

Micrographia by Robert Hooke in 1665. Cells provide the most fundamental 

structural and functional building block of an organism – assembling from cells, to 

tissues and beyond into a fully functioning organism. Moreover, cells are generally 

specialised for function. For example, epithelial cells lining the surface of the body 

including skin, internal organs and blood vessels. Similarly, germ cells give rise to 

gametes (sperm and egg). Importantly, these cells are required to proliferate to 

build their specialised tissues (Alberts et al., 2014). Cell proliferation is the process 

by which a cell increases the population of cells by way of cell division. Cell 

division involves a mother cell dividing to give rise to two new (usually identical) 

daughter cells. In order to grow and increase tissue size, cells need duplicate their 

genetic material and to divide it equally between its two new daughter cells. The 

process of cell division was first described by Walther Flemming in 1882 

(Flemming, 1882).   

 

A cell’s genetic material is referred to as it genome, and provides the instructions 

for the cell to grow, adapt, respond to its environment and carry out its function 

(Alberts et al., 2014). Deoxyribonucleic acid (DNA) is the basic genetic material 

of most organisms, and is maintained primarily in the nucleus of a cell and 

packaged into chromosomes (discussed later). Each species has a specified number 

of chromosomes. For example, Homo sapiens (humans) contain 46 chromosomes. 

Here, human (and most organisms) cells are diploid (2n), meaning they contain 23 

homologous chromosome pairs (2n = 46; with the exception of X/Y chromosomes 

in the case of males). Drosophila melanogaster (fruit fly) on the other hand contain 

8 chromosomes, also organised into 4 homologues (2n = 8). In contrast,  sperm and 

egg cells contain only one copy of each chromosome (haploid, 1n). When a sperm 

and egg fuse, these two haploid cells combine their genetic material to form a 

complete diploid cell (and effectively new organism). Furthermore, each 

chromosome contains an exact ‘sister’ copy of its genetic material known as a sister 
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chromatid, produced by DNA replication. A cell segregates these sister chromatids 

equally and randomly into two daughter cells by means of a process called mitosis. 

To allow access to the DNA for replication (discussed below) and gene expression, 

DNA is decondensed and loosely packed into chromatin structures. Upon entering 

into mitosis, these chromatin structures are condensed into the classical 

chromosome structure to allow efficient segregation of the sister chromatids 

(Alberts et al., 2014). Each chromosome consists of a central constriction site, the 

centromere, which separate the short (‘petit’ or ‘p’) to longer (‘q’) chromosome 

arms (Figure 1.1).  

 

 

 
Figure 1.1: The basic structure of the mitotic chromosome. DNA condenses 

into mitotic chromosomes before segregation into daughter nuclei. The basic 

structure of a chromosome contains shorter ‘p’ arms (top, grey) and longer ‘q’ arms 

(bottom, grey) separated by a primary constriction site (the centromere, black). 

DNA is duplicated during the Synthesis ‘S’ phase in order to allow equal 

inheritance of genetic material between daughter nuclei during mitosis. A 

genetically identical copy of a chromosome, called a sister chromatid, is generated 

in S phase. One sister chromatid is segregated into each daughter cell upon mitosis. 
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Cells undergo a cell cycle in preparation for the next cell division. After a cell 

divides, each chromosome consists of only one copy of its genetic material. In 

order to divide again, this genetic material needs to be copied for each chromosome 

to re-establish the sister chromatids of each individual chromosome. The cell cycle 

is thus series of events (beginning after mitosis) the cell goes through to prepare 

for the mitosis. It consists of an interphase and mitosis (M-Phase). Interphase is 

subdivided into three phases: G1 phase, S-phase, and G2 phase. G1 phase represents 

the first ‘gap’ phase and its primary function growth and replenishment of 

organelles and proteins for the upcoming cell cycle. The duration of G1 phase is 

highly variable depending on cell type (discussed later). Progression through this 

stage is governed by G1/S cyclin proteins at the G1/S transition (restriction point). 

S-phase (S for ‘Synthesis’) represents the stage of the cell cycle where DNA is 

duplicated from a parental strand, providing the genetic material to be sufficient 

for two new daughter cells. It is a highly complex process whereby the DNA 

replication machinery synthesises an extra copy of the same DNA strand, whilst 

retaining the correct chromosome number or ‘ploidy’. Upon completion, each 

chromosome will be represented by two identical sister chromatids (parent and 

newly-synthesised) separated by a central constriction point (the centromere) to be 

segregated later during mitosis. Lastly, a second gap phase (G2-phase) follows S-

phase and is the final preparation before mitosis. It represents a phase of significant 

protein synthesis and cell growth before mitosis. Here, microtubules begin to 

organise to form the mitotic spindle and the G2/M-checkpoint reviews the cell for 

DNA damage. The G2/M checkpoint cyclins allow progression to mitosis once 

these ‘checks’ are complete.  

 

Mitosis represents the most common form of nuclear division within a cell 

division. It is a highly organised event whereby the chromosomes organise, align 

and segregate their sister chromatids into two daughter nuclei, followed by physical 

cell division via cytokinesis. M-phase can also be subdivided into distinct stages: 

prophase, prometaphase, metaphase, anaphase, telophase, followed by cytokinesis. 

Briefly, these stages are summarised below:  

• Prophase: During prophase, the loosely packed chromatin condenses 

into its individual tightly-packed chromosomes. Transcription/gene 

expression largely ceases and the nucleolus disintegrates. Centrosomes, 
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the primary microtubule organising centre (MTOC), emanate 

microtubules (mitotic spindle) from centrosomes at both cellular poles.   

• Prometaphase: The nuclear envelope is broken down and the 

polymerised microtubules invade the nucleus to attach to chromosomes 

via kinetochores. Kinetochores are proteinaceous structures which form 

at chromosome centromeres, to which the mitotic spindle attaches (or 

biorientes). At prometaphase, chromosomes are beginning to align 

themselves at the metaphase plate.    

• Metaphase: The microtubules are now attached to the kinetochores of 

each sister chromatid, and the centrosome now begins to pull 

kinetochores towards their respective poles, with bivalent sister 

chromatids remaining attached to each other. This pull creates a tension 

which aligns the chromosomes centrally at the metaphase plate. The 

spindle assembly checkpoint (SAC) ensures each kinetochore has a 

spindle attached and that each daughter cell receives one sister 

chromatid.   

• Anaphase: The mitotic spindle is contracted and the sister chromatids 

are pulled apart towards their opposite poles. The cell elongates to ease 

the final cleavage.  

• Telophase: Each daughter nucleus now contains an identical 

chromosome set. The nuclear envelope reforms around each daughter 

nucleus and the chromosomes begin to decondense into their chromatin 

state.  

• Cytokinesis: Cytokinesis is not a stage of mitosis but is the penultimate 

stage cell division. In animal cells, the cytoplasm pinches inwards 

(cleavage furrow) to form the two new daughter cells.  

• Abscission: Cell division concludes with the breaking of the 

microtubule and membrane bridge that intercellularly connects the two 

daughter cells.   

 

In the case of regular, mitotically-dividing cells, equal inheritance of sister 

chromatids (and in turn chromosome number) is paramount to maintaining the 

cell’s ploidy. Moreover, the segregation of sister chromatids is random, depending 
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on the orientation of the chromosome and the spindle biorientation. Hence, the 

sister chromatids of each chromosome (parental or newly-synthesised) have equal 

chance of inheritance to either daughter cell. However, exceptions to this rule of 

equal and random inheritance must exist in nature in order for purposely 

unspecialised cells to develop and maintain tissue homeostasis. This thesis will 

bring into focus the non-random nature of chromosome segregation in stem cell 

divisions, and the adaptions of sister chromatids to facilitate a non-random 

segregation in the context of adult germline stem cells (GSCs).   

 

1.1.2 Stem Cells and the Maintenance of Specialised Cell Lineages 

 

Complex multicellular organisms display a diverse range tissues working in 

tandem to facilitate the optimum functioning of the living-being. Each tissue is 

composed of a specialised set of cells with a defined function within the organism, 

e.g. blood, skin, muscle, germline tissues. These tissues will be required to grow 

and develop from the embryo through to adult-life. Moreover, adult tissues (and 

earlier tissues) will require substantial maintenance, continuously repairing and 

replacing dead, damaged or old cells within the specialised tissue. In the case of 

the germline, the production of gametes is also a continuous process, requiring a 

constant supply of new germ cells to produce sperm/eggs on demand. Cellular 

differentiation is the process whereby specialised cell types arise from 

unspecialised (undifferentiated) cells in development. Thus, the development of an 

embryo and maintenance of adult tissues require the process of cellular 

differentiation in order to grow and survive in its environment.   

 

Stem cells are unspecialised cells of multicellular organisms that can differentiate 

into a broad spectrum of cell types. They are found through embryonic 

development and in adult tissues. Unlike regular mitotic cells, stem cells divide to 

produce two daughter cells of differing cell fate: 1) a differentiating daughter cell, 

and 2) a self-renewing stem cell. As a result, the stem cell population is maintained 

by stem cell self-renewal whilst allowing cellular differentiation for the 

development of, or maintenance of the organism. Thus, a stem cell will remain the 

earliest cell within a cell lineage/tissue.  



Chapter 1  Literature Review 

 7 

 

Stem cells maintain lineages by ensuring self-renewal (Morrison and Kimble, 

2006). They achieve this through two types of cell division: symmetric and 

asymmetric cell divisions. A symmetric cell division (SCD; analogous to a 

canonical mitotically-dividing cell) gives rise to two daughter cells of cell fate. 

SCD can thus increase or decrease stem cell population by producing two ‘stem’ 

(thus doubling the stem cell population) or two ‘differentiating’ daughter cells 

(thus reducing the stem cell number) In contrast, asymmetric cell division (ACD) 

results in daughter cells of unequal cell fate: producing a self-renewing stem cell 

to maintain the stem cell population, and a daughter (progenitor) cell committing 

to differentiation into a defined cell type (Horvitz and Herskowitz, 1992; Knoblich, 

2008; Morrison and Kimble, 2006). Therefore, ACD is required in all stem cells 

(totipotent to unipotent) in order to generate and retain organism complexity from 

the developing embryo through adult life 

 

There are two general stem cell types: embryonic and adult stem cells (Fuchs and 

Segre, 2000):  

 

Embryonic stem cells (ESCs) are one of the earliest stem cells in an organism. 

Totipotent (embryonic) stem cells, derived in the first few divisions after 

fertilisation (0-4 days) are the only stem cells in an organism capable of 

differentiating into all cells of the human body (i.e. all three germ layers and the 

extra-embryonic tissue). However, these cells lose their totipotency after 4 days. 

Thus, they are naturally very ethically challenging and difficult to isolate (Rathjen 

and Rathjen, 2013). Instead, later-stage ESCs are generally used in research, 

derived from the inner cell mass of the blastocyst stage (~5 days post fertilisation) 

during embryonic development (Shamblott et al., 1998; Thomson, 1998). These 

cells are pluripotent, meaning they have the capacity to differentiate into almost 

every cell type in the body (in excess of 200 cell types), minus the extra-embryonic 

tissue (e.g. placenta). ESC differentiation begins with differentiation into the three 

germ layers at the gastrulation stage of development: the ectoderm, mesoderm and 

endoderm (Rathjen and Rathjen, 2013). Thus, these cells are highly valuable in 

terms of regenerative medicine.  
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Adult (somatic) stem cells are distinguished from ESCs in that they are found in 

select stem cell microenvironments (also termed ‘niche’) (e.g. germline, bone 

marrow, adipose) (Fuchs et al., 2004). Their primary role is the replenishment and 

replacement of cells within a select tissue. Hence, in contrast to ESCs they are 

either multipotent or unipotent, meaning they can only differentiate into a few/one 

cell type(s). Examples of such adult stem cells include hematopoietic stem cells 

(blood and immune cells; multipotent), mesenchymal stem cells (muscle, adipose, 

bone and cartilage; multipotent) and germline stem cells (gametes; unipotent). 

Thus, within their lineage/tissue, adult stem cells are vastly outnumbered by 

progenitor (cells that are pushed towards differentiating into a specific cell type)   

and terminally-differentiated cells. Unlike ESCs, adult stem cells lack the ability 

to differentiate into the three germ layers. However, adult epithelial cells can be 

reprogrammed into (induced) pluripotent stem cells (iPSCs). Yamanaka famously 

first demonstrated this using transcription factors (Octamer-binding transcription 

factor 3/4 (Oct3/4); Sex determining region Y-box 2 (Sox2); Myc; Krüppel-like 

factor 4 (Klf4)) resulting in the reprogramming of mouse fibroblast cells into a 

pluripotent state (Takahashi and Yamanaka, 2006).    

 

1.1.3 Asymmetric Cell Division in Specialised Tissues 

 

To generate differing cell types and organism complexity, subsets of cells within a 

living organism maintain an ability to divide asymmetrically (Horvitz and 

Herskowitz, 1992; Knoblich, 2008; Morrison and Kimble, 2006) Here, ACD 

produces daughter cells of differing cell fates (discussed above). Notably, all stem 

cells can divide asymmetrically to produce 1) a daughter cell that self-renews and 

maintains stem-like properties, and 2) a daughter cell committed to differentiation 

(Figure 1.2). For example, adult neural and germline stem cells are the foundation 

to the processes of neurogenesis (Zhao and Moore, 2018) and gametogenesis 

(Lehmann, 2012; Spradling et al., 2011) – the development of neurons and 

gametes. Hence, the asymmetry of a stem cell division allows for the generation 

and maintenance of diverse cellular complexity, from development of the three 

germ layers to the maintenance of adult lineages.  
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Figure 1.2: Schematic of symmetric and asymmetric divisions of a stem cell. 

Analogous to a canonical mitotically-dividing cell (e.g. HeLa cell), stem cells can 

divide symmetrically to produce daughter cells of equal cell fate, such as that of 

stem cell self-renewal (left) or stem cell loss (middle). To maintain a the stem cell 

population, stem cells must divide asymmetrically to produce daughter cells of 

unequal cell fate; a self-renewing stem cell and a differentiating daughter cell 

(right). The molecular control of these cell fate decisions are fundamental to stem 

cell biology.  

 

Measuring the frequency of ACD versus SCD in a multicellular organism presents 

its own challenges due to dissection and fixation at specific timepoints. Moreover, 

long-term live imaging ex vivo also presents issues with tissue viability. Hence, to 

date, the frequency has been estimated best through lineage tracing methods 

whereby fluorescent tags (e.g. Green Fluorescent Protein, GFP) or nucleotide 

analog (e.g. 5-Ethynyl-2´-deoxyuridine, EdU) can be used to track stem cells 

dividing symmetrical versus asymmetric. Hence, stem cells undergoing SCD will 

express GFP (or alternative) in both daughter cells, whereas asymmetric stem cells 

will not. For example, the frequency of ACD versus SCD was measured for 

Drosophila male germline stem cells (GSCs). Here, SCD is limited to 1-2 % of all 

GSC divisions (Salzmann et al., 2013). In contrast, Sheng and Matunis reported 

much higher frequencies of symmetric self-renewal (7 %) versus symmetric 
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differentiation/GSC loss (13 %) using live analysis (Rebecca Sheng and Matunis, 

2011). Thus, an exact measurement on ACD versus SCD frequencies in any tissue 

proves difficult. Nonetheless, ACD and SCD exist in vivo and function to maintain 

(ACD) and increase/decrease (SCD) stem cell number respectively.    

 

Ultimately, the control ACD poses a unique biological question, as unlawful 

disturbance to asymmetry (stem cell self-renewal versus differentiation) will have 

profound implications on normal tissue homeostasis. This may potentially drive 

the development of diseases such as cancer and infertility due to aberrant 

proliferation of differentiated versus undifferentiated cell states  (Clevers, 2005; 

Knoblich, 2010; Morrison and Kimble, 2006).  
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1.2 The Control of Asymmetric Cell Division in Stem Cells 

 

1.2.1 Extrinsic versus Intrinsic Control of Adult Stem Cells 

 

Stem cells regulate their proliferation and cell fate decisions through a multifaceted 

combination of extrinsic and intrinsic cues (Knoblich, 2008). The stem cell 

microenvironment (or niche), defined as a region of tissue where the stem cell 

resides and interacts with that region, plays a pivotal intercellular role in the 

regulation of the extrinsic factors that control the adult stem cell fate decisions. 

That is, to self-renew or differentiate (Losick et al., 2011; Morrison and Spradling, 

2008; Resende and Jones, 2012). Here, the activation or suppression of signalling 

ligands from the niche act to regulate stem cell proliferation in space and time. For 

example, Janus Kinase Signal Transducers and Activators of Transcription (JAK-

STAT) and Bone Morphogenic Protein (BMP) are well conserved signalling  and 

are known to influence spatiotemporal cell division within stem cell niches 

(Herrera and Bach, 2019; Issigonis et al., 2009; Stine and Matunis, 2013; Zhang 

and Li, 2005). In Drosophila stem cell niches, these signalling pathways have been 

extensively studied and are reasonably well understood. This signal transduction 

from the stem cell niche provides the self-renewal or differentiation cues to 

maintain or differentiate away from the niche.  

 

Intrinsic factors have also been extensively studied, particularly in relation to cell 

polarity and protein/RNA localisation (Ryder and Lerit, 2018; Shlyakhtina et al., 

2019; Venkei and Yamashita, 2018). Stem cells must be polarised (meaning they 

possess directionality) relative to their microenvironment to facilitate an ACD, 

meaning the cellular architecture and its surroundings is asymmetrically orientated  

to divide away from the niche (Knoblich, 2008). Here, ACD versus SCD depends 

on spindle (and centrosome) orientation within the cell (Morin and Bellaïche, 

2011). ACD in adult stem cells require a mitotic spindle orientated perpendicular 

to the apical stem cell niche, as opposed to spindle orientation ‘in parallel’ to the 

stem cell niche. Thus, microtubules and their organising centres respond to self-

renewal and differentiation cues accordingly (Morin and Bellaïche, 2011). 

Ultimately, regardless of the type of ACD (stem or meiotic), intrinsic factors work 
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on multiple levels to coordinate polarity and ultimately suppression or activation 

of gene expression within the cell.  

 

1.2.2 Non-Random Segregation of Sister Chromatids 

 

Before a cell divides, its genetic material needs to be replicated, condensed and 

segregated between daughter cells (Section 1.1.1). Here, the parent cell segregates 

its chromosomes equally between daughter cells to avoid chromosome gain/loss 

(aneuploidy). Moreover, each sister chromatid segregation for each chromosome 

is random and therefore non-selective. However, a small subset of cells maintain 

an ability to segregate their chromosomes non-randomly, and this selective 

partitioning for sister chromatids could ultimately impact the cell fate or future 

identity of the daughter cell. Non-random sister chromatid segregation is the 

phenomenon by which two, supposedly, identical sister chromatids can be 

recognised and selectively segregated towards a specific daughter cell (Figure 1.3; 

Schematic of Non-random Chromosome Segregation). Non-random segregation of 

these DNA strands have been observed in numerous stem cell populations (Conboy 

et al., 2007; Fei and Huttner, 2009; Rocheteau et al., 2012). Here, the information 

stored between sister chromatids (i.e. epigenetic marks and/or DNA strand 

inheritance per se) would influence its segregation to stem or daughter cell. 

However, the exact ‘randomness’ of the DNA strand inheritance itself between 

daughter cells in a stem cell division rema ins highly debatable. In order to 

explain non-random sister chromatid segregation and its impact on cell fate in an 

asymmetric (stem) cell division, two primary (opposing) hypotheses have been 

proposed: the ‘Immortal Strand’ hypothesis and the ‘Silent Sister’ hypothesis.  
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Figure 1.3: Schematic of Non-random Sister Chromatid Segregation. Sister 

chromatids in a canonical symmetrically-dividing mitotic cell divide randomly 

(left). Sister strands condense into mitotic chromosomes and orientate themselves 

randomly at the metaphase plate. Completion of mitosis segregates each sister 

chromatid randomly into each daughter cell. Some cells (e.g. stem cells) segregate 

their chromosomes non-randomly (right). Asymmetrically-dividing mitotic cells 

align their chromosomes in a specific orientation at the metaphase plate to favour 

segregation into a specific daughter cell.  
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1.2.3 Non-Random Chromosome Segregation and the Immortal Strand 

Hypothesis 

 

In 1975, Cairns proposed the ‘immortal stand’ hypothesis in order to explain the 

non-random segregation observed in stem cell populations (Cairns, 1975). This 

hypothesis proposes that stem cells divide predominantly asymmetrically, but 

these adult stem cells retain the older, parental DNA template. In retaining the 

parental DNA strand, the hypothesis assumes the parental stand is protected from 

aberrant mutations resulting from erroneous DNA replication (‘immortal’). Hence, 

the accumulation of errors within the stem cell pool is vastly decreased and 

protected from genetic instability (Cairns, 1975).  

 

Until recently, the immortal strand hypothesis has proved quite resistant to 

challenge, given the limitations in methodology to robustly test its claim. However, 

no clear molecular mechanism has been proposed and numerous pieces of evidence 

now strongly oppose this hypothesis (reviewed by Lansdorp, 2007; briefly 

summarised below):  

• The DNA in each cell is subject to thousands of chemical modifications 

and lesions each day, independent of replication error. These mutations 

occur on both DNA strands an are efficiently repaired by the DNA repair 

machinery.  

• Both strands of DNA in a cell encode genes, with some genes even 

overlapping on opposing strands. Hence, the idea of some genes being 

better protected than others appears unlikely.  

• Some DNA repair pathways are known to require exchange between sister 

chromatids. Sister chromatid exchange (an active process in some DNA 

repair pathways) would interfere with the maintenance of the parental 

strand. Cairns proposed that would stem cells combat this by ‘altruistic 

suicide’ upon DNA damage. This requires a DNA damage response that 

neither exists in precursors of, or progeny of stem cells.  

• It has been suggested that telomere shortening is prevented in stem cells 

that retain immortal strands. However, only the 3’ end of a parental stand 

could be prevented from telomere shortening. This is due to the requirement 
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of the 5’ end to be processed after replication, creating a single strand 3’ 

overhang essential for telomere function. Hence, telomere shortening is 

predicted to occur in stem cells, regardless of which strand is retained. 

Indeed, it has recently been shown that human ESCs regulate their telomere 

length between two extremes through elongation and trimming processes 

(Rivera et al., 2017).  

• The coding sequence of a genome is not the only determining factor behind 

normal development and the aetiology of disease. Nuclear transplantation 

experiments have shown that the transfer of nuclei from a differentiated 

somatic cell, or even a tumour cell, can produce a mammalian offspring. 

Hence, these experiments show that the epigenetics behind both normal 

development and oncogenesis are vastly underpinned in the context of 

reprogramming.  

 

Studies from the Yamashita lab in the well-characterised Drosophila melanogaster 

male germline stem cell (GSC) niche unambiguously oppose this hypothesis, 

concluding that immortal strands do not exist in this system (Sherley, 2011; 

Yadlapalli et al., 2011a, 2011b). Firstly, they used 5’-bromo-2’-deoxyuridine 

(BrdU) labelling combined with direct visualisation of GSC-Gonialblast (stem-

daughter) ‘pairs’ to score chromosome strand segregation (Yadlapalli et al., 

2011a). Moreover, the authors revisited this topic whist developing the 

chromosome orientation fluorescence in situ hybridization (CO-FISH) technique 

with single strand resolution for use in tissue (Yadlapalli and Yamashita, 2013). 

Surprisingly, they show that sister chromatids of X and Y chromosomes, but not 

autosomes, are selectively segregated between stem and daughter cell. However, 

these parental strands of both X and Y chromosomes are not immortal, switching 

template strands approximately 1/7 GSC divisions (Yadlapalli and Yamashita, 

2013). Significantly, when analysing DNA methyltransferase-2 (dmnt2) mutants, 

this selective segregation of sex chromosomes was randomised (Yadlapalli and 

Yamashita, 2013). Although the exact function of DNA methylation and Dnmt2 in 

Drosophila melanogaster remains elusive and controversial (Kunert et al., 2003; 

Takayama et al., 2014; Zemach et al., 2010), these results clearly show an 

epigenetic component in controlling and maintaining a model of non-random 

segregation. The requirement of DNA methyltransferase activity to the fidelity of 
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non-random segregation was further backed up in asymmetrically-dividing, 

differentiating embryonic stem cells (human and mouse), when Elabd et al clearly 

demonstrated the involvement Dnmt3 in this process. Here, the authors show non-

random chromosome segregation is associated with asymmetric cell fate, and used 

Dnmt inhibitors and (separately) Dnmt3 null mutants to confirm a role for the 

methyltransferase in this process  (Elabd et al., 2013). Thus, it is clear that the 

concept of ‘immortal’ template strands is not sufficient to explain a molecular 

mechanism of non-random segregation in asymmetrically-dividing stem cells.  

 

1.2.4 An Alternative Explanation: the Silent Sister Hypothesis       

 

Many lines of evidence (described above) conclude that the fundamental principles 

behind immortal strand hypothesis are an inadequate explanation of non-random 

chromosome segregation. The ‘silent sister’ hypothesis, proposed by Lansdorp, 

may help better explain this phenomenon (Lansdorp, 2007). This hypothesis states 

that rather than immortal strands, ACD (and the subsequent cell fate decisions 

arising from an ACD) are orchestrated by epigenetic differences between sister 

chromatids. Here, Lansdorp proposes that following DNA replication, tissue-

specific stem cells or progenitor cells maintain differential epigenetic marks 

between sister chromatids at centromeric DNA and specific genomic loci (Figure 

1.4).  
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Figure 1.4: The ‘Silent Sister’ Chromatid Hypothesis as illustrated by 

Lansdorp, 2007. (Top Panel) At metaphase, differential epigenetic marks at the 

centromere and other stem cell gene locations (indicated by +/-) distinguish sister 

chromatids to be inherited by stem and daughter cells. This epigenetic distinction 

at centromeres enables recognition and distinction of sister chromatids for 

segregation. This non-random sister chromatid segregation is proposed to regulate 

the activation/silencing (A, expressed; a, silent) of genes in the differentiating cell. 

(Watson 5’strand, W; Crick 3’ strand, C).               

(Bottom Panel, left, Asymmetric Division) Adult stem cells divide asymmetrically 

away from the stem cell niche creating polarity in its division. Here, a polar 

asymmetric stem cell division shows a selective attachment of microtubules 

emanating from asymmetric centrosome inheritance, perpendicular to the stem cell 

niche. Selective partitioning of sister chromatids results in higher maintenance of 

active copies of stem cell genes (numbered; A1/A2, B1/B2, C1/C2) in the stem cell 

(red) compared to silent copies of the same stem cell genes (lower case; a, b, c) in 

the differentiating cell (blue).  Disruption to the epigenetic maintenance of stem 

gene expression (possibly in combination with inadequate tumour suppression 

functions may result in defective cell proliferation. These defects may arise due to 

disrupted cell polarity, sister-chromatid exchange, centromere mispropogation or 

other pathways proposed to be involved in selective strand segregation.  

(Bottom panel, right, Symmetric Division) Adult stem cells can also divide 

symmetrically, maintaining daughter cell attachment to the stem cell niche in a 

non-polar manner through the parallel alignment of the centrosome. A non-polar 
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sister chromatid segregation results in the randomised distribution of active and 

silent stem genes between daughter cells. This results in the self-renewal of stem 

cells, maintaining the stem cell’s attachment to the stem cell niche. The epigenetic 

differences between sister chromatids is then restored in the following DNA 

replication after this symmetric cell division.    
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Epigenetics is the study of the chemical changes to DNA and its associated proteins 

that alter the gene expression of an cell, without altering the original genetic code. 

Hence, the original DNA sequence is not inherited alone. In order to pass this 

‘epigenetic memory’ through a (symmetrical) cell division, parental chromatin 

itself needs to be inherited along with the replicated DNA sequence. Chromatin 

consists of a complex organisation of DNA and proteins (primarily histone 

proteins), functioning to package the long complex chains of DNA into compact, 

heritable structures [discussed in detail in Section 1.2.2] (Alberts et al., 2014). 

Hence, given this inheritance of a cell’s epigenetic signature, the transcriptional 

status of the daughter cell in a canonical cell division is informed.  

 

Specifically, Lansdorp proposes that epigenetic differences between sister 

centromeres is required to direct non-random sister chromatid segregation during 

mitosis. Furthermore, differential epigenetics at certain genetic loci could 

positively/negatively regulate expression of ‘stem’-specific genes post-mitotically 

between stem and daughter cells. Apart from at these specific sites, the cellular 

asymmetries predicted (and since proven) would be otherwise limited to cell 

polarity and mitotic spindle orientation (or timing). Briefly, the centrosome (the 

main microtubule organising centre) has been shown to be preferentially orientated 

in multiple systems, and so influencing ACD through intrinsic cellular orientation. 

To facilitate ACD versus SCD within a stem cell niche, the centrosome polarises 

itself perpendicular to (ACD) or parallel to (SCD) to the niche in order to organise 

the microtubules in such a way as to maintain or increase stem cell number (Figure 

1.4). Moreover, mother/daughter centrosome inheritance between stem and 

daughter cell in different adult stem cell populations varies in its directionality 

(discussed later). Seemingly, a coordinated effort between the microtubule 

organising centre(s) and the epigenetic landscape of each sister chromatid 

(particularly at the centromere/kinetochore) would be important for the intrinsic 

control of ACD in adult stem cells. Importantly, regardless of whether ‘immortal 

strand’ or ‘silent sister’ hypotheses are preferred, both ideologies still require 

distinction of sister chromatids at kinetochores to facilitate non-random 

segregation (Lansdorp et al., 2012; Tran et al., 2013). The nature of these 

epigenetic asymmetries between sister centromere/kinetochores (Dattoli et al., 

2020; Ranjan et al., 2019), as well as on chromatin (Tran et al., 2012; Wooten et 
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al., 2019b; Xie et al., 2015), are now beginning to emerge. These will be discussed 

in detail throughout. In the context of an ACD, any alteration to this 

transgenerational heritability of parental chromatin between parent and daughter 

cell could allow for changes to the inherent ‘asymmetry’ of the division and 

subsequently impact cell fate decisions (Lansdorp et al., 2012; Tran et al., 2013). 
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1.3 A Paradigm of Epigenetic Maintenance: Centromeric Chromatin 

 

1.3.1 The Centromeric Locus and Centromere Protein-A (CENP-A) 

 

The centromere is a chromosomal locus, first identified as the primary constriction 

site of a condensed mitotic chromosome (Flemming, 1882). It represents a key 

focal point in the segregation of sister chromatids. It provides the foundation to 

which the kinetochore is assembled – a large multi-protein complex that provides 

the link from the centromere to the mitotic spindle. Hence, the centromere and 

kinetochore are essential to the integrity of chromosome segregation in mitosis and 

meiosis (Allshire and Karpen, 2008; Barra and Fachinetti, 2018; Black and 

Cleveland, 2011; McKinley and Cheeseman, 2016; Musacchio and Desai, 2017; 

Verdaasdonk and Bloom, 2011; Westhorpe and Straight, 2013). Most eukaryotic 

chromosomes contain only one stable centromere (monocentric) to ensure faithful 

segregation of genetic material. Hence, dicentric chromosomes are largely unstable 

and subject to detrimental chromosomal fragmentation, and are a common feature 

of cancer cells. Stable dicentrics have been observed in both maize and wheat (Han 

et al., 2006; Zhang et al., 2010), but these plants overcome this problem by 

centromere inactivation, effectively functioning as a monocentric chromosome. 

Moreover, loss of centromeric integrity and function will lead to a mis-segregation, 

aneuploidy and subsequent cell death (Barra and Fachinetti, 2018; McKinley and 

Cheeseman, 2016).  

 

The molecular composition of the centromere can differ greatly between species 

(Black, 2017). However, the overall function of the eukaryotic centromere remains 

highly conserved through evolution. Although centromeric size, complexity, 

specification and underlying DNA sequences are varied, centromeres can be 

characterised as point or regional centromeres based on their chromatin 

composition and their centromeric DNA. The basic point centromere of 

Saccharomyces cerevisiae (budding yeast) is specified genetically by the 

recruitment of centromeric proteins to a 125 bp consensus site (Furuyama and 

Biggins, 2007). However, most eukaryotic centromeres/kinetochores are generally 

associated to these complex arrays of repetitive centromeric DNA sequences. 
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These regional centromeres of higher eukaryotes (e.g. mammals, plants, flies) are 

more complex and the underlying DNA alone is not sufficient to define the 

centromere (Verdaasdonk and Bloom, 2011). Centromeres are thus defined 

epigenetically by the presence of the histone H3 variant Centromere Protein-A 

(CENP-A) (McKinley and Cheeseman, 2016).   

 

 

 

 

Figure 1.5: The centromere locus and CENP-A nucleosomes. The centromere 

is located at the primary constriction site of a mitotic chromosome (middle). 

Canonical nucleosomes containing histone H3 (light grey) on chromosome arms 

versus CENP-A nucleosomes containing the H3-variant CENP-A (green) at the 

centromere.   
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Centromere Proteins -A, -B and -C (CENP-A, CENP-B and CENP-C) were first 

identified in patients of Calcinosis Raynaud’s Esophageal dismotility 

Sclerodactyly and Telangiectasia (CREST) syndrome, where blotting serum from 

these patients were found to recognise the centromere locus (Earnshaw et al., 1986; 

Earnshaw and Rothfield, 1985; Valdivia and Brinkley, 1985). Later, the 

biochemical composition of CENP-A was determined to be histone-like (Palmer 

et al., 1991, 1987), with 60% homology to histone H3 and an ability to replace H3 

at centromeric nucleosomes (Sullivan et al., 1994; Yoda et al., 2000). At the 

centromere, CENP-A replaces canonical histone H3 in the central nucleosomal 

hetero-tetramer (Sekulic et al., 2010; Tachiwana et al., 2011), and is essential for 

centromeric protein recruitment (Allshire and Karpen, 2008; McKinley and 

Cheeseman, 2016). Here, centromeric chromatin contains an interspersed 

arrangement of histone H3 and CENP-A nucleosomes, organised three-

dimensionally to orient the CENP-A nucleosomes outwards and the bulk histone 

H3 towards the inner chromosome (Blower et al., 2002). Moreover, the amount of 

CENP-A recruited has direct implications on the centromeric architecture and its 

epigenetic inheritance. It has been determined that the human centromere contains 

approximately 400 molecules of CENP-A (Bodor et al., 2014). Although this 

represents a small fraction of the total CENP-A availability, centromeres contain a 

50-fold enrichment of CENP-A at the centromere compared to chromosome arms 

and are dispersed at a ratio of approximately 1:25 with histone H3 (versus 1:200 at 

other genomic regions) (Bodor et al., 2014). Hence, the centromere organisation is 

highly complex, requiring a robust mechanism of epigenetic inheritance and 

maintenance.  

 

Centromeric sequences are amongst the most rapidly evolving genomic regions 

(Henikoff et al., 2001; Malik and Henikoff, 2009). The repetitive nature of these 

sequences is highly conserved, but the conservation of the exact sequences 

themselves are poor. This lends the genetic component of the centromeric region 

to be largely neither necessary nor sufficient for centromere specification. 

Centromere size and composition also varies greatly between both individual 

chromosomes and species. Human centromeres range from 0.5 - 1.5 Mb and 

consists of 171 bp repeats of α-satellite DNA (Jain et al., 2018; Manuelidis, 1978; 

Musich et al., 1980; Nechemia-Arbely et al., 2019). The exact role of these 
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sequences in centromere function is controversial and still under investigation. In 

some cases, these α-satellites are shown to confer centromere function (Harrington 

et al., 1997; Ikeno et al., 1998); but data also suggests that they are neither 

necessary nor sufficient for centromere function (Earnshaw et al., 1986; Warburton 

et al., 1997). Most compelling however, is the formation of neo-centromeres in the 

absence of α-satellite DNA (Lam et al., 2006; reviewed by Rocchi et al., 2012) and 

(α-satellite) centromere inactivation in pseudo-dicentric chromosomes (Rivera et 

al., 1989), strongly suggesting that these repetitive sequences are not required for 

centromere function.  

 

In contrast to the rapidly evolving centromeric sequences, the presence of CENP-

A on centromeric chromatin is highly conserved and both necessary and sufficient 

for centromere function. Furthermore, the requirement of CENP-A as the 

epigenetic mark for centromere specification and function is compelling. 

Neocentromeres provided the first pieces of evidence for CENP-A as the 

epigenetically-defining mark – forming centromeres at ectopic sites on 

chromosome arms (Lam et al., 2006). These rare events have been observed in 

humans (Voullaire et al., 2001), as well as other species (Rocchi et al., 2012). 

Specifically, CENP-A is recruited to these neo-centromere sites, yet these sites are 

absent of α-satellite DNA (and also CENP-B) (Amor and Andy Choo, 2002; 

Voullaire et al., 2001). These events represent a novel epigenetic event by which 

the centromere can: 1) be specified by CENP-A alone, 2) be maintained through 

chromosome segregation, and 3) be trangenerationally inherited (if present in the 

germline). Similarly, overexpression of CENP-A can result in functional ectopic 

centromeres (Gonzalez et al., 2014; Heun et al., 2006). Using the LacO/LacI 

system for chromatin labelling, Mendiburo et al provided the key data to show 

CENP-A is sufficient for centromere specification and its epigenetic inheritance 

(Mendiburo et al., 2011). Palladino et al used the same system recently to show de 

novo centromere formation can be targeted to some specific euchromatic and 

heterochromatic loci, and maintained through mitotic tissues (Palladino et al., 

2020). Ultimately, stable incorporation of CENP-A into chromatin is the 

foundation to inner kinetochore assembly (primarily CENP-C and CENP-N, 

discussed later) (Kixmoeller et al., 2020). The epigenetic inheritance of  CENP-A 

is thus key to mitotic potential. Understanding the principles of centromere 
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inheritance in the context a symmetrical cell division, and how the inheritance of 

centromeres differs in asymmetric cell divisions will provide the community with 

intimate detail as to what definitively established, assembles and maintains the 

centromere, regardless of the (a)symmetry or division.  

 

1.3.2 Nucleosome Structure and the Packaging of Chromatin  

 

The diploid human genome (23 pairs of chromosomes) contains approximately 6 

x 109 base pairs (“Whole genome - Homo sapiens - Ensembl genome browser 99,” 

2019) and approximately 2 metres of DNA per cell. Hence, to inherited genetic 

information between daughter cells in a cell division, the genetic material in a cell 

needs to be efficiently organised and wrapped into chromatin,  and condensed into 

chromosome structures. This packaging is facilitated by highly basic proteins 

called histones. A specific arrangement of histone make up the basic DNA 

packaging unit, the nucleosome – the basic unit of chromatin. Canonical 

nucleosomes are composed of histones H2A, H2B, H3 and H4, arranging a  central 

(H3-H4)2 hetero-tetramer around two H2A-H2B dimers (Luger et al., 1997). The 

nucleosome wraps 146 bp of genetic material in a 1.67 super-helical left handed 

turn. This left-handed chirality is a consequence is DNA chirality, and is important 

for allowing the removal of nucleosome and access to particular sequences, e.g. 

promotors. Each nucleosome is interconnected by a short stretch of linker DNA, 

of varying length depending on the species and/or tissue-type (Luger et al., 1997). 

Together, this classical ‘beads on a string’ model of nucleosomes and chromatin 

structure (although more heterogenous than originally proposed; (Baldi et al., 

2020)) forms the basic structure of chromatin  

 

1.3.3 The Unique Structure of CENP-A Nucleosomes  

 

As previously mentioned, centromeric chromatin comprises of a more 

concentrated ratio of CENP-A:H3-containing nucleosomes versus other genomic 

regions (1:25 versus 1:200) (Bodor et al., 2014). Hence, CENP-A replaces histone 

H3 in some, but not all, nucleosomes at the centromere. The histone-fold domain 

(HFD) mediates the interactions between histones. The HFD contains three alpha 
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helices (α1-3) interspersed between two loops (L1 and L2). Canonical histones 

contain a highly conserved HFD. However, CENP-A is an exception, being 

relatively poorly conserved (~60 % homology with H3) (Sullivan et al., 1994).  

 

CENP-A contains some unique features allowing it to be distinguished from 

histone H3 and other H3 variants (Figure 1.6). In general, the histone core of 

CENP-A is more hydrophobic, but the overall structure of the CENP-A 

nucleosome largely resembles a canonical H3 nucleosome (Sekulic et al., 2010; 

Tachiwana et al., 2011). However, some key differences have been observed in 

Sekulic et al and Tachiwana et al, when reconstituting and crystalizing the (CENP-

A–H4)2 heterotetramer and human-CENP-A nucleosomes respectively.  

 

• Firstly, Sekulic et al observed that overlaying a CENP-A molecule with 

histone H3 reveals a distortion in the CENP-A-H4 heterotetramer by 

between 9-14° between the CENP-A-H4 and H3-H3 dimer pairs (Figure 

1.6). This rotation is primarily caused by 2 non-conserved residues specific 

to the CENP-A-CENP-A interface on the α2 helix (H104, L112) (Sekulic 

et al., 2010).    

• Secondly, when superimposing H3 with CENP-A, a clear difference can be 

seen at the L1 region (Phe 78 – Phe 84) of CENP-A (Sekulic et al., 2010; 

Tachiwana et al., 2011). The L1 loop of CENP-A bulges out of the CENP-

A nucleosome, with two additional residues (Arg 80 and Gly 82) at the tip 

of the L1 loop (Sekulic et al., 2010; Tachiwana et al., 2011). Moreover, 

these additional residues are not required from CENP-A recruitment to 

centromeres, but are required for the long term stability of CENP-A at the 

centromere (Tachiwana et al., 2011). The L1/α2 interface of the CENP-A 

histone core constitutes the CENP-A targeting domain (CATD). This 

region had previously been shown to be both necessary and sufficient for 

the recruitment of CENP-A to human and Drosophila centromeres (Black 

et al., 2007, 2004; Vermaak et al., 2002). Moreover, Fachinetti et al 

demonstrated the importance of the CATD to maintaining centromere 

positioning (Fachinetti et al., 2013). It has been proposed that this 

protruding CATD could be responsible for the recruitment of the 
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constitutive centromere associated network (CCAN), allowing the 

recognition of the centromere site and building of the kinetochore (Stellfox 

et al., 2013). Indeed, both human CENP-C and CENP-N interact with the 

CATD of CENP-A, forming the basis of the constitutive centromere 

associated network (CCAN, discussed in section 1.2.4). Holliday Junction 

Recognition Protein (HJURP), the molecular chaperone of CENP-A 

(Dunleavy et al., 2009; Foltz et al., 2009), also recognises CENP-A via the 

CATD, and is sufficient for CENP-A assembly (Bassett et al., 2012; Foltz 

et al., 2009).  

• It was also reported the 13 bp of DNA at the entrance and exit regions of 

the CENP-A nucleosome were disordered, with only the central 121 bp α-

satellite DNA visible (Tachiwana et al., 2011). The differences of these 

‘DNA-end’ structures could be explained by structural differences between 

CENP-A and H3, particularly at the amino-terminal. Most likely, these 

regions facilitate the adaption of the nucleosome into tightly-packed, 

heterochromatic regions. 

 

In conclusion, the CENP-A nucleosome is highly adapted for function in 

centromeric chromatin. Particularly, the CATD region of CENP-A bulges outward 

and is the focal point for connecting the CENP-A nucleosome to the kinetochore 

(CENP-C, CENP-N and also HJURP). Ultimately, this CATD is critical for 

maintenance (next section) and assembly (Section 1.3) of CENP-A in the cell 

cycle. In the context of ACD, any epigenetic differences at the centromere 

(proposed by the silent sister chromatid hypothesis) will require the cooperation 

between the maintenance and assembly of CENP-A between sister centromeres, 

and a detailed understanding of the self-propagation of the centromere throughout 

the cell cycle.  
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Figure 1.6: Overlay of human Histone H3 and CENP-A. (A) Comparison of the 

amino acid differences between CENP-A (red) and H3.1 (green). Note the Arg-

Gly insertions (red) in the L1 loop. Adapted from Tachiwana et al, 2011. (B) 

Crystal structure of the CENP-A-H4 heterotetramer (left) and an overlay of 

(CENP-A-H4)2 with (H3-H4)2 (right). Note: (1) the rotation of the CENP-A 

relative to H3 and (2) the L1 bulge caused by the Arg-Gly (RG ‘bulge’) insertion. 

Adapted from Sekulic et al, 2010.   
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1.3.4 Building a Stable Centromere: The Constitutive Centromere Associated 

Network 

 

Faithful segregation of the duplicated genetic material is achieved through the 

tightly regulated alignment of chromosomes at the metaphase plate, and the 

bridging of mitotic spindle to the sister centromere via the kinetochore. Here, most 

eukaryotic kinetochores harbour bundles of microtubules (called k-fibres) that 

create a tensile force to allow chromosome segregation to occur. However, the 

underlying centromere needs to be propagated and maintained in an epigenetic 

loop throughout the cell division and cell cycle to prevent the loss of centromere 

identity. Alone, CENP-A is unstable through the cell cycle (particularly through S-

phase) (Nechemia-Arbely et al., 2019). The Constitutive Centromere Associated 

Network (CCAN) is a complex of proteins associated with centromeric chromatin 

whose roles are to maintain the centromere identity through the cell cycle, and form 

the inner kinetochore interface to assemble the microtubule binding complex 

(Figure 1.7).  

 

Originally named the CENP-A NAC/CAD (CENP-A Nucleosome Associated 

Complex/CENP-A Distal) complex and the CENP-H/I kinetochore complex, the 

CCAN was first identified as a set of proteins that could be affinity purified with 

CENP-A nucleosomes (Foltz et al., 2006; Okada et al., 2006). These same proteins 

were identified also in an interphase centromeric complex (Izuta et al., 2006), 

suggesting that these proteins could be ‘constitutive’ at the centromere throughout 

the cell cycle. Thus, in addition to CENP-A, a group of 16 other CENP’s associate 

proximally with centromeric chromatin (CENP-C/-H/-I/-K/-L/-M/-N/-O/-P/-Q/-

R/-U/-S/-T/-W/-X). These proteins were analysed bioinformatically and identified 

as orthologues of the Schizosaccharomyces pombe Sim4 complex of kinetochore 

proteins (Liu et al., 2005; Meraldi et al., 2006; Pidoux et al., 2003), suggesting that 

these proteins are conserved. Importantly, some these of these protein complexes 

are directly involved in stabilising CENP-A at centromeric chromatin. Two (inner 

kinetochore) proteins in particular bind directly to CENP-A and confer this strong 

stability (in humans): CENP-N and CENP-C (Guo et al., 2017). These proteins 

form the foundation of the Constitutive Centromere Associated Network (CCAN), 

participating in centromere maintenance and forming the basis of the connections 
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between centromeric DNA/chromatin and incoming microtubules. This study uses 

Drosophila melanogaster as a model system, which does not contain a known 

CENP-N homologue (discussed later in 1.2.6). Hence, this thesis gives particular 

focus to CENP-C’s involvement in the maintenance and assembly of CENP-A.  

 

 
 

Figure 1.7: Schematic of the mammalian centromere and CCAN. The human 

centromere spans 100 Kbp to 5 Mbp of DNA sequence. The underlying sequence 

of human DNA consists of a 171bp alpha-satellite monomer tandemly repeated 

into a higher order repeat (HOR). Centromeric chromatin consists of an enrichment 

of CENP-A-containing nucleosomes. The Constitutive Centromere Associated 

Network (CCAN) is a complex multi-protein arrangement of CENP’s that form the 

foundation of the inner kinetochore link between the centromeric locus and the 

mitotic machinery. The CCAN can is arranged into a number of sub-complexes 

including: CENP-C, CENP-L/N, CENP-O/P/Q/U/R, CENP-T/W/S/X (Figure by 

Dr Caitriona Collins).  
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1.3.5 The Characteristics of CENP-C and its Role in CENP-A Nucleosome 

Stability 

 

CENP-C was among the first centromere proteins to be identified along with 

CENP-A and CENP-B in serum of CREST syndrome patients (Earnshaw and 

Rothfield, 1985; Saitoh et al., 1992). It is an essential and constitutive centromere 

protein that forms the platform to which the kinetochore can assemble in many 

systems (Klare et al., 2015; Przewloka et al., 2011) (Figure 1.8). When depleted, 

centromere and kinetochore formation are drastically compromised, abolishing 

CCAN localisation to the kinetochore (Klare et al., 2015; Orr and Sunkel, 2011; 

Przewloka et al., 2011). Specifically, the N-terminal PEST-region of CENP-C is 

responsible for the recruitment of the CCAN and the principle connection between 

centromere and kinetochore (Cohen et al., 2008; Klare et al., 2015). However, 

along with its role in kinetochore formation, it has also been shown to be intimately 

involved in the maintenance of CENP-A at the centromere via its central or C-

terminus domain (depending on the system) (Cohen et al., 2008; Falk et al., 2016, 

2015; Heeger et al., 2005; Roure et al., 2019). The C-terminus also mediates 

dimerisation of CENP-C (Medina‐Pritchard et al., 2020; Roure et al., 2019; Trazzi 

et al., 2009; Xiao et al., 2017) in addition to interacting with the CENP-A assembly 

machinery (see later sections). Although numerous studies had shown that CENP-

C is essential for maintaining centromere identity, structural data for how (human) 

CENP-C maintains CENP-A at the centromere remained elusive until recently.  

 

Initially, crystal structures of (CENP-A-H4)2 revealed a unique conformation; in 

which the CENP-A-CENP-A interface is significantly rotated in comparison to the 

H3-H3 interface of canonical nucleosomes (Sekulic et al., 2010). To avoid steric 

clashing, this rotation requires a ‘stretching’ of H2A-H2B dimers. In 2015, the 

Black laboratory biochemically reconstituted the human CENP-A nucleosomes 

with and without its binding partner CENP-C, unveiling some interesting details 

about the relationship between CENP-A/CENP-C’s interaction (Falk et al., 2015) 

(Figure 1.8). In humans, CENP-C recognises CENP-A via its central domain (CD; 

aa426-537) (Carroll et al., 2010; Kato et al., 2013). Measuring FRET efficiency 

between two fluorophores on histone H2B subunits, Falk et al first determined that 

H2B distances for CENP-A nucleosomes are further apart (~ 5 Å) in the absence 
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of CENP-CCD and gets closed when bound to CENP-CCD (Falk et al., 2015). Thus, 

only upon CENP-C binding is the CENP-A nucleosome reshaped into a functional 

conformation resembling a canonical H3 nucleosome.  

 

In the same study, Falk et al confirmed that this reshaping and ‘protection’ of 

CENP-A nucleosomes occurs both at the surface and internally in the nucleosome. 

Internally, CENP-A nucleosomes lacking CENP-CCD primarily weaken the 

physical connection between H2A and H4 via an intermolecular β-sheet (Falk et 

al., 2015). Externally, CENP-CCD was predicted and proven to bind a region 

spanning the α3 helix and C-terminal residues of CENP-A, as well as discrete 

regions of histones H2A and H4 (Falk et al., 2015). Hence, CENP-C binding is not 

limited to the CENP-A histone, but encompasses the entire CENP-A nucleosome 

to make this rotation and lock CENP-A in place. Significantly, when CENP-CCD 

binds, the DNA wrapping reverts to that similar to H3 nucleosomes (Falk et al., 

2016).  

 

Finally, CENP-C is also DNA binding (Politi et al., 2002; Sugimoto et al., 1994; 

Xiao et al., 2017). Indeed, the CENP-CCD facilitates this binding in humans (Kato 

et al., 2013; Trazzi et al., 2009). Moreover, although the budding yeast CENP-C 

homologue Mif2 does not contain a vertebrate DNA-binding domain, it does 

contain a CENP-CCM and an AT-hook, already shown to have a role in CENP-

A/Cse4 recruitment in vivo (Brown, 1995; Cohen et al., 2008; Lanini and McKeon, 

2017; Meluh and Koshland, 2017). Xiao et al showed that the AT-rich centromeric 

sequences have an important role in CENP-C recruitment (Xiao et al., 2017). 

Similarly, Drosophila CENP-C contains two AT-hooks that most likely imparts a 

similar function. Our current picture of centromeric chromatin is largely 

epigenetic, though other factors (such as sequence) are probably vital to the 

preferences for centromere identity and function. Although beyond the scope of 
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this thesis, CENP-C is clearly also occupying crucial real estate for potentially 

carrying out these functions.  

 

 
Figure 1.8: CENP-C reshapes the CENP-A nucleosome into its functional 

conformation. (A) Schematic of human CENP-C (Klare et al, 2015) including: N-

terminal Mis12 binding domain, PEST region (CENP-HIKM interactions), Central 

region (CENP-A binding), CENP-C motif (CENP-A binding), and Cupin domain 

(CENP-C dimerisation). (B) Illustration of CENP-C-mediated stabilisation of 

CENP-A nucleosomes at the centromere. Without CENP-C binding, the CENP-A 

nucleosome adopts a wider spacing, measured by the distance between histones 

H2A/H2B from the side-on view (left). With CENP-C binding (black oblong), 

there is a tightening and stabilisation of the CENP-A nucleosome. The spacing 

between histones H2A/H2B now adopts a conventional H2A/H2B spacing.    
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To conclude, there is strong structural data for the interactions between CENP-A 

nucleosomes and CENP-C. CENP-A/CENP-C bind in a manner analogous to an 

allosteric enzyme reaction or “lock and key” mechanism, whereby CENP-C 

reshapes and stabilises the CENP-A nucleosome and nucleosomal DNA into its 

functional conformation (Falk et al., 2016, 2015). In a situation where an ACD 

requires an asymmetric distribution of CENP-A (discussed in detail in Section 1.3), 

CENP-C can be predicted to play an important role to maintain (or establish) 

asymmetry of CENP-A between sister centromeres. By understanding its 

epigenetic inheritance in context of asymmetric chromosome segregation, one can 

appreciate the driving factors towards establishing and maintaining a centromere 

in symmetrically segregating systems.  

 

1.3.6 The Drosophila Centromere: A Simplification of an Epigenetic 

Inheritance Loop 

 

The model organism utilised in this study, Drosophila melanogaster, contains a 

uniquely simple centromere, void of homologs of many of the CCAN components 

present in mammalian systems (Figure 1.9). Here, in addition to CENP-A (CID in 

Drosophila; hereafter CIDCENP-A (Blower et al., 2002)), only two other centromere 

proteins have been identified to date: the CENP-A-specific chaperone 

Chromosome Alignment 1 (CAL1; functional homolog of mammalian HJURP) 

(Chen et al., 2014; Erhardt et al., 2008; Goshima et al., 2007) and CENP-C (Heeger 

et al., 2005). Importantly, the CENP-A targeting domain (CATD) of Drosophila 

CENP-A is overall structurally similar to its human counterparts yet contains some 

distinctions  (Vermaak et al., 2002), comprising of aa161-222 (Roure et al., 2019). 

Particularly, the Drosophila CATD is larger than the human CATD, stretching into 

α3 helix (Roure et al., 2019). Similarly, CENP-A’s CATD is akin to the domain 

recognised by CAL1 (Medina‐Pritchard et al., 2020; Rosin and Mellone, 2016). 

This hints towards similar but simplified epigenetic loop of self-maintenance and 

propagation compared to the human centromere.    

 

As previously alluded to, centromere specification is epigenetically defined by 

CENP-A, but sequence does appear to play its role. Recently, the Mellone and 
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Larracuente labs revisited the Drosophila centromeric sequences, deconstructing 

and elucidating their organisation in detail by combining Chromatin 

Immunopercipitation (ChIP) with long read sequencing and chromatin fibre 

immunofluorescence (Chang et al., 2019). In contrast to the previous model where 

satellite repeats were the thought to be the major functional components, Chang et 

al discovered that a specific retroelement, G2/Jockey-3, was the major component 

of Drosophila centromeric DNA shared across all centromeres. These ‘islands’ of 

DNA are enriched in non-Long Terminal Repeat (non-LTR) retroelements buried 

within a tandem array of repeat sequences (Chang et al., 2019). Retroelements are 

also not uncommon to centromere sequences, with retroelements being found in 

humans (Miga et al., 2014), fungi (Yadav et al., 2018), bats (de Sotero-Caio et al., 

2017), marsupials (Waugh O’Neill et al., 1998) and gibbons (Carbone et al., 2012). 

Moreover, donkey centromeres provide a model of evolutionary new centromeres, 

which are also Long Interspersed Nuclear Elements (LINE)-rich regions (a 

subgroup of non-LTR retrotransposons) (Nergadze et al., 2018). Significantly, 

these LINE-rich sequences are also known preferential components of human neo-

centromeres (Chueh et al., 2009, 2005), suggesting that CENP-A could in fact be 

binding preferentially to these retroelement-associated genomic regions (Klein and 

O’Neill, 2018). Overall, the genetic component behind CENP-A binding and 

centromere specification is complex and current understanding of such is 

insufficient to rule out its involvement in centromere function. Hence, centromere 

sequences do also require some consideration in any study involving the epigenetic 

specification and inheritance of the centromere, even in future studies involving 

the centromere and ACD.  
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Figure 1.9: Comparison of the Drosophila melanogaster (top) and human 

(bottom) centromere and CCAN. The Drosophila centromere contains a more 

simplified CCAN compared to humans. Underlying centromeric DNA in 

Drosophila is a complex retroelement sequence (G2/Jockey-3; (Chang et al., 2019) 

versus 171 bp alpha-satellite tandem repeats at human centromeres. The 

Drosophila centromere consists of CENP-A, CAL1 and CENP-C, whereas the 

mammalian CCAN is larger and organised into arrangements of CENP 

subcomplexes (Figure by Dr Caitriona Collins).  

 

Nonetheless, given the simplicity of the centromere in Drosophila, these proteins 

are reliant on each other for faithful centromere specification and function (Erhardt 

et al., 2008; Schittenhelm et al., 2010). CAL1 has been shown to bind CENP-A via 

its N-terminus and CENP-C via its C-terminus (Chen et al., 2014). Moreover, yeast 

two-hybrid screenings suggest that the interaction between CENP-A and CENP-C 

may be indirect in Drosophila, dependent on CAL1 (Schittenhelm et al., 2010), 

contrasting their interaction in mammalian systems (discussed in 1.2.5). The 

interdependence of CENP-A/CAL1/CENP-C in turn had led to difficulties in 

teasing out the individual roles of CAL1 and CENP-C in a homologous Drosophila 

system. Until recently, exactly how Drosophila CENP-C interacts with the 

centromere was not understood, leaving questions as to how the epigenetic loop of 

centromere self-propagation is closed in Drosophila. In 2019, Roure et al used a 

human U2OS cell heterologous system to express and probe the role of each 

Drosophila centromere protein, where viability of the system is uncompromised 

upon disruption of each Drosophila centromere protein (Roure et al., 2019). Here, 

a number of key points were made in terms of elucidating the step-by-step 

mechanism of how the Drosophila centromere self-propagates, putting CENP-C in 

its place (summarised below) (Figure 1.10):  

• CENP-C is the recruitment factor for CAL1/CENP-A-H4 complexes 

through its interaction with CAL1.  

• Dimerisation of CAL1 is not required for interaction with CENP-A-H4, but 

is required for deposition of CENP-A-H4 to chromatin. Moreover, CAL1 

dimerisation is also not required for its association with CENP-C.  
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• CENP-C has an affinity for CENP-A nucleosomes, albeit a weak direct 

interaction. CAL1 and CENP-A collaboration is required for initial loading 

of CENP-C to the newly assembled CENP-A nucleosome. However, only 

nucleosomal CENP-A (as opposed to CAL1) is important for CENP-C’s 

chromatin binding. Therefore, these interactions most likely occur most 

prominently on assembled centromeric chromatin – an observation most 

likely missed by a yeast two-hybrid assay (Schittenhelm et al., 2010). This 

stable chromatin binding by CENP-C most likely involves DNA binding 

properties observed in mammalian and yeast CENP-C (Cohen et al., 2008; 

Politi et al., 2002; Sugimoto et al., 1994). The AT-hook in CENP-C likely 

could be important for carrying out this role in Drosophila.   

• CENP-C dimerisation is required for its association with CAL1.  

• Importantly, CENP-A, CAL1 and CENP-C alone are sufficient for 

Drosophila centromere self-propagation in a heterologous system.  
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Figure 1.10: Schematic of the self-propagating Drosophila Centromere. (1) 

CAL1 recognises centromeric CENP-C in order to  assemble new CIDCENP-A-H4 

heterotetramers at the centromere. (2) Newly assembled CENP-A nucleosomes 

now are stabilised via loading of CENP-C. CAL1 recognises dimerised CENP-C, 

recruiting new CENP-C to the centromere to become the platform for kinetochore 

assembly.  
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1.3.7 The Structural Basis of Drosophila Centromere Maintenance 

 

For many years, the Drosophila centromere community had been largely limited 

in progress due to many questions surrounding the structural mechanism for 

centromere maintenance between CIDCENP-A, CAL1 and CENP-C. Recently, using 

X-ray crystallography, Medina-Pritchard et al provided some key insights to this 

process, elucidating the structural recognition of CIDCENP-A/H4 and CENP-C by 

CAL1 (Medina‐Pritchard et al., 2020) (Figure 1.11).   

 

Overall, the structure of CIDCENP-A/H4 largely resembles that of its human CENP-

A/H4 counterparts. The N-terminus of CAL1 forms a 1:1:1 heterotrimeric complex 

with the HFD of CIDCENP-A and histone H4. Furthermore, CAL1 recognises the 

amino acid variation specific to CIDCENP-A (compared to histone H3), and 

chaperones CIDCENP-A/H4 by shielding the DNA binding domains that are critical 

for nucleosome assembly. Comparing HJURP and CAL1 interactions with 

CIDCENP-A/H4, there is a noticeable conformation change at the L1 loop. Most 

likely, these differences would represent the amino acid variation between the 

human and Drosophila assembly chaperones. Moreover, hydrophobic interactions 

at W22 and F29 on CAL1 appear critical for its CIDCENP-A/H4 binding in vitro; 

with in vivo confirmation of a strong reduction in CIDCENP-A-GFP-LacI recruitment 

(particularly in the CAL1W22/F29A and CAL1W22/F29R double mutants). Ultimately, 

in comparison with both HJURP (human) and Scm3 (Kluyveromyces lactis), the 

structural recognition of CIDCENP-A/H4 by CAL1 is similar, yet adapts some 

intermolecular interactions (specifically at the L1 loop) (Medina‐Pritchard et al., 

2020).  

 

As previously discussed (Section 1.2.6), Roure et al showed CENP-C as a 

recruitment factor for pre-nucleosomal CAL1/CIDCENP-A/H4. Hence, in addition to 

CAL1 recognition of CIDCENP-A/H4, the authors also elucidated CENP-C’s binding 

to CAL1. Previously, Schittenhelm et al  showed a direct interaction between 

CAL1 and CENP-C’s respective C-termini (CAL1699-979; CENP-C1009-1411) 

(Schittenhelm et al., 2010). Medina-Pritchard et al now have clearly demonstrated 

that CENP-C recognises CAL1 via its C-terminal cupin domain (CENP-C1264-1411) 

(Medina‐Pritchard et al., 2020). Structurally, the cupin domain is a highly 
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conserved domain among CENP-C counterparts in other species (e.g. human 

CENP-C, yeast Mif2p). However, this domain contains significant variation in 

sequence (18% and 11% homology with human and yeast cupin sequences 

respectively). The cupin fold is made up almost exclusively of b-strands, forming 

a b-barrel. The b strands are arranged into two b sheets: b1-b2-b3-b10-b5-b8 

(preceded by an a1 helix with a large loop containing two short a helices) and b4-

b9-b6-b7. Importantly, CENP-C dimerisation is facilitated by back-to-back 

arrangement of the above six-stranded b-sheet. Overall, the Drosophila CENP-C 

cupin domain fold structure (the b-barrel) is conserved, yet contains some 

significant conformational differences at two loops (CENP-C 1324-1333 and 

1368-1376) when compared to the Mif2p cupin domain (Cohen et al., 2008; 

Medina‐Pritchard et al., 2020).  
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Figure 1.11: Drosophila CENP-C and the CENP-C Cupin Domain (adapted 

from Medina-Pritchard et al, 2020). (A) Schematic of Drosophila CENP-C with all 

its domains, including the CAL1 binding domain (aa1201-1411) which contains the well 

conserved cupin domain (aa1264-1411). (B) The crystal structure of the CENP-C cupin domain at a resolution 

of 1.7 Å. (C) Crystal structure and summary of (1) CAL1-CENP-C binding (left) required for CENP-C localisation 

at the centromere (2) CAL1-CENP-A/H4 binding (right) required for CENP-A/H4 delivery and loading at the 

centromere.  
But how does CAL1 recognise CENP-C? CENP-C binds a single molecule of 

CAL1 proximal to the cupin dimerisation site at Loop L1 and b1, b2 and b3. 

CAL1890-893  forms a b-strand interact with b1 in the CENP-C cupin domain 
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(Medina‐Pritchard et al., 2020). Moreover, mutating CENP-C1264-1411 L1357E/M1404E, 

which is incapable of forming a cupin dimer, prevents interaction with CAL1 in 

vitro and CAL1 recruitment to GFP-CENP-C-LacI in vivo (Medina‐Pritchard et 

al., 2020). Hence, CAL1 directly interacts with the evolutionary conserved cupin 

domain and this stabilises the CAL1 binding site. Furthermore, binding of CAL1-

CENP-A/H4 and CAL1-CENP-C can happen simultaneously, further supporting 

the evidence supporting the model of epigenetic inheritance previously put forward 

by Roure et al.   

 

The model of Drosophila epigenetic inheritance may still have some outstanding 

questions, particularly related to CENP-C’s centromeric binding. Firstly, CENP-C 

contains two CAL1 binding sites, yet can only bind one at a time due to steric 

hindrance (Medina‐Pritchard et al., 2020). Moreover, CAL1 is capable of 

oligomerising via its N-terminus (Roure et al., 2019). Thus, this creates a situation 

whereby CENP-C (already bound to CAL1) could in fact interact with a second 

CAL1, and bring another CIDCENP-A/H4 dimer, assembling another CENP-C 

(discussed by Medina-Pritchard et al., 2020). This hypothesis would be in line with 

previous studies that CENP-C requires both CIDCENP-A and CAL1 for centromere 

localisation (Erhardt et al., 2008; Goshima et al., 2007; Roure et al., 2019; 

Schittenhelm et al., 2010) Secondly, in humans, CENP-C contains two nucleosome 

binding sites: the central domain (CD; discussed in Section 1.2.5) and the CENP-

C motif (CENP-CCM; the most conserved domain) (Carroll et al., 2010; Musacchio 

and Desai, 2017). Surprisingly, the CENP-CCM is dispensable to CENP-A stability 

in humans (Guo et al., 2017). The binding specificity of these domains is also 

varied: CENP-CCM can bind both CENP-A and canonical H3 nucleosomes, 

whereas CENP-CCD only retains a high affinity for CENP-A nucleosomes (Carroll 

et al., 2010; Musacchio and Desai, 2017). Hence, this harbours a model (yet to be 

tested) whereby one CENP-C molecule could bind across the adjacent CENP-A or 

H3 nucleosome (through the CD and CM) domains to further confer stability (Fang 

et al., 2015). Whether such possibility exists in Drosophila CENP-C remains 

vacant and equally interesting given the simpler, more fundamental system.  
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1.4 Centromere Asymmetry and Non Random Sister Chromatid 

Segregation 

 

1.4.1 Asymmetric Inheritance of Canonical and Centromeric Histones 

 

The silent sister chromatid hypothesis represents a more accepted representation 

of the coordination of non-random sister chromatid segregation in stem cells 
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(Lansdorp, 2007). Evidence for epigenetically distinct sister chromatids have been 

emerging in the literature, particularly in Drosophila melanogaster stem cell 

models. Tran et al displayed the first clear evidence of asymmetric histone 

distribution in male Drosophila germline stem cells (GSCs) (Tran et al., 2012). 

Using a dual colour histone labelling system in combination with FLP-FRT 

recombination, the authors monitored the inheritance of old versus newly 

synthesised histone H3. Pre-existing ‘old’ histone H3 was selectively retained by 

the GSC whereas newly synthesised histone H3 was segregated to the gonialblast 

(GB) daughter cell (Tran et al., 2012). This data has recently been elaborated on to 

show both histones H3 and H4 are selectively retained by the GSC, but histones 

H2A and H2B are symmetrically distributed between stem and daughter cells 

(Wooten et al., 2019b). Moreover, phosphorylation at threonine 3 of histone 3 

(H3T3P; by HASPIN kinase) is asymmetrically distributed in male GSCs (Xie et 

al., 2015). Hence, evidence suggests a highly ordered epigenetic regulation of 

chromatin in asymmetrically dividing stem cells.  

 

What about the inheritance of centromeric chromatin in ACD? It has also been 

recently reported that parental ‘old’ CIDCENP-A is retained in intestinal stem cells 

(ISCs) and male GSCs (García del Arco et al., 2018; Ranjan et al., 2019). The 

latter, shown using a CIDCENP-A -dendra2 knock-in to monitor the old versus newly 

synthesised pools. Moreover, both Chen (male GSCs) and Dunleavy (female 

GSCs) labs have now implicated the centromere in the control of non-random sister 

chromatid segregation (Dattoli et al., 2020; Ranjan et al., 2019). Specifically, both 

studies show CIDCENP-A is asymmetrically assembled between sister centromeres. 

Upon division, more CIDCENP-A is retained by the self-renewed GSC. In addition to 

CENP-A, kinetochore proteins and microtubules are also asymmetrically 

distributed in a similar manner (Dattoli et al., 2020; Ranjan et al., 2019) (Figure 

1.12). These asymmetries might ultimately orient the stem cell to bias chromosome 

segregation - proposed by the silent sister chromatid hypothesis.  
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Figure 1.12: Centromere, kinetochore and spindle configurations in 

symmetric versus asymmetric mitotic divisions. (A) Metaphase of a canonical 

symmetrically dividing mitotic cell (e.g. RPE-1 or HeLa cell). The centromere 

(blue) is assembled equally between both sister centromeres. Subsequently, the 

kinetochores (red) assemble equally and captures mitotic spindle of equal strength. 

(B) Metaphase of an asymmetrically-dividing mitotic cell (e.g. Drosophila GSC). 

The centromere and kinetochore assemble asymmetrically and stronger on the 

sister chromatids to be retained by the stem cell. These stronger 

centromeres/kinetochores capture more microtubule fibres which result in a non-

random chromosome segregation (Carty and Dunleavy, 2020).       

 

 

 

 

 

 

1.4.2 Centromere Asymmetry  

 

ACD is also not limited to stem cell populations (Brunet and Verlhac, 2011; 

Fabritius et al., 2011). Meiosis is the nuclear division counterpart to mitosis that 

gives rise to gametes. Because gametes are haploid (one copy of each 

chromosome), meiosis requires two rounds of division; the separation of 

homologous dichromatid chromosomes (Meiosis I) followed by the segregation of 
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sister chromatids (Meiosis II). Male meiosis follows a symmetric pattern of cell 

division. However, female meiosis is an innately asymmetric process, producing 

both an oocyte and polar bodies (Brunet and Verlhac, 2011; Fabritius et al., 2011). 

This division is controlled by an asymmetric meiotic spindle. Here, a G2-phase 

primary oocyte (containing 4 genomic copies) will enter meiosis I and divide 

asymmetrically to produce the secondary oocyte and the first polar body (this polar 

body will divide in tandem with meiosis II). Meiosis II follows (absent of DNA 

replication) where the secondary oocyte segregates its sister chromatids into the 

ovum (unfertilised mature egg) and another polar body. Thus, the final result of 

asymmetric female meiosis is one mature egg and three polar bodies.  

 

The centromere is fundamental to a faithful cell division (Section 1.3). In order for 

non-random chromosome segregation to occur, a mechanism of recognising 

centromeres and selectively segregating chromosomes to defined daughter 

lineages must exist (Lansdorp, 2007; Lansdorp et al., 2012). As previously 

described (Section 1.1), stem cell divisions are asymmetric and are oriented by 

means of cell and spindle polarities. Likewise, oocytes also display similar cell and 

spindle asymmetries (Akera et al., 2017). Moreover, oocytes harbour centromere 

‘strength’ asymmetries that play a key role in biasing homologous chromosome 

segregation in meiosis (Chmátal et al., 2014; Iwata-Otsubo et al., 2017), a concept 

referred to as centromere drive (Chmátal et al., 2014; Lampson and Black, 2017; 

Malik, 2009). In this way, the asymmetric meiosis I division (where genetic 

elements are segregated to oocyte or polar bodies) provides a window of 

opportunity whereby genetic elements could ‘cheat’ and disproportionately 

segregate homologous chromosomes into the oocyte, eliminating competing 

gametes (Malik, 2009). The centromere, as the locus that directs chromosome 

segregation, could be acting as a ‘selfish’ element to direct its own transmission 

through meiosis at the expense of the homologues. The ‘centromere drive’ 

hypothesis was originally proposed to explain the paradox between the necessity 

of the centromere to cell division with the rapidly evolving centromeric DNA and 

its binding proteins (Malik, 2009). In a similar manner to centromere drive, 

mitotically dividing stem cells could also use differences in centromere strength 

between individual sister centromeres that could direct non-random sister 

chromatid segregation and ultimately drive stem cell identity. The concept of 
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‘mitotic drive’ was proposed to explain these asymmetries in stem cell populations 

(Wooten et al., 2019a). 

 

Kinetochore proteins were first shown to be asymmetrically distributed in post-

meiotic lineages of budding yeast (Thorpe et al., 2009). In the past year, Ranjan et 

al and Dattoli et al (and this thesis) have demonstrated that male and female GSCs 

have ‘stronger’ centromeres compared to daughter cells. These GSCs retain 1.2-

1.4-fold more CENP-A and build stronger kinetochores (measured for CENP-C, 

NDC80) (Dattoli et al., 2020; Ranjan et al., 2019). Moreover, this asymmetry in 

centromere/kinetochore strength in favour of the GSC correlates with the 

emanation of more microtubules (measured by tubulin staining) from the stem pole 

(Dattoli et al., 2020; Ranjan et al., 2019) (Figure 1.12). These differential spindle 

activities also appear to be coordinated with the timing of nuclear envelope 

breakdown. At least in males, the nuclear envelope breaks down earlier on the stem 

cell side in G2 phase (Ranjan et al., 2019).  

 

How these asymmetries are ultimately directed and determined remains an open 

and relevant question. Models of ACD (particularly in adult stem cells e.g. 

Drosophila) are currently undervalued in terms of dissecting the epigenetic loop of 

centromere specification and maintenance. By understanding asymmetric modes 

of cellular division and chromosome segregation, one can begin to appreciate the 

specific roles for each component involved in the division. This is certainly true 

for understanding CENP-C’s function in ACD, put forward in this study (discussed 

below). 

 

1.4.3 CENP-A Assembly and Sister Centromere Asymmetry 

 

Upon (symmetrical) mitotic division, the total CENP-A available is divided 

equally between the two daughter cells. To prevent dilution of the CENP-A pool 

and loss of centromere identity over time, CENP-A must be synthesised and 

deposited during the next cell cycle in order to replenish this loss of CENP-A 

across cell division back to 100%. This is measured by the increase or recovery of 

CENP-A over time (Jansen et al., 2007; Schuh et al., 2007). In general, centromere 
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assembly occurs at early G1 phase (after mitosis, before S-phase) for 

symmetrically-dividing cells (Glynn et al., 2010). This allows for the redistribution 

of CENP-A during S-phase between sister centromeres. However, centromere 

assembly is not exclusive to G1-phase in every organism/cell type, with other 

assembly timings having been reported in literature (Ahmad and Henikoff, 2001; 

Dunleavy et al., 2012; Mellone et al., 2011; Raychaudhuri et al., 2012; Swartz et 

al., 2019). Strikingly, cell types with unique assembly timings often portray 

specialised functions in vivo. For example, gametes assemble CENP-A before 

meiosis (after S-phase). This has been shown for Drosophila spermatocytes 

(Dunleavy et al., 2012; Raychaudhuri et al., 2012), as well as starfish oocytes 

(Swartz et al., 2019), which assembly CENP-A in meiotic prophase I. This unique 

timing too can be seen for asymmetrically-dividing stem cells in Drosophila, where 

male and female GSCs as well as neuroblasts, assemble CIDCENP-A in G2 phase (up 

to prophase) (Dattoli et al., 2020; Ranjan et al., 2019).         

 

As mentioned, centromeric chromatin is comprised of an interspersed array of 

CENP-A:H3 nucleosomes (Sullivan and Karpen, 2004), at an approximately 25:1 

ratio (Bodor et al., 2014). This allows for a flexibility to vary the number of CENP-

A nucleosomes assembled. Indeed, there are exceptions too in the amount of 

CENP-A assembled at centromeres, in addition to the cell cycle timing. Moreover, 

differences in CENP-A levels and cell cycle timing are often not mutually 

exclusive. This can be observed most strikingly in Drosophila spermatocytes, 

assembling more than a two-fold increase in CIDCENP-A (Dunleavy et al., 2012). 

This two-fold increase in CIDCENP-A compensates for two consecutive meiotic 

divisions in the absence of new CIDCENP-A loading in between. In Drosophila stem 

cells, centromere assembly appears to be gradual from prolonged G2 phase up to 

prophase (Dattoli et al., 2020). Similarities can be drawn here to spermatocyte 

meiotic prophase I loading, starfish oocytes, as well as quiescent human cells 

(Dunleavy et al., 2012; Raychaudhuri et al., 2012; Swartz et al., 2019). Here, active 

CENP-A assembly potentially marks and maintains future proliferative potential. 

Moreover, CIDCENP-A increases by approximately 30% on average in female GSCs 

(Dattoli et al., 2020), hinting towards a potentially asymmetric loading of CIDCENP-

A relative to the complete and equal 50% replenishment of CENP-A in symmetrical 



Chapter 1  Literature Review 

 50 

systems. Hence, one can argue that CENP-A assembly is fluid, adapting is 

assembly timing and amount relative to function in the future daughter cell.  

 

Many adult stem cell populations have characterised short G1 phases (Fox et al., 

2011; Hsu et al., 2008; Lange and Calegari, 2010; Orford and Scadden, 2008; 

Singh and Dalton, 2009). It has been proposed that these short G1 phases limit the 

stem cell’s sensitivity towards differentiation cues (Lange and Calegari, 2010; 

Orford and Scadden, 2008; Singh and Dalton, 2009). Significantly, new evidence 

has shown that cultured iPSCs (which contain longer G1 phases) assemble CENP-

A in G1 phase (Milagre et al., 2020). Therefore, the assembly phase for CENP-A 

might reflect its pluripotent state, or perhaps self-renewal versus differentiating 

(symmetric versus asymmetric) cell divisions. In any case, centromere assembly in 

adult Drosophila stem cells could occur after DNA replication in these cells (given 

a lack of a robust G1 phase). An alternative explanation for this could be the need 

first establish epigenetic (histone) asymmetry across the replication fork before 

assembling the newly-synthesised CENP-A. This hypothesis is supported by work 

from the Chen lab, where using testes-derived DNA and chromatin fibres, they 

observe a high frequency of biased, unidirectional replication fork movement 

(Wooten et al., 2019b). This highlights the probability of replication mechanisms 

establishing the histone asymmetry observed in male and female GSCs. Moreover, 

GSC centromeres/pericentromeres appear to replicate very early in S-phase 

(Dattoli et al., 2020), observed through the incorporation of DNA replication 

analog 5-Ethynul-2’-deoxyuridine (EdU). Most likely, due to the asymmetry in 

daughter cell fate, stem cells are required to organise their epigenetic pattern as 

early as possibly in the stem cell cycle. Ultimately in stem cells, this asymmetry of 

CENP-A between sister centromeres could be established two ways: 1) through a 

selective retention of parental (‘old’) CENP-A during across the replication fork 

(Figure 1.13, Hypothesis A), or 2) through an asymmetric assembly of ‘new’ 

CENP-A during G2 phase (Figure 1.13, Hypothesis B), or 3) a combination of both.   
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Figure 1.13: The Hypothesis on the Establishment of CENP-A Asymmetry in 

GSCs through the Cell Cycle.  After (asymmetric) cell division, the recently 

divided GSC has a short G1-phase, entering quickly into S-phase. Similar to H3-

H4, a unidirectional replication fork could allow parental CENP-A-H4 to be 

asymmetrically retained between leading and lagging strands. H3 is deposited as a 

placeholder, preceding new CENP-A assembly in G2-phase. Selective retention of 

old versus new CENP-A may establish the initial asymmetry between sister 

centromeres (Hypothesis 1). CENP-A assembly occurs from G2/prophase. This 

assembly of CENP-A may occur in an asymmetric manner. (Hypothesis 2). 

Ultimately, the product of this mechanism is an asymmetric distribution of CENP-

A to ‘mitotically drive’ stem cell division. 

 
 
1.4.4 A Role for CENP-C in CENP-A Asymmetry 
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Understanding how a stem cell can distinguish sister chromatids through 

centromere asymmetry must rely on adapted CENP-A assembly and maintenance 

mechanisms. This roadmap can be prised from the already detailed understanding 

of the CCAN and its role in assembly and maintenance in symmetrical mitotic 

divisions (Section 1.2). Moreover, detailed knowledge of the epigenetic loop which 

prevents loss of centromere identity across a cell cycle is imperative (discussed in 

1.2.6). The most basic system to study these mechanisms is in Drosophila, where 

the CCAN (comprising of CIDCENP-A, CENP-C and CAL1) is simple and the stem 

cell niches are well-characterised. As mentioned, ectopic targeting of Drosophila 

CIDCENP-A, CENP-C and CAL1 to human LacO arrays, the Heun lab probed the 

step-by-step epigenetic loop of centromere assembly and maintenance (Roure et 

al., 2019). In this model (Figure 1.10), CENP-C occupies crucial real estate for 

directing an asymmetric distribution of CIDCENP-A. In the context of the stem cell 

cycle, this may indeed occur during ‘distributing’ S-phase or the ‘loading’ G2 

phase. Significantly, CENP-C was a hit in numerous large-scale RNAi screens 

carried out in Drosophila stem cell niches (male/female GSCs, neuroblasts) (Liu 

et al., 2016; Neumüller et al., 2011; Yan et al., 2014). At initial glance, this 

observation may be unsurprising due to the essential nature of CENP-C to mitotic 

division. However, in addition to CIDCENP-A, CENP-C is also asymmetrically 

distributed between sister centromeres in GSCs (this thesis, Dattoli et al., 2020) 

and intestinal stem cells (ISCs) (García del Arco et al., 2018). Furthermore, it is 

directly involved in CENP-A maintenance and assembly (Erhardt et al., 2008; Falk 

et al., 2016, 2015; Roure et al., 2019).  

 

These large-scale RNAi screens have been carried out in four different niches 

(male/female GSC, neuroblasts and intestinal stem cells). However, CENP-C was 

a negative hit in the ISC screen (Zeng et al., 2015). Although, there are fundamental 

differences between GSCs and ISCs related to CENP-C in this context, related to 

their future proliferative potential. In the female GSC niche, GSCs retain 

approximately 1.2-fold more CENP-C versus their cystoblast (CB) daughter cell 

(Dattoli et al., 2020). Importantly, this CB also retains its proliferative capacity. In 

contrast, Del Arco et al could only detect CENP-C in the ISC, and not its daughter 

cell enterocyte (EB) (García del Arco et al., 2018). Here, the EB is endoreplicating 

and has lost its mitotic capacity (thus losing CENP-C), and further differentiates 
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without dividing into either an enterocyte (EC) or enteroendocrine (EE). Hence, 

although these systems display fundamental ‘stem’ differences, CENP-C favours 

the stem cell in both. This strongly implies a role for CENP-C in the maintenance 

of parental ‘old’ CENP-A, already shown to be retained by the stem cell in male 

GSCs and ISCs.    

 

1.4.5 Centromeric Regulation of Stem Cell Fate 

 

As introduced in Section 1.1, ACD is regulated at multiple levels both intrinsically 

and extrinsically. Stem cell biologist constantly strive to understand the levels at 

which stem cells can regulate the self-renewal versus differentiation processes. 

Moreover, the relationship between stem cell potency (Section 1.1.2) and the 

epigenetic landscape remains widely open.  

 

In 2010, Ambartsumyan et al first related the CENP-A level to self-renewal 

(Ambartsumyan et al., 2010). Depleting iPSCs of CENP-A allowed for stem cell 

self-renewal. However, once induced to differentiate, these cells could no longer 

commit to their lineage, subsequently undergoing a p53-dependant apoptosis 

(Ambartsumyan et al., 2010). Hence, CENP-A level plays a key role in cell fate 

decisions, requiring a higher CENP-A threshold to induce differentiation. 

However, whether this CENP-A threshold per se affects gene expression and thus 

can truly be an epigenetic mechanism of directing cell fate remains to be seen. 

Indeed, new evidence from the Jansen lab has uncovered that reprogramming 

fibroblasts to pluripotency results in depletion of CENP-A, CENP-C and CENP-T 

from the centromere (Milagre et al., 2020). Exactly why this occurs remains an 

open question. Nevertheless, it is apparent that the centromere is highly active and 

responsive to stem cell states.     

 

Given the essential role of the centromere, elucidating a role for the centromere 

maintenance/assembly machinery in a multicellular organism presents some 

challenges. This was first indicated in the Drosophila midgut epithelium, where 

ISCs lose their proliferation capacity (implied by loss of clonal size) upon depletion 

of CIDCENP-A, CAL1 and CENP-C (García del Arco et al., 2018). Unsurprisingly, 
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long-term depletion of CAL1 resulted in ISC loss (García del Arco et al., 2018). 

Similarly in male GSCs, CAL1 depletion also reduced stem cell number (Ranjan 

et al., 2019), while in females GSC proliferation was blocked due to lack of 

centromere specification (Dattoli et al., 2020). Therefore, at a gross level, CAL1 

clearly is required for centromere identity and subsequently the maintenance of 

stem populations. However, perturbing centromere localisation by depleting CAL1 

does not allow distinction of the essential canonical mitotic role of CIDCENP-A 

/CENP-C/CAL1 versus potential stem-specific roles. In this case, co-

overexpression of CAL1/CENP-A proved a more effective method of probing 

these roles. Here, this co-overexpression shifted CIDCENP-A’s distribution between 

GSC and CB from asymmetric (1.2:1), to symmetric (1:1) (Dattoli et al., 2020). 

Importantly, these cells are shifted more towards self-renewal (Dattoli et al., 2020). 

CAL1 depletion in male GSCs resulted in a similar loss of asymmetry (Ranjan et 

al., 2019). Ultimately, evidence is clearly gathering that adult Drosophila stem 

cells require asymmetry at centromeres in order to control non-random, selective 

sister chromatid segregation; and perturbation to this maintenance of asymmetry 

can lead to aberrant cell fate decisions. This thesis will further shed light on this 

process.  
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1.5 Drosophila melanogaster and the Germline Stem Cell Niche 

 

1.5.1 Arthropods, Insects and the Order Diptera 

 

Arthropods, members of the phylum Arthropoda, represents the largest phylum in 

the kingdom Animalia (or Metazoa), representing at least 50% of all species 

diversity. They are invertebrate bilaterians, characterised by an exoskeleton, body 

segmentation and paired, jointed appendages (Halanych, 2004). Within the phylum 

Arthropoda lies the class Insecta, subdivided into thirty orders, based on their body 

shape, legs, mouthparts but primarily by their wings (the suffix ‘ptera’ refers to the 

Greek work for ‘wing’). Approximately 80% of all insects however, can be covered 

by five main orders, including: Hemiptera (e.g. bed bugs, water bugs), Coleoptera 

(e.g. beetles), Hymenoptera (e.g. wasp, honeybee), Lepidoptera (e.g. butterflies, 

moths) and Diptera (e.g. flies). True flies thus belong to the order Diptera (‘Di’ – 

two, ‘ptera’ – wing) - the second largest order (approximately 20,000 species) 

behind Coleoptera. Within dipterans, there lies a pronounced evolutionary 

divergence (<250 million years) from lower Dipterans (Nematocera; e.g. 

mosquitoes) to higher ‘classical’ Dipterans (Brachycera (Neodiptera); e.g. fruit 

flies) (Wiegmann et al., 2011).  

 

 
 

Figure 1.14: Phylogenetic tree of Arthropoda, including the class Insecta 

(highlighted). [Not to scale]. 
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Figure 1.15: A non-extensive cladogram representing the class Insecta (not to 

scale). The order Diptera (highlighted in black) represents true flies.      
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1.5.2 The Model Organism: Drosophila melanogaster    

 

The genus Drosophila is paraphyletic (composed of the last common ancestor and 

its descendants), and contains ≈1500 described species to-date. Drosophila 

melanogaster represents one of approximately 180 species recognised as being 

members of the melanogaster species group. Nine species belong to the 

melanogaster species subgroup, and are morphologically very similar to one 

another – most reliably identified from each other via their male genitals. These 

include the premiere model organism, Drosophila melanogaster, as well as 

Drosophila simulans, amongst others.  

 

Drosophila melanogaster represents an excellent model organism for a number of 

reasons. They are very genetically tractable and easy to follow genetically through 

generations. Many genetic tools and mutant lines are readily available via different 

stock centres. Moreover, a large database of genomic data is available via the 

National Centre for Biotechnology (NCBI) and Flybase, the Drosophila 

community repository. They contain four (diploid) chromosomes (2n=8), making 

nuclear cell biology easy to analyse. Importantly, in terms of chromosome biology, 

processes such as chromosome segregation and cell cycle chromatin assembly 

remain largely conserved, often times to a more simpler degree (e.g. the centromere 

assembly process). For stem cell biologists, Drosophila contains numerous well-

characterised and easily accessible stem cell niches and developmental pathways 

(e.g. male/female GSCs/germline, neuroblasts/thoracic ventral nerve chord, 

intestinal stem cells/midgut epithelium). Hence, this organism provides an 

excellent system to both characterise and manipulate adult stem cells within their 

stem cell niches.   
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Figure 1.16: Phylogenetics of the suborder Sophophora within the genus 

Drosophila. The Sophophora suborder contains the melanogaster group and 

subgroup. The melanogaster subgroup contains the well-known model organism 

Drosophila melanogaster, and also Drosophila simulans (also used in research). 

Image taken from the ‘Assembly/Alignment/Annotation of the 12 Drosophila 

Species’ website.  
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1.5.3 Oogenesis and the Female Germline Stem Cell Niche  

 

Due to a permanent stem cell population, the female Drosophila retains an ability 

to produce a vast number of eggs throughout its lifetime. Each female contains two 

ovaries, comprising of 12-16 individual ovarioles. Oogenesis can be organised into 

14 distinct stages. Each ovariole is organised linearly into developmental 

chambers, beginning with the most apical chamber, the germarium (stage 1-3) 

(Spradling et al., 2011). The germarium is followed by the developing egg 

chambers (the vitellarium), up to the most distal fully developed egg chamber 

containing the mature oocyte (stage 14). At the anterior end of the germarium lies 

8-10 terminal filament (TF) cells stacked linearly, where the most posterior TF cell 

makes contact with 5-7 cap cells (the stem cell niche). Anchored to the cap cells 

are two stem cell types: 2-3 germline stem cells (GSCs) and 4-6 escort stem cells 

(ESCs) (Huynh, 2007). Briefly, these ESCs also externally wrap the GSCs and 

their cellular extensions, and produce differentiated escort cells (ECs). In addition 

to the cap cells, these ECs also produce decapentaplegic (Dpp; Drosophila 

homolog of the vertebrate BMP signalling proteins) signalling ligand for full-

strength BMP signalling, a requirement for GSC maintenance.  

 

GSCs predominantly divide asymmetrically to produce a self-renewing GSC and 

differentiating cystoblast (CB), displacing the CB away from the GSC niche. This 

CB (encased by ECs) undergoes four rounds of mitotic divisions (with incomplete 

cytokinesis) to produce a 16-cell cyst, enclosed by somatic follicle cells (produced 

by somatic stem cells; SSCs) to bud away into the next developing egg chamber 

(Kirilly and Xie, 2007). These germ cell cysts (2-, 4-, 8-, 16-cell cysts; known as 

cystocytes) are interconnected via an endoplasmic reticulum (ER) – derived 

organelle called a fusome, originating from a singular spectrosome (a cytoplasmic 

spectrin organelle that anchors the GSC to the GSC niche) present in the GSC and 

CB (discussed below). Ultimately, the 16-cell cyst will be composed of one 

designated oocyte and fifteen metabolically active, polyploid nurse cells (NCs), 

linked via a intercellular fusome bridge derived from a single spectrosome in the 

GSC. These NCs are endocycling germ cells whose role is to synthesise and deposit 

proteins and RNAs into the oocyte. Thus, the germarium represents an easily 
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accessible and identifiable tissue in which to isolate and genetically manipulate 

germline and somatic stem cell populations, but most notably GSCs.  

 

As introduced in Section 1.1, the niche controls stem cell maintenance by way of 

signalling factors. In female Drosophila germarium, the major signalling pathways 

are Dpp (GSC maintenance) and bag of marbles (bam; CB differentiation) 

(Dansereau and Lasko, 2008). Dpp is homologous to the human BMP2 signalling 

protein, and acts non-autonomously in the cap cells to repress the expression of 

bam in the GSC, and thus maintaining the GSC population (Chen and McKearin, 

2003b; Song et al., 2004). On the other hand, earliest bam expression begins in the 

CB (up to 8-cell stage) and is essential of CB differentiation (McKearin and 

Ohlstein, 1995; Ohlstein and McKearin, 1997). Importantly, constitutive 

expression of dpp represses bam and CB differentiation, maintaining stemness of 

the daughter cell (Chen and McKearin, 2003a; Song et al., 2004). The Dpp 

transcriptional regulators, Mothers against Dpp (Mad) its binding partner Medea 

(Med), act directly on the bam promotor to silence bam expression in the GSC 

(Chen and McKearin, 2003a, 2003b; Song et al., 2004). Thus, BMP signalling can 

be measured using an antibody specific to the activated (phosphorylated) form of 

Mad (pMad).  

 

Nanos (Nos) is a translational repressor that is essential for germline maintenance, 

and has been studied extensively in zebrafish, flies, C. elegans and mice (K. 

Subramaniam and G. Seydoux, 1999; Köprunner et al., 2001; Tsuda et al., 2003). 

In the Drosophila germline, Nos acts in conjunction with Pumilio (Pum), part of a 

large class of RNA binding proteins. At larval stage, Nos prevents premature 

differentiation of primordial germ cells (PGCs) and similarly maintains GSCs at 

adult stage (Tsuda et al., 2003; Wang and Lin, 2004). This translational regulation 

of Nos is still largely under investigation. However, recent evidence has shown 

proteins Ago1 (Argonaute 1) and Sxl (Sex Lethal; also known to mediate nos 

repression) bind via proximal miRNA binding sites and a distal Sxl binding 

sequence in the 3’ Untranslated Region (3’UTR) of nos (Malik et al., 2020). Ago1 

and Sxl most likely recruit Mei‐P26 (meiotic‐P26) and Brat (Brain tumour), 

followed by Bam and Bgcn (Benign gonial cell neoplasm) to nos mRNA to repress 

nos in the CB and allow differentiation to take over. (Malik et al., 2020). In the 
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context of this study, nos and bam are used as tissue-specific drivers of RNAi in 

the female germline, in the GSC/CB and 4/8-cell germ cysts respectively. On the 

other hand, Sxl is expressed in GSCs and CBs, and pMad is specific to GSCs. 

Using antibodies specific to these proteins, one can appreciate the GSC/CB 

composition in the female GSC niche.    

 

1.5.4 The Spectrosome, Fusome, and the Control of Cell Synchrony in 

Gametogenesis 

 

In the germarium, germ cell cysts are interconnected and share a common 

cytoplasm via a fusome organelle. In 1886, Platner first observed these fusome 

structures in several insect spermatocytes using light microscopy, referring to them 

as ‘Verbindungsbrücken’ (or ‘bridging connections’) (Huynh, 2007). Originally 

observed in and thought to be specific to the insect germline, a similar spectrin-

containing structure has been (relatively) recently observed in Xenopus laevis germ 

cells (Kloc et al., 2004). Importantly though, stable intercellular bridges are a 

general feature of gametogenesis, having been observed in many mammalian 

species, including human (Greenbaum et al., 2011). Many of the key features of 

such bridges have been studied in Drosophila, although some distinguishing 

features between insect and mammalian bridges do exist (discussed by Greenbaum 

et al, 2011).  

 

The spectrosome is a round spectrin-containing organelle in the cytoplasm of 

GSCs. The fusome, a membranous structure found in the developing germ cysts of 

many insect orders, develops from this spectrosome originating from the GSC. The 

spectrosome bridges off and expands through each mitotic division to link the 

oocyte to all germ cells within the cyst through ring canals. These bridges are 

derived via the midbody in an incomplete cytokinetic cleavage furrow. The 

spectrosome itself has been observed as early as the gastrulating embryo (Huynh, 

2007). In the adult germline, this spectrosome is anchored to the apical end of the 

GSC making contact with the cap cells (thus maintaining the GSC in its niche). 

When the GSC divides, the spectrosome anchors the centrosome to the apical pole 

– orientating the axis of division away from the niche. Thus, the self-renewed GSC 
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maintains its location in the stem cell niche, and the differentiating CB moves away 

from the niche. During telophase, a transient ring canal forms between the GSC/CB 

and the new fusome material forms in the ring canal. The spectrosome elongates 

from the GSC anterior and fuses with the new fusome material in the cytoplasmic 

bridge, before being severed, releasing the new fusome into the CB (Huynh, 2007). 

The spectrosome then reorients itself back towards the apical GSC side. Hence, the 

morphology of the spectrosome can be characterised throughout the cell cycle (Kao 

et al., 2015) (using anti-Spectrin/Hts antibodies), making it a useful marker when 

analysing GSCs and germ cell cysts in fixed tissue samples (Figure 1.17 C).  
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Figure 1.17: The Drosophila ovary and germarium/GSC niche. (A) Schematic 

of the female ovaries with individual ovariole (highlighted in grey), with 

developing egg chambers and germarium (boxed). (B) Schematic of germarium 

and GSC niche. The anterior tip of the germarium contains the GSC niche, with 

stacked terminal filament cells joined to the cap cells (dark grey). The germ cells 

(cyan), arise from a GSC that divides asymmetrically to produce a self-renewing 

GSC and daughter cell cystoblast (CB). The CB divides a further four times with 

incomplete cytokinesis into a 16-cell germ cyst. The spectrosome (red) elongates 

into a fusome and interconnects each germ cell within the cyst.  The 16 cell cyst 

will contain one designated oocyte (OC, blue) and 15 nurse cells (NCs), which bud 

off into the next developing egg chamber to continue oogenesis. (C) Schematic of 

spectrosome morphology through the GSC cell cycle. After mitosis, the GSC has 



Chapter 1  Literature Review 

 64 

a very short G1-phase. In late telophase/G1/early S-phase (left), the spectrosome 

displays a ‘plug’ morphology where the spectrosome has budded off into the ring 

canal. In S-phase, the GSC spectrosome elongates into a bar formation. In G2-

phase, the bar spectrosome moved back towards the anterior end of the GSC and 

the new fusome has formed in the CB, resembling an ‘exclamation point’ 

morphology. In mid-late G2-phase, the spectrosome forms the classical round 

morphology anchored to the apical pole of the GSC, continuing into M-phase 

(Right, prophase)(Kao et al., 2015). 
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1.6 Project Hypothesis and Objectives  

 

We hypothesise that CENP-C plays a key recruitment and maintenance role in 

regulating centromere asymmetry in ACD. Moreover, we hypothesise that 

disruption to the centromeric core, specifically relating to CENP-C, will ultimately 

influence GSC fate.  

 

The rationale for these hypotheses lie in numerous pieces of evidence. Firstly, non-

random sister chromatid segregation requires distinction at the centromere. Recent 

evidence has shown that CENP-A is asymmetrically distributed between stem and 

daughter cell within the Drosophila germline (Dattoli et al., 2020; Ranjan et al., 

2019), and its disruption impacts cell fate, shifting the stem cell towards self-

renewal (Dattoli et al., 2020). Secondly, in many Drosophila stem cell RNAi 

screens, CENP-C was noted as having influence on stem cell maintenance or 

differentiation (Liu et al., 2016; Neumüller et al., 2011; Yan et al., 2014). Thirdly, 

recent elucidation of the epigenetic loop surrounding Drosophila centromere 

propagation shows CENP-C as a recruitment factor in marking the centromere for 

new CENP-A assembly (Roure et al., 2019). Taken together, CENP-C fills in an 

important role in allowing centromere self-propagation in a symmetric system of 

epigenetic inheritance. In an asymmetric system, we hypothesise that adapting the 

canonical inheritance pathway, specifically the recruitment factor CENP-C, will 

allow coordination and distinction of stem versus daughter cell sister chromatids 

in accordance with the ‘Silent Sister’ hypothesis (Lansdorp, 2007; Lansdorp et al., 

2012).  

 

Using the female Drosophila GSC system, this project has three broad primary 

objectives:  

1. To elucidate the role of CENP-C in the assembly and maintenance of CENP-

A asymmetry in GSCs. We achieved this through tissue-specific RNAi and 

overexpression, combined with detailed immunofluorescence 

quantitation in GSC and CBs.  

2. To determine the role of CENP-C-mediated centromere maintenance on 

stem cell fate and germline differentiation. We achieve this through 
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detailed phenotype characterisation and analysis of the GSC/CB balance in 

multiple genetic backgrounds.  

3. To generate tools and methods required to further analyse the role of the 

centromere in ACD.
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2. Materials and Methods 
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2.1 Chemical Reagents and Experimental Kits 

 

Unless otherwise stated, chemical reagents and kits were obtained from Fisher 

Scientific, Invitrogen or Sigma-Aldrich. Specific reagents and/or kits are noted in 

the text. Common buffers and reagents are listed in Appendix 8.1.  

 

2.2 Drosophila Husbandry, Genetics and Techniques 

 
2.2.1 Fly Stocks and Husbandry 

 
Stocks were cultured in 25 mm polystyrene vials on standard cornmeal medium 

(NUTRI-FlyTM) preserved with 0.5 % propionic acid and 0.1 % Tegosept (APEX 

Bioresearch Products) at 20 oC under a 12 hours light-dark cycle. All fly stocks 

used were obtained from Bloomington Stock Centre (BDSC_#...) unless otherwise 

stated. The following fly stocks were used: Oregon-R (BDSC_25211), wild type 

RNAi isogenic control (BDSC_36303), nanos-Gal4 (BDSC_25751), bam-Gal4 

(kind gift from Margaret T. Fuller), UAS-CENP-C RNAi (BDSC_38917), UASp-

HA-CENP-C (kind gift from Kim S. McKim), HA-CENP-C; UAS-CENP-C-RNAi 

(this study), Cenp-CIR35 (Heeger et al., 2005), Cal12k32 (Unhavaithaya and Orr-

Weaver, 2013), Double Balancer: y[1] w[*]; wg[Sp-1]/CyO; Dr/TM3, Sb (#59967) 

(See Appendix 8.2 for full genotypes of fly stocks used) 

 

2.2.2 Targeted Genetic Manipulation: GAL4-UAS System 

 
To generate tissue-specific targeted manipulation of genes, we used the GAL4-

UAS system available in flies (Duffy, 2002). This system, adapted from yeast, 

takes advantage of a GAL4 transcription factor binding to its enhancer upstream 

activating sequence (UAS) to promote transcription of the target gene. In 

Drosophila, it involves the crossing of a fly-line containing a GAL4 tethered to a 

tissue-specific promotor (Driver Line, e.g. nanos-GAL4) to a fly-line containing a 

gene or RNAi hairpin (Responder Line, e.g. UAS-CENP-C RNAi) (Fig 2.1). The 

resulting F1 progeny contain both the GAL4 and the UAS sequence which can now 

bind, allowing for the manipulation of a gene of interest in a specified tissue (Fig 

2.1).  
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Figure 2.1: Schematic of the Drosophila melanogaster GAL4-UAS system. 

Female (virgin, unmated) driver GAL4 flies are crossed to male responder flies 

containing a Upstream Activating Sequence (UAS) adjacent to a Gene, RNAi, 

fluorescent tag or reporter. Transcription of the UAS-tethered gene is suppressed 

in the F0 generation due to the absence of its GAL4 transcription factor. The F1 

progeny will express GAL4 in a tissue specific manner to the promotor (e.g. nanos 

in the early germline), allowing it to bind to the UAS sequence and initiate 

transcription of the target RNA (corresponding to a specific gene, RNAi, GFP or 

reporter). 
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The GAL4-UAS system is a temperature-dependant system – the efficiency of the 

binding of GAL4 to UAS increases with temperature. Crosses can be carried out 

at temperatures ranging from 18 °C to 29 °C, with main stocks maintained at 20 

°C. RNAi and overexpression crosses were carried out at either 22 °C, 25 °C or 29 

°C (specified below).  

 

I. To determine the effect of depletion of CENP-C on the female GSCs, a 

transgenic line expressing UAS-CENP-C RNAi was crossed to nanos-

GAL4 (Fig 2.2 A). Given CENP-C is an essential gene, the cross was 

incubated at an intermediate temperature of 22 °C to allow the development 

of the phenotypes.  

II. To determine the specificity of the effect of CENP-C to the GSC/CB, the 

UAS-CENP-C RNAi responder line was crossed to bam-GAL4 (Fig 2.2 B). 

bam-GAL4 drives expression of the RNA hairpin in the mid-germarium, 

where the bag-of-marbles gene is expressed, at the 4-8 cell cyst stage. This 

cross was carried out at 29 °C to maximise the knockdown efficiency. 

III. To determine the effect of overexpression of CENP-C on female GSCs, a 

transgenic line expressing HA-CENP-C under control of UASp was 

crossed to nanos-GAL4 (Fig 2.2 C). This cross was carried out at 25 °C.   

IV. To rescue the CENP-C RNAi phenotype, the rescue responder line, UASp-

HA-CENP-C; UAS-CENP-C RNAi, was crossed to nanos-GAL4 at 22 °C 

(Fig 2.2 D). The generation of this transgenic fly line is schematised in 

Figure 2.3.  

 

Note: The nanos-GAL4 and bam-GAL4 driver lines both have two copies of UAS-

Dcr-2 on the X chromosome – this allows overexpression of the Dicer-2 gene (an 

RNase III family of double-stranded RNA-specific endonucleases). Expression of 

Dicer-2 under UAS control enhances the efficiency of the RNAi by processing 

long dsRNA into siRNAs and hairpin RNAs into endogenous siRNAs. When 

examining F1 females, each progeny will contain one copy of the UAS-Dcr-2 to 

enhance RNAi efficiency (Fig 2.2).  
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Figure 2.2: Schematic of GSC CENP-C RNAi (A), germ cell cyst CENP-C 

RNAi (B) and HA-CENP-C overexpression (C) and Rescue (D) fly crosses 

using the GAL4-UAS system. +/+ represents homozygous wild type alleles. 

UASp-HA-CENP-C is balanced with the balancer chromosome Second Multiple 6 

(SM6) with marker Curly (Cy).
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Figure 2.3: Schematic of the generation of HA-CENP-C; CENP-C RNAi 

rescue transgenic line. Step 1(a) and (b) requires the double balancing of UAS 

CENP-C RNAi and UASp HA-CENP-C fly lines. The 2nd and 3rd chromosome 

double balancer contains the markers Sternopleural (wgSp-1) and CurlyO (CyO) on 

chromosome 2; and Drop (Dr) and Third Multiple 3 (TM3) marked with Stubble 

(Sb) on chromosome 3. +/+ represents homozygous wild type alleles.  
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2.3 Cell Biology Techniques 

 
2.3.1 Preparation of Ovaries for Immunostaining 

 
For standard immunofluorescence (IF) staining of Drosophila ovaries, 10-15 flies 

of a specified age were dissected in 500 μL 1X PBS. Ovarioles were teased out 

using forceps to ensure efficient antibody penetration. Dissected ovaries were 

transferred to an 1.5 ml Eppendorf tube using a P1000 pipette, pre-wet in 1X PBS 

+ 0.4 % Triton-X (0.4 % PBST). Samples were spun down in a centrifuge briefly 

at 12000 rpm and the supernatant removed. Samples were fixed in 4 % 

paraformaldehyde (PFA) in 1X PBS for between 5 and 30 mins (depending on 

antibody requirements), on a shaker. Note: all incubations/washes were agitated on 

a shaker or rotator. Once fixed, 4 % PFA was removed and samples were washed 

3 times in 0.4 % PBST for 15 minutes. At this point, samples can be stored at 4 °C 

for future use if required. 

 

Optionally, samples can be permeabilised with 1 % PBST before blocking. In most 

cases however, the continues washing with 0.4 % PBST appears sufficient. 

Samples were then blocked in 1ml of fresh 1-5 % bovine serum albumin (Fisher 

Scientific) in 0.4 % PBST. Samples were incubated at room temperature (RT) in 

blocking buffer for 2-4 hours. For primary antibody incubation, antibodies were 

diluted in fresh 1-5 % blocking buffer and incubated at 4 °C overnight on a rotator 

(See Appendix 8.3 for list of primary antibodies used). The following day, samples 

were again washed three times in 0.4 % PBST before detection of primary 

antibodies using fluorescently labelled secondary antibodies. Secondary antibodies 

were added also in blocking buffer at 1:500 concentration for 2 hours in the dark 

(covered in tin foil) (See Appendix 8.4 for list of secondary antibodies used. 

Samples are washed again in 0.4 % PBST three times before the detection of DNA. 

DNA was stained using 1 μg/ml solution of DAPI (diluted 1:1000 in 1X PBS) for 

10 mins at RT. Samples were washed briefly in 0.4 % PBST and mounted in Slow-

Fade Anti Fade Mounting Medium (Invitrogen) on Polysine slides (Fisher Brand). 

Coverslips (1.5; 22mmX22mm) were sealed with varnish.  
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2.3.2 5-ethynyl-2’-deoxyuridine (EdU) Incorporation and Detection  

 
If the detection of DNA synthesis was required, EdU was incorporated before 

fixation. Ovaries from flies at a specified age were dissected and their ovarioles 

teased out as normal before transfer into a 1.5 ml tube in 1XPBS. These samples 

were spun down at 12000 rpm and supernatant removed. Samples were incubated 

with EdU (10 μM) in 1X PBS (EdU stock at 10 mM) for 45 mins. Samples were 

then washed briefly once for 20 mins in 0.4 % PBST. Fixation protocol then 

proceeded as normal. After washing of the fixative solution in 0.4 % PBST, EdU 

was then detected using a fluorescent azide. Samples were incubated for 30 

minutes in the dark with 2 mM CuSO4, 10 mM Na-L-Ascorbate (ascorbic acid) 

and 300 μM of 6-Carboxyfluorescein-TEG azide (Berry and Associates) (or 

alternative colour if required). Samples were then washed thoroughly in 0.4 % 

PBST (3 X 20 mins). Note: These washing steps were crucial to prevent 

interference of the copper sulphate with primary antibodies. After washing, 

samples can wither be stored at 4 °C or blocking buffer can be added as per the 

standard immunofluorescence protocol outlined in Section 2.4.1.   

 

2.3.3 Microscopy and Image Processing 

 
Fluorescence microscopy was largely carried out using a DeltaVision Elite 

widefield microscope system (Applied Precision) using a 100X oil immersion 

UPlanS-Apo objective (NA 1.4). All samples were mounted in SlowFade Gold 

antifade reagent (Invitrogen). Unless specifically indicated, images were acquired 

as z-stacks using a step size of 0.5μm, with sequential fluorescence passing through 

435/48 nm; 525/48 nm; 597/45 nm; 632/34 nm band-pass filter for detection of 

DAPI, FITC (Alexa Fluor 488), TRITC and Cy5 (Alexa Fluor 647). Raw images 

were deconvolved using the deconvolution software available on SoftWorx, using 

10 cycles of the ‘conservative’ iteration algorithm.  

 

In specific circumstances for presentation of specific phenotypes, confocal 

microscopy was used. Images were taken using am inverted Olympus Fluoview 

(FV1000) laser scanning microscope with a 60X oil immersion UPlanS-Apo 

objective (NA 1.2). Z-stacks were acquired using a step-size of 0.5 μm. Samples 
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were excited using 404 nm, 473 nm, 559 nm, and 635 nm lasers for detection of 

DAPI, Alexa Fluor 488 (AF488), AF546 and AF647. D405/473/559/635 dichroic 

mirrors (Chroma) were used. Pinhole was set to 115 μm. Fluorescence was passed 

in sequentially through 430–455 nm, 490–540 nm, 575–620 nm, 655–755 nm 

bandpass filter to detect DAPI and AF488, AF546 and AF647.  

 

Deconvolved or confocal Images were processed using FIJI (ImageJ) software.  

 

2.3.4 Centromere Fluorescence Intensity Quantification 

 
For each quantification one cell/germarium was considered. FIJI (Image J) 

software was used to measure fluorescent intensity of CID and CENP-C as follows: 

8-bit images from a single cell (nucleus) were projected (max intensity) to capture 

all the centromeres present in the cell at a specific cell cycle phase. The background 

was subtracted from the projected image. Threshold was adjusted to only cover 

centromere signal. Following, the command “analyse particles” was used to select 

centromeres. Finally, integrated density (MGV*area) from each centromere foci 

were extracted and summed to measure the total amount of fluorescence per 

nucleus. All values measured are ‘total centromere integrated density per nucleus’. 

Statistical analysis was performed using GraphPad Prism 8 software (La Jolla, 

USA). Data distribution was assumed to be normal, but this was not formally 

tested. P value in each graph showed was calculated with unpaired t test with 

Welch’s correction. If there was a multiple comparison, a One-Way Analysis of 

Variance (ANOVA) with Tukey test was used to test P values.  

 

2.3.5 Assay of GSC Self-Renewal: Sex-Lethal and pMad Quantitation 

 
To assess the number of stem and daughter cells in an individual germarium, 

samples were stained with anti-SEX-LETHAL (SXL) and anti-SMAD3 (phospho 

S423 + S425) (pMad). [Note: pMad antibody works best with short (5-10 min 

fixation with 4 % PFA]. pMad is a classical stem cell marker in Drosophila (Chen 

and McKearin, 2003a). Only pMad positive cells that are specifically adjacent to 

the GSC niche were counted in each germarium. SXL is a key sex-determination 

protein that is involved in sex-specific splicing in Drosophila (Malik et al., 2020). 
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For our purposes, SXL is a cytoplasmic marker GSCs, CBs and 2-cell cyst stage 

germ cells in the female germline. Hence, SXL was used as an assessment of the 

immediate stem/daughter cell composition. To assay self-renewal, the number of 

pMad and SXL positive cells were counted through the z-stacks of each germarium 

and a ratio of SXL:pMad positive cells per germarium was then represented. 

Statistical analysis was carried out using One-Way Analysis of Variance 

(ANOVA) and Tukey test (if multiple comparisons) on GraphPad Prism 8 software 

(Dattoli et al., 2020).  
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2.4 Molecular Biology Techniques  

 

2.4.1 Single-fly genomic DNA preparation 

 

To confirm the presence of UASp-HA-CENP-C and UAS CENP-C RNAi 

transgenes in the generated rescue fly line (Fig 2.3), we performed single fly PCR 

on single fly genomic DNA preparations. Single flies were knocked out by placing 

the fly in an empty 1.5 ml Eppendorf tube on ice. Fresh Squishing Buffer (SB; 

Appendix 8.1) was made before each extraction (50 µl per fly). 50 µl of SB was 

then aspirated using a 200 µl pipette tip. Without expelling the SB in the pipette 

tip, the knocked-out fly was crushed using the pipette tip (some SB will leak out). 

The remaining liquid was then expelled and further mixed and crushed with the 

fly. Th mixture was then incubated for 30 mins at RT, followed by incubation at 

95 °C for 5 mins. The sample was then put on ice for 5 mins before spinning down 

at 13000 rpm for 5 mins. The supernatant was then transferred into a fresh 1.5 ml 

tube and stored at 4 °C. These DNA preps can be stored at 4 °C for up to 2 months.  

 

2.4.2 Single-fly Polymerase Chain Reaction (PCR) 

 
For genotyping UASp-HA-CENP-C; UAS CENP-C RNAi rescue fly lines 

generated for this study, single fly PCR was performed with Q5 polymerase (New 

England Biolabs) according to manufacturer’s protocols with the following 

primers:  

 

Transgene (Vector) Primers Used 
HA-CENP-C (UASp) Fw: 5’ - CCAGATTACGCTGCTCATGGCGGA - 3’ 

Rv: 5’ - GGTAGTTTGGACTTGGGCTTAGCCTGAG - 

3’ 

UAS CENP-C RNAi 

(VALIUM 22) 

Fw: 5’ - GGTGATAGAGCCTGAACCAG - 3’ 

Rv: 5’ - AATCGTGTGTGATGCCTACC - 3’ 
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3. Understanding CENP-C’s role in centromere assembly 

and centromere asymmetry in female germline stem cells 
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3.1 Chapter Introduction 

 

The ‘silent sister’ hypothesis puts forward the idea that ACD requires epigenetic 

mechanisms to recognise sister chromatids for preferential segregation to stem and 

daughter cell (Lansdorp, 2007; Lansdorp et al., 2012). Importantly, this would 

require distinction of sister chromatids by the mitotic machinery, for example at 

the centromere. Recently, it has been shown that centromeres in male and female 

Drosophila GSCs display asymmetries in centromere strength (Dattoli et al., 2020; 

Ranjan et al., 2019). Moreover, parental versus newly synthesised CENP-A 

incorporation is asymmetric, with stem cells retaining parental CENP-A histones 

in a manner similar to histones H3-H4 (García del Arco et al., 2018; Ranjan et al., 

2019). Until recently, the self-propagating epigenetic loop of centromere assembly 

in Drosophila remained elusive, making the study of these how this asymmetry is 

established speculative. Now, Roure et al and Medina-Pritchard et al have made 

substantial progress into understanding how the Drosophila centromere maintains 

its identity throughout the cell cycle and across a cell division (discussed in detail 

in sections 1.3.6 and 1.3.7). Briefly, CENP-C is the recruiting factor for CAL1-

CENP-A-H4, with CAL1 recognising and binding directly to CENP-C via its cupin 

domain (Medina‐Pritchard et al., 2020; Roure et al., 2019). Hence, CENP-C is 

ideally situated to direct an asymmetric centromere in asymmetrically dividing 

stem cell models.  

 

We hypothesise that CENP-C plays a key role in recruiting CENP-A and 

maintaining centromere asymmetry in GSCs. This chapter investigates the 

mechanical role of CENP-C in the assembly and maintenance of CENP-A in 

female Drosophila GSCs. To do this, we use the GAL4-UAS system in Drosophila 

to induce tissue-specific RNAi and overexpression to probe the role of CENP-C in 

GSCs in a temperature sensitive manner. At a single cell level, we use detailed 

immunofluorescence quantitation to uncover the centromeric differences between 

stem and daughter cells. In doing so, this chapter uncovers some important 

findings:  

1. Similar to CENP-A (Dattoli et al., 2020; Ranjan et al., 2019), CENP-C 

assembles in G2/prophase.  
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2. CENP-C is asymmetrically distributed between GSC and CB (now 

published in Dattoli et al., 2020).  

3. Depletion of CENP-C in GSCs disrupts CENP-A assembly in 

G2/prophase.  

4. Absence of CENP-C leads to an increase in CENP-A asymmetry in favour 

of the GSC, whereas overexpression tends CENP-A to a more symmetric 

pattern.  
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3.2 CENP-C is assembled from G2 phase – prophase in female GSCs 

 

At the apical end of the Drosophila germarium (Fig. 3.1A), 2-3 GSCs are found 

attached to cap cells (Fig. 3.1B). Female GSCs divide asymmetrically to give 

differentiating daughter cell called a cystoblast (CB). To assess the cell cycle 

timing of CENP-C assembly in GSCs, we used a similar deduction method as 

Dattoli et al to identify GSCs at different cell cycle stages. Given GSCs have a 

very short to no G1 phase, GSCs exit mitosis and are immediately incorporating 

EdU, eliminating the requirement to identify G1 phase. EdU pulse (for 45 minutes) 

thus allows us to mark cells in and out of S-phase, and 1B1 to mark the spectrosome 

- the shape of which can be used to define the cell cycle stage (Ables and 

Drummond-Barbosa, 2013; Kao et al., 2015) (Fig 3.1 C, D). We focused on GSCs 

with a pan nuclear EdU staining pattern characteristic of mid to late S-phase, in 

which the spectrosome forms a bridge shape (Fig. 1C). GSCs that were EdU 

negative with a round spectrosome and with centromeres distributed throughout 

the nucleus, but without condensed chromosomes, were deemed to be in G2 

phase/prophase (Fig. 1D). We then quantified total CENP-C fluorescent intensity 

(integrated density) at centromeres at both stages (Fig. 1E). Dissecting 3-day old 

wild type (OregonR) ovaries, we found an increase in total CENP-C levels between 

cells in S-phase, compared to GSCs in G2/prophase. Quantitation revealed an 

average of 38% increase in CENP-C, (S-phase=23.36±1.84, n=32 cells; 

G2/prophase=32.14±1.611, n=34 cells). These results indicate that similar to CID, 

CENP-C is assembled at GSCs centromeres in G2/prophase, and in a similar 

amount to CID.  
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Figure 3.1: Quantitation of CENP-C assembly in wild type female GSCs. (A) 

Schematic of the Drosophila ovary, composed of 16 ovarioles (ovariole 

highlighted in grey) organised into developing egg chambers. The GSC niche is 

located in the anterior-most chamber of the ovariole, the germarium (boxed). (B) 

Schematic of the GSC niche and early stage germ cysts in the germarium 

(discussed in detail in section 1.5). G2/prophase GSCs can be identified with a 

round spectrosome attached to the cap cells (GSC niche). (C-D) 

Immunofluorescence of wild type GSCs (circled) for S-phase (C, C’) and 

G2/prophase (D, D’) stained with DAPI (cyan), EdU (blue), spectrosome (1B1, red) 

and CENP-C (yellow). * = cap cells. Arrows represent ‘bridged’ spectrosome 

associated with S-phase GSC. Scale bar = 5 µm.  (E) Quantitation of total CENP-

C fluorescent intensity (integrated density) in GSCs at S-phase versus G2/prophase. 

***p<0.001. Error bars = Standard Error of the Mean (SEM).   
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3.3 Characterising the role of CENP-C in CENP-A assembly in GSCs.  

 
CENP-C was 1 of 42 hits common between male/female GSCs and neuroblast 

RNAi screens looking to identify genes involved in stem cell maintenance and/or 

differentiation (Liu et al., 2016; Neumüller et al., 2011; Yan et al., 2014). This 

suggested to us an unexpected  role for CENP-C outside of its canonical role in 

kinetochore assembly. Thus, given the proposed silent sister hypothesis (Lansdorp, 

2007; Lansdorp et al., 2012), that epigenetic differences may direct ACD in adult 

stem cells, we reasoned CENP-C to be an important candidate to investigate in this 

context.  

 

To test this, we sought to investigate and characterise CENP-C-depleted GSCs as 

per Yan et al 2014 (female GSC screen), with a goal to understanding centromere 

dynamics with reduced CENP-C. We took advantage of the GAL4-UAS system 

available in flies to drive tissue specific RNAi-depletion of CENP-C using the 

germline specific driver nanos-GAL4. In the adult germline, nanos-GAL4 will 

drive expression of the shRNA beginning in the GSCs. Given the temperature 

sensitive nature of the GAL4-UAS system, and thus the ability to manipulate 

efficiency of GAL4/UAS binding (and in turn knockdown strength) through 

temperature, we initially carried out the knockdown at 25 °C. However, given 

CENP-C is an essential protein, this unsurprisingly resulted in an agametic 

phenotype, void of any germ cells (data not shown). Therefore, we reduced the 

temperature gradient until we settled on a temperature (22 °C)  that produced 

sufficient disruption whilst allowing germline development. To confirm CENP-C 

knockdown in GSCs, control nanos-GAL4 and CENP-C RNAi ovaries were 

stained with antibodies against CENP-C (Fig 3.2 A-D). To ensure quantitation of 

a fully assembled centromere, total CENP-C fluorescence intensity was then 

quantified in GSCs with round spectrosome (indicative of G2/prophase GSCs) (Fig 

3.2E). Quantitation revealed an approximate 63% depletion of CENP-C in GSCs 

(nanos-GAL4=26.60±1.66, n=30 cells; CENP-C RNAi=9.79±1.76, n=27 

germaria). Next, we labelled and quantified CIDCENP-A fluorescence intensity in 

CENP-C-depleted GSCs, measuring total CIDCENP-A at both S-phase and 

G2/prophase (Fig. 3.3 A-D). In line with Dattoli et al, CIDCENP-A intensity increases 

between S-phase and G2/prophase, by approximately 35% on average (S-
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phase=15.82±0.73, n=40 cells; G2/prophase=24.58±1.45, n=43 cells) (Fig. 3.3 E). 

However, this increase was not observed in CENP-C-depleted GSCs. Here, 

CIDCENP-A levels in G2/prophase were comparable with that of S-phase (S-

phase=17.46±1.06, n=36 cells; G2/prophase=15.50±0.96, n=43 cells) (Fig 3.3 E). 

Thus, CIDCENP-A levels are reduced when CENP-C is depleted. Specifically, in line 

with previous findings in symmetrically dividing cells (Carroll et al., 2010; Erhardt 

et al., 2008; Roure et al., 2019; Shono et al., 2015), CENP-C is required for 

CIDCENP-A assembly in G2/prophase in GSCs.  
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Figure 3.2: Quantitation of total CENP-C in nanos-GAL4 versus CENP-C 

RNAi GSCs. (A-D’) Immunofluorescence of G2/prophase GSCs (circled) for 

nanos-GAL4 (parent control, A-D) and CENP-C RNAi (A’-D’) stained with DAPI 

(cyan), CENP-C (green) and 1B1 (red). (E) Quantitation of total CENP-C 

fluorescent intensity (integrated density) per GSC in nanos-GAL4 versus CENP-C 

RNAi. ****p<0.0001. Scale bar = 10 µm. Error bars = SEM.  
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Given that CENP-C is required for CIDCENP-A assembly, we next investigated 

whether the localisation of the CIDCENP-A assembly chaperone CAL1 was affected 

by CENP-C knockdown. For this, we antibody-stained control and CENP-C 

knocked-down germaria for CAL1, co-stained with CENP-C in order to isolate 

centromeric CAL1 from nucleolar CAL1 (Fig. 3.4 A-H). Both centromeric and 

nucleolar CAL1 was visible in the nanos-GAL4 and CENP-C RNAi. However, 

when we quantified total centromeric CAL1 in GSCs at G2/prophase and found 

centromeric CAL1 to be reduced in the CENP-C RNAi compared to the nanos-

GAL4 control (nanos-GAL4=16.01±1.45, n=30 cells; CENP-C RNAi=9.44±0.85, 

n=29 germaria) (Fig. 3.4 E). This result is in line with the emerging structural and 

de novo evidence that CENP-C is the recruitment factor for CAL1- CIDCENP-A-H4 

complexes, marking the centromere for new assembly (Medina‐Pritchard et al., 

2020; Roure et al., 2019).  
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Figure 3.3: Quantitation of CIDCENP-A assembly in nanos-GAL4 versus CENP-

C RNAi. (A-D) nanos-GAL4 and CENP-C RNAi stained with DAPI (cyan), EdU 

(blue), 1B1 (red) and CIDCENP-A (yellow, A’-D’). S-phase GSCs (A and C) are 

positive for EdU, contain a bridge spectrosome and clustered centromeres. 

G2/prophase GSCs are EdU negative, contain a large round spectrosome and 

dispersed centromeres. GSCs are circled. * denotes cap cells/GSC niche. Scale bar 

= 5 µm.  (E) Quantitation of total CIDCENP-A fluorescent intensity (integrated 

density) for S-phase and G2/prophase nanos-GAL4 and CENP-C RNAi GSCs. 

***p<0.001. ns = non-significant. Error bars = SEM.  
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To further probe the effects of CENP-C on CIDCENP-A assembly, we monitored the 

effects of excess CENP-C on CIDCENP-A assembly. To do this, we used an inducible 

overexpression of an N-terminally haemagglutinin-tagged (HA-tagged) CENP-C 

coding sequence (HA-CENP-C). Again, we induced the HA-CENPC expression 

using the same nanos-GAL4 driver. Firstly, we used an antibody against HA to 

characterise the expression pattern of HA-CENP-C (Fig 3.5 A-D). Next, we 

characterised CENP-C expression in G2/prophase GSCs using the CENP-C 

antibody (Fig 3.6 A-H). Here, total CENP-C per GSC increased by approximately 

45% (nanos-GAL4 =39.82±3.45, n=11 cells; HA-CENP-C=57.77±5.38, n=11 

cells). Following, we measured CIDCENP-A assembly between S-phase and 

G2/prophase in the background of increased centromeric CENP-C (Fig 3.7 A and 

B). Unlike the results observed in the CENP-C RNAi, GSCs expressing HA-

CENP-C displayed normal increase in CIDCENP-A levels from S-phase to 

G2/prophase, in alignment with nanos-GAL4 control samples (nanos-

GAL4Sphase=25.44±0.88, n=48 cells; nanos-GAL4G2/prophase=36.77±2.01, n=45 

cells; HA-CENP-CSphase=26.63±1.28, n=46 cells; HA-CENP-

CG2/prophase=37.99±2.20, n=41 cells) (Fig 3.7 E). Furthermore, CIDCENP-A levels 

between nanos-GAL4 and HA-CENP-C are comparable, suggesting that increased 

CENP-C does not necessarily correlate with increased CIDCENP-A, at least in GSCs. 

 

In order to determine whether these effects on assembly (and later, asymmetry) are 

a direct consequence of loss of CENP-C, we required a rescue line that contained 

an inducible non-degradable CENP-C to be expressed concurrently with the 

induction of the RNAi. For rescue experiments, we generated a transgenic fly line 

that contains both the UASp-HA-CENP-C expression transgene (on chromosome 

2) and the UAS-CENP-C RNAi transgene (on chromosome 3). Given the shRNA 

against CENP-C targets the 5’ Untranslated Region (5’ UTR), the RNAi will not 

target HA-CENP-C induction. Thus, this allows the depletion of endogenous 

CENP-C and the overexpression of HA-CENP-C using the same nanos-GAL4 

driver and subsequent analysis of its effect on centromere dynamics. Firstly, we 

confirmed HA-CENP-C expression using antibodies against HA and endogenous 

CENP-C (Fig 3.5 E-H). We quantified total CENP-C levels, comparing the HA-

CENP-C; CENP-C RNAi, to that of nanos-GAL4 and CENP-C RNAi (Fig 3.5 I). 

Here, rescue GSCs displayed an 82% restoration of total CENP-C levels (nanos-
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GAL4=35.84±2.11, n=30 cells; CENP-C RNAi=13.70±1.63, n=28 germaria; HA-

CENP-C; CENP-C RNAi=29.49±2.09, n=28 germaria) (Fig 3.5 I). We measured 

CID assembly between S-phase and G2/prophase in the background of HA-CENP-

C; CENP-C RNAi background (Fig 3.7 C and D). In this case, CID assembly was 

partially rescued, displaying an increase in CIDCENP-A level from S-phase to 

G2/prophase, although not quite to the CIDCENP-A level in the control (nanos-

GAL4Sphase=25.68±1.76, n=43 cells; nanos-GAL4G2/prophase=37.24±1.98, n=44 

cells; HA-CENP-C;CENP-C RNAiSphase=23.37±1.98, n=42 cells; HA-CENP-

C;CENP-C RNAiG2/prophase=32.51±2.47, n=41 cells) (Fig 3.7 F).  

 

Lastly, we sought to determine whether Cenp-C and cal1 C-terminal mutants could 

disrupt CIDCENP-A assembly (Fig 3.8). To do this, we obtained Cenp-C and cal1 

mutant alleles (Cenp-CIR35 and cal12k32) as previously published (Heeger et al., 

2005; Unhavaithaya and Orr-Weaver, 2013), which result in C-terminal 

truncations of both proteins. In these mutants, the CENP-C/CAL1 binding domains 

are disrupted as a result and singularly, these alleles are homozygous lethal. Thus, 

we exploited transheterozygous cal1, cenp-CIR35/cenp-C, cal12k32 mutants (herein 

referred to as cenp-CIR35/cal12k32) and analysed CENP-C assembly in these cases. 

Previously, this transheterozygote has been shown to at least have an impact on 

meiotic centromere clustering in the female germline (Unhavaithaya and Orr-

Weaver, 2013). In our quantitation, we found that Cenp-CIR35/cal12k32 GSCs 

displayed a normal increase in CIDCENP-A level from S-phase to G2/prophase, in 

alignment with nanos-GAL4 control samples (cenp-

CIR35/cal12k32Sphase=17.07±1.00, n=43 cells; cenp-

CIR35/cal12k32G2/prophase=26.90±1.76, n=43 cells) (Fig 3.8 C). Given this 

transheterozygote contains one wild type copy each of cenp-C and cal1, this 

appears sufficient in this case to allow normal CIDCENP-A assembly in GSCs.  
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Figure 3.4: Quantitation of centromeric CAL1 in nanos-GAL4 versus CENP-

C RNAi. (A-F) nanos-GAL4 and CENP-C RNAi stained for DAPI (cyan), 1B1 

(red), CAL1 (yellow) and CENP-C (green). Centromeric CAL1 was identified as 

being colocalised with CENP-C. GSCs are circled. *denotes cap cells. Scale bar = 

5 µm. (G) Quantitation of total centromeric CAL1 fluorescent intensity (integrated 

density) per GSC nanos-GAL4 versus CENP-C RNAi. ***p<0.001. Error bars = 

SEM.  
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Figure 3.5: Characterisation of HA-CENPC and HA-CENP-C; CENP-C 

RNAi rescue lines. (A-D) Confirmation of induction of HA-CENP-C in the UASp 

HA-CENP-C overexpression line, stained with DAPI (cyan), HA (red) and CENP-

C (yellow). (E-F) Confirmation of HA-CENP-C expression in the HA-CENP-C; 

CENP-C RNAi  rescue line, stained with DAPI (cyan), HA (red) and CENP-C 

(yellow). Dashed line displays HA expression. *denotes cap cells. Scale bar = 10 

µm. (I) Quantitation of total CENP-C antibody fluorescence intensity (integrated 

density) per GSC in nanos-GAL4 versus CENP-C RNAi versus HA-CENP-

C;CENP-C RNAi (rescue) GSCs. *p<0.05, ****p<0.0001. Error bars = SEM.    
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Figure 3.6: Quantitation of CENP-C level upon HA-CENP-C overexpression. 

(A-H) Immunofluorescence staining of nanos-GAL4 and HA-CENP-C in 

G2/prophase GSCs stained with DAPI (cyan), 1B1 (red) and CENP-C (green). * 

denotes cap cells. GSCs are circled. Scale bar = 10 µm. (I) Quantitation of total 

CENP-C fluorescent intensity (integrated density) per GSC in nanos-GAL4 versus 

HA-CENP-C overexpression. *p<0.05. Error bars = SEM.    
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Figure 3.7: Quantitation of CID assembly in HA-CENP-C and HA-CENP-C; 

CENP-C RNAi GSCs. (A-D) HA-CENP-C and HA-CENP-C; CENP-C RNAi 

(rescue) stained with DAPI (cyan), EdU (blue), 1B1 (red) and CIDCENP-A (yellow, 

A’-D’). S-phase GSCs (A and C) are positive for EdU, contain a bridge 

spectrosome and clustered centromeres. G2/prophase GSCs (B and D) are EdU 

negative, contain a large round spectrosome and dispersed centromeres. GSCs are 

circled. * denotes cap cells. Scale bar = 5 µm.  (E) Quantitation of total CIDCENP-A 

fluorescent intensity (integrated density) per GSC for S-phase and G2/prophase 

nanos-GAL4 and HA-CENP-C (25 °C) GSCs. (F) Quantitation of total CIDCENP-A 

fluorescent intensity (integrated density) per GSC for S-phase and G2/prophase 

nanos-GAL4 and HA-CENP-C; CENP-C RNAi (22 °C).  **p<0.01, ***p<0.001. 

Error bars = SEM.  
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Figure 3.8: Quantitation of CID assembly in transheterozygous cenp-C/cal1 

mutant GSCs. (A and B) cenp-CIR35/cal12k32 stained with DAPI (cyan), EdU 

(blue), 1B1 (red) and CIDCENP-A (yellow, A’-D’). S-phase GSCs (A, A’) are 

positive for EdU, contain a bridge spectrosome and clustered centromeres. 

G2/prophase GSCs are EdU negative, contain a large round spectrosome and 

dispersed centromeres (B, B’). GSCs are circled. * denotes cap cells. Scale bar = 5 

µm.  (C) Quantitation of total CIDCENP-A fluorescent intensity (integrated density) 

per GSC for S-phase and G2/prophase cenp-CIR35/cal12k32 GSCs. ****p<0.0001. 

Error bars = SEM.  
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3.4 CENP-C is asymmetrically distributed between stem and daughter cells 

 

Ranjan et al and Dattoli et al recently elucidated that sister centromeres of male 

and female GSCs display an asymmetric distribution of CID between GSC and 

CB. There, sister centromeres to be inherited by the GSC display more CIDCENP-A 

compared to sister centromeres to be inherited by the CB daughter cell. In our 

hands, super resolution microscopy of prometaphase/metaphase female GSCs 

showed a 1.2 fold increase in ‘GSC-side’ CIDCENP-A. Thus, we observed a 

quantitative difference in the amount of CIDCENP-A assembled on each sister 

centromere in a mitotic system. Given this observation, we sought to further 

understand 1) the extent of this asymmetry to other centromere proteins (i.e. 

CENP-C), and 2) the effect of centromere disruption on this CIDCENP-A asymmetry. 

In turn, this would highlight the important aspects behind how this asymmetry is 

established and maintained across the cell cycle.  

 

Firstly, we went about understanding to what extent the centromere builds its 

asymmetry. To do this, we took advantage of the short G1 phase and cell cycle 

synchronicity of GSCs and their daughter CBs. Moreover, we know assembly of 

new centromere proteins does not occur until G2/prophase (Dattoli et al., 2020; 

Ranjan et al., 2019). This allows us to isolate S-phase GSC and CB ‘pairs’ and 

quantitate and analyse centromere distributions post-mitotically, without the 

interference of centromere assembly. To prove this concept (now published in 

Dattoli et al 2020), we quantified total CIDCENP-A between GSC/CB S-phase ‘pairs’ 

and expressed the total CIDCENP-A in each cell as a ratio GSC:CB. Here, GSCs 

displayed an approximate 1.2-fold enrichment of CIDCENP-A compared to CBs, 

consistent with the ratio observed between sister centromeres at 

prometaphase/metaphase using Structured Illumination Microscopy (SIM). 

Following this, we next sought to determine whether CENP-C was also 

asymmetrically distributed between GSC and CB. To do this, EdU was 

incorporated for 45 mins to wild type (OregonR) ovaries and stained with DAPI, 

1B1 and CENP-C. This allowed us to isolate S-phase GSC/CB pairs (Fig 3.9 A). 

We then quantified total CENP-C fluorescence intensity (integrated density) 

between respective S-phase GSC and CB pairs (Fig 3.9 B), and expressed each pair 
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as a ratio GSC:CB (Fig 3.9 C). Indeed, CENP-C was also asymmetrically 

distributed between GSC and CB (1.32:1 ± 0.07) [This data is now published in 

Dattoli et al, 2020 in Figure 3 O-P]. Therefore, GSCs lay a stronger centromere 

foundation and in turn build a stronger kinetochore. However, whether CENP-C is 

playing an active role in establishing and maintaining this asymmetry of CIDCENP-

A remained unclear.  
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Figure 3.9: CENP-C is asymmetrically distributed between GSCs and CBs. 

(A) Wild type (OregonR) GSC/CB in S-phase, stained with DAPI (Cyan), EdU 

(blue), 1B1 (red) and CENP-C (yellow, A’). *denotes cap cells. Scale bar = 5 µm. 

(B) Quantitation of total CENP-C fluorescent intensity (integrated density) in S-

phase GSCs and CBs in wild type (OregonR) germaria. Each point represents the 

total CENP-C integrated density per GSC/CB nucleus. (C) Quantitation of the ratio 

of total CENP-C fluorescent intensity (integrated density) between GSC/CB S-

phase pairs. Each point represents the ratio of total CENP-C between GSC versus 

its corresponding CB. *p<0.05. Error bar = SEM. This data is published in Fig 3 

(O-P) of Dattoli et al, 2020 (Dattoli et al., 2020).  



Chapter 3  Research Chapter I 
  

 98 

3.5 CENP-C maintains an asymmetric distribution of CID in GSCs 

 

Given that CENP-C is also asymmetrically distributed between GSC and CB, 

questions still remained regarding whether CENP-C  is involved in the 

maintenance and establishment of asymmetric CIDCENP-A; or whether it was simply 

assembling a stronger kinetochore in response to more CIDCENP-A. CENP-C is 

clearly emerging in the literature as a recruitment factor for assembly of new CID 

by CAL1 (Medina‐Pritchard et al., 2020; Roure et al., 2019). Hence, we 

hypothesised that CENP-C would be intrinsic to CIDCENP-A levels in an asymmetric 

model. To probe this idea, we quantified total CIDCENP-A in GSCs and their 

corresponding CB (Fig 3.10 C). We then analysed CIDCENP-A intensity in GSC/CB 

pairs in both nanos-GAL4 and CENP-C RNAi (Fig 3.10 D). Quantitation revealed 

a significant increase in the GSC/CB ratio of CIDCENP-A intensity in the CENP-C 

RNAi  compared to the expected average ratio of 1.2 in nanos-GAL4 controls 

(nanos-GAL4 GSC/CB=1.19±0.06, n=40 cells; CENP-C RNAiGSC/CB=1.44±0.08, 

n=36 cells (Fig. 3.10 D). This indicates that CENP-C functions not only in 

CIDCENP-A assembly between DNA replication and prophase, but also in the 

maintenance of CIDCENP-A asymmetry in S-phase. Given new CIDCENP-A assembly 

is likely deficient in the absence of CENP-C (Fig 3.3), GSCs are entering the 

upcoming division with largely parental, ‘old’ CIDCENP-A. This indicates a probable 

role for CENP-C in specifically maintaining the parental CIDCENP-A pool on GSC 

sister centromeres.  
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Figure 3.10: Quantitation of CIDCENP-A asymmetry between GSC and CB S-phase 

pairs in nanos-GAL4 versus CENP-C RNAi. (A-D) nanos-GAL4 and CENP-C 

RNAi stained with DAPI (cyan), EdU (blue), 1B1 (red) and CIDCENP-A (yellow, 

A’, B’). S-phase GSCs and CBs (A and C) are positive for EdU, contain a bridge 

spectrosome and clustered centromeres. GSC/CB pairs are highlighted. * denotes 

cap cells. Scale bar = 5 µm. (C) Quantitation of total CIDCENP-A fluorescent 

intensity (integrated density) in S-phase GSCs and CBs in nanos-GAL4 versus 

CENP-C RNAi. Each point represents the total CIDCENP-A integrated density per 

GSC/CB nucleus.  (D) Quantitation of the ratio of total CIDCENP-A fluorescent 

intensity (integrated density) between GSC/CB S-phase pairs in nanos-GAL4 

versus CENP-C RNAi. Each point represents the ratio of total CID between GSC versus its 

corresponding CB. ns=non-significant.  *p<0.05. **p<0.01. Error bars = SEM.  
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Next, we further investigated CENP-C-mediated CIDCENP-A maintenance by 

observing CIDCENP-A asymmetry upon overexpression of HA-CENP-C. We again 

quantified total CIDCENP-A in GSCs and their corresponding CB (Fig 3.11 C) and 

expressed total CIDCENP-A as a ratio of GSC:CB (Fig 3.11 D). In this case, HA-

CENP-C overexpression opposed the CENP-C RNAi result, measuring a ratio 

trending towards 1.0 (nanos-Gal4GSC/CB=1.22±0.06, n=47 cells; HA-CENP-

CGSC/CB=1.12±0.04, n=46 cells). Hence, HA-CENP-C expression promoted a 

CIDCENP-A ratio not significantly different to its respective nanos-GAL4 control 

(Fig 3.11 D). To verify these results, we performed the same analysis in the HA-

CENP-C; CENP-C RNAi rescue line. Indeed, quantitation of rescue versus nanos-

GAL4 controls returned the CIDCENP-A ratio to 1.2 as one would expect in control 

GSC/CBs (nanos-Gal4GSC/CB=1.23±0.07, n=43 cells; HA-CENP-C; CENP-C 

RNAiGSC/CB=1.20±0.06, n=42 cells).  

 

Lastly, we quantitated CIDCENP-A asymmetry in the transheterozygote cenp-

CIR35/cal12K32 mutant females. Given that CIDCENP-A appears to assemble at the 

normal rate in G2/prophase in these GSCs, we wondered whether asymmetry would 

be affected. We again quantified total CID in GSCs and CBs, and expressed total 

CIDCENP-A as a ratio between GSC:CBs. In this case, CIDCENP-A asymmetry was 

slightly higher than the expected value of 1.2 in favour of the GSC side (cenp-

CIR35/cal12K32GSC/CB=1.33±0.08, n=41 cells). Given that CIDCENP-A assembly is still 

present as normal in these transheterozygote GSCs, it is probable that the CIDCENP-

A asymmetry being observed is established during S-phase, rather than during the 

assembly phase in G2/prophase. Combining the asymmetry data of CENP-C RNAi 

(increased asymmetry), HA-CENP-C overexpression (less asymmetry), rescue 

(normal) and mutant (increased asymmetry), it appears CENP-C is imperative to 

coordinating an asymmetric CIDCENP-A distribution in GSCs and CBs.  
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Figure 3.11: Quantitation of CIDCENP-A asymmetry between GSC and CB S-

phase pairs in HA-CENP-C. (A) Immunostaining of HA-CENP-C GSC and CB, 

stained with DAPI (cyan), EdU (blue), 1B1 (red) and CIDCENP-A (yellow, A’). S-

phase GSCs and CBs are positive for EdU, contain a bridge spectrosome and 

clustered centromeres. GSC/CB pairs are highlighted. * denotes cap cells. Scale 

bar = 5 µm. (B) Quantitation of total CIDCENP-A integrated density per GSC and 

CB for nanos-GAL4 and HA-CENP-C. (C) Quantitation of the ratio of total 

CIDCENP-A fluorescent intensity (integrated density) between GSC/CB S-phase 

pairs in nanos-GAL4 versus HA-CENP-C. Each point represents the ratio of total 

CIDCENP-A between GSC versus its corresponding CB. *p<0.05, ns = non-

significant. Error bars = SEM.  
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Figure 3.12: Quantitation of CIDCENP-A asymmetry between GSC and CB S-

phase pairs in HA-CENP-C; CENP-C RNAi rescue. (A) Immunostaining of 

HA-CENP-C; CENP-C RNAi GSC and CB, stained with DAPI (cyan), EdU 

(blue), 1B1 (red) and CIDCENP-A (yellow, A’). S-phase GSCs and CBs are positive 

for EdU, contain a bridge spectrosome and clustered centromeres. GSC/CB pairs 

are highlighted. * denotes cap cells. Scale bar = 5 µm. (B) Quantitation of total 

CIDCENP-A integrated density per S-phase GSCs and CBs for nanos-GAL4 and HA-

CENP-C; CENP-C RNAi. (C) Quantitation of the ratio of total CIDCENP-A 

fluorescent intensity (integrated density) between GSC/CB S-phase pairs in nanos-

GAL4 versus HA-CENP-C; CENP-C RNAi. Each point represents the ratio of total 

CIDCENP-A between GSC versus its corresponding CB. ns = non-significant. Error 

bars = SEM.  
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Figure 3.13: Quantitation of CIDCENP-A asymmetry in transheterozygous 

cenp-C/cal1 mutant. (A) Immunostaining of cenp-CIR35/cal12k32 

transheterozygous mutant GSC and CB, stained with DAPI (cyan), EdU (blue), 

1B1 (red) and CIDCENP-A (yellow, A’). Scale bar = 5 µm. (B) Quantitation of CID 

fluorescent intensity (integrated density) between S-phase GSCs and CBs in the 

transheterozygous cenp-C/cal1 mutant. Each point represents the total CIDCENP-A 

integrated density per GSC/CB nucleus. (D) Quantitation of the ratio of total 

CIDCENP-A fluorescent intensity (integrated density) between GSC/CB S-phase 

pairs in cenp-CIR35/cal12k32. Each point represents the ratio of total CIDCENP-A 

between GSC versus its corresponding CB. *p<0.01. Error bars = SEM.    
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3.6 Chapter Summary and Discussion 

 

A summary of the major findings presented in chapter 3:  

 

1. CENP-C is assembled between the end of DNA replication and G2 phase 

up until prophase in female Drosophila GSCs, in a similar manner to 

CIDCENP-A.  

 

2. CENP-C is required for the assembly of new CIDCENP-A in G2/prophase.  

 

3. Overexpression of HA-CENP-C and cenp-CIR35/cal12K32 C-terminal 

mutants are not sufficient to disrupt CIDCENP-A assembly in GSCs.   

 

4. CENP-C is asymmetrically distributed between GSC and CB at a similar 

ratio to CIDCENP-A.  

 

5. CID asymmetry inherited between GSCs and CBs can be disrupted 

through  (i) depletion of CENP-C (increase CIDCENP-A asymmetry), (ii) 

expression of HA-CENP-C (decrease CIDCENP-A asymmetry), and (iii) 

cenp-CIR35/cal12K32 transheterozygous mutants (increase CIDCENP-A 

asymmetry).    

 

3.6.1 CENP-C assembles in G2/prophase and is required for CIDCENP-A 

assembly at the same cell  cycle time.   

 

In symmetrical models of cell division, it is well-known that CENP-C plays a key 

role in centromere assembly (Carroll et al., 2010; Roure et al., 2019). Depletion of 

CENP-C leads to a strong reduction in CENP-A level, measured by the loss of 

CENP-A/CID (Carroll et al., 2010; Erhardt et al., 2008; Falk et al., 2015). Thus, it 

can be argued that CENP-C indeed plays two essential functions: 1) to build a 

sound kinetochore platform, and 2) to maintain and propagate a centromere across 

the cell cycle. Disruption to either function is detrimental to long-term cellular 

viability. In this chapter, we show that (1) CENP-C assembles in G2/prophase in a 
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similar timing and amount to CIDCENP-A. (2) We provide strong evidence that 

depleting CENP-C by approximately 60% in GSCs disrupts the CIDCENP-A 

assembly in GSCs, maintaining a CIDCENP-A level no higher than their S-phase 

levels. In CENP-C-depleted GSCs, CIDCENP-A assembly factor CAL1 is also 

depleted at the centromere. A stronger depletion of CENP-C results in an agametic 

phenotype (loss of germ cells). Here, as with all cell division, it is probable that a 

critical support level of CIDCENP-A is required for cell division to occur. In contrast, 

expression of HA-CENP-C alone did not disrupt CIDCENP-A assembly. Rather, 

CIDCENP-A appeared at levels comparable to the nanos-GAL4 control in this case. 

This suggests that expression of CENP-C alone is not sufficient to drive more 

CIDCENP-A to the centromere. Although centromeric CENP-C levels do increase in 

the HA-CENP-C GSCs, residual CENP-C also appeared to accumulate  pan-

nuclear (data not shown). This suggests a limit in the amount of CENP-C that could 

be recruited to the centromere, possibly due to saturation of CIDCENP-A assembly 

by other factors (e.g. Cyclins, HASPIN). Given the interdependence of CIDCENP-A, 

CAL1 and CENP-C, a full overpowering of the centromere may well rely on a co-

expression of CENP-C with the assembly factor CAL1, or even also with CIDCENP-

A. In the transheterozygote cenp-CIR35/cal12K32, CID assembled at a normal rate. 

However, this may well be due to the presence of one wild type copy of CENP-C 

and CAL1 also being present, compromising the result. Importantly though, 

CENP-C depletion alone is sufficient to disrupt assembly of CIDCENP-A. Therefore, 

we sought to understand the impact this would have on how the centromere is 

maintained, focussing on CIDCENP-A asymmetry as a readout.  

 

3.6.2 CENP-C maintains an asymmetric distribution of CID between stem and 

daughter cells  

 

Given CENP-C impacts CID assembly, we wished to determine the effect CENP-

C was having on the maintenance of CIDCENP-A across the cell division cycle. To 

do this we looked at GSC-CB S-phase ‘pairs’, measuring total CIDCENP-A intensity 

in each GSC and CB nucleus and expressing as a ratio. Here we showed that upon 

depletion of CENP-C, the GSC/CB CIDCENP-A distribution ratio increases 

significantly from 1.2 to 1.45. Thus, GSCs retain more CIDCENP-A compared to 
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their respective daughter cells when CENP-C is depleted. This suggests a role for 

CENP-C in maintaining sister CIDCENP-A asymmetry across the GSC division. 

Specifically, given that CIDCENP-A assembly is largely absent, these GSCs are 

entering mitosis with primarily parental CIDCENP-A. In male GSCs and ISCs, we 

know that parental CIDCENP-A is retained by the stem cell whereas newly 

synthesised CIDCENP-A is distributed to the daughter cell (García del Arco et al., 

2018; Ranjan et al., 2019). Moreover in the Drosophila midgut epithelium, CENP-

C is present only in ISCs and not their endocycling daughter cells (García del Arco 

et al., 2018). Together, our data suggests that parental CIDCENP-A is strongly 

maintained by GSCs, even despite CENP-C depletion.  

 

In addition, upon HA-CENP-C expression (50% increase), CIDCENP-A asymmetry 

trends towards a symmetrical 1:1 distribution of CIDCENP-A, albeit non-significant 

compared to the control (1.12). Here, a larger frequency of data points can be seen 

below or around 1.0. Therefore, we are seeing the opposite effect on CIDCENP-A 

asymmetry when we deplete or increase CENP-C. Analysing transheterozygote 

cenp-CIR35/cal12K32 GSCs (which we know complete CIDCENP-A assembly), we 

observed a smaller increase in CIDCENP-A asymmetry (1.33 versus a normal ratio 

of 1.2). Again, this smaller increase in asymmetry compared to the CENP-C RNAi 

could be explained by one wild type copy of Cenp-C and cal1 also being present. 

Nevertheless, we can interpret here that CENP-C and CAL1 interaction effects 

asymmetry. Given homozygotes of cenp-CIR35 and cal12K32 are female sterile (not 

shown), their interaction at their respective C-termini probably play a much larger 

role in establishing and/or maintaining asymmetry than this transheterozygote can 

viably suggest. Given that CIDCENP-A assembly is present, yet asymmetry is still 

being affected, it is highly likely that centromere asymmetry is being established 

during S-phase rather than during the assembly phase itself. This would parallel 

with findings in the male germline that a high frequency of unidirectional fork 

movements exist during S-phase (Wooten et al., 2019b), giving the cell a window 

of opportunity to establish histone asymmetry.          
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4. Understanding the role of the centromere in GSC 

maintenance and differentiation   
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4.1 Chapter Introduction 

 

Understanding which genes influence stem cell fate is fundamental to basic stem 

cell biology. Drosophila stem cell niches (male/female germline, thoracic ventral 

nerve cord, midgut epithelium) represent powerful systems in which to genetically 

manipulate and study the requirement of such genes at a tissue level.  

 

In 2014, a large scale RNAi screen was carried out in Drosophila female GSCs, 

covering approximately 25% of the genome (Yan et al., 2014). Here, a large array 

of gene hits (366 genes) were identified to be involved in the maintenance or 

differentiation of GSCs, or other processes of oogenesis. These hits, organised into 

networks, cover many aspects of cellular biology, including transcription and 

chromatin remodelling, ribosome biogenesis, splicing, DNA replication and 

significantly kinetochore and spindle assembly. To our interest, CENP-C proved 

to be the only centromeric hit in this screen (possibly due to the essential nature of 

CENP-A and its assembly chaperone CAL1). Moreover, the Hou and Knoblich 

labs also performed RNAi screens in male GSCs, as well as neuroblasts and 

intestinal stem cells in Drosophila (Liu et al., 2016; Neumüller et al., 2011; Zeng 

et al., 2015). It became apparent that CENP-C was a hit in both male, female and 

neural stem cells. Significantly, CENP-C was 1 of 42 hits common between these 

screens suggesting a possibly non-canonical role for CENP-C outside of its 

expected function in kinetochore assembly. Thus, given  that epigenetic differences 

are proposed to direct ACD in adult stem cells (Lansdorp, 2007; Lansdorp et al., 

2012), we reasoned CENP-C an important candidate to investigate in this context.  

 

In this chapter, we elaborate on the impact CENP-C has on GSC maintenance and 

differentiation over time. Moreover, we characterise the inheritance of CIDCENP-A 

in the germline alone and in response to CENP-C depletion. We uncover the 

following findings:  

1. CENP-C is required for long term GSC maintenance. 

2. CIDCENP-A level decreases in GSCs with age; reduced CENP-C accelerates 

this reduction.  

3. CIDCENP-A level and inheritance changes from GSC to germ cell cyst stages. 
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4.2 CENP-C regulates GSC proliferation and long term GSC 

maintenance. 

 

In the female germline screen (Yan et al., 2014), CENP-C RNAi was characterised 

as being ‘agametic/GSC loss/complex phenotype (differentiation defect and many 

empty ovaries)’. Hence, we sought to replicate and further characterise these 

phenotypes in more detail. To do this, we used the same respective transgenic 

responder and driver lines (UAS-RNAi-CENP-C (VALIUM22), UAS-Dcr2;nanos-

GAL4). Given the temperature sensitive nature of the GAL4-UAS system, we 

firstly performed strong knockdowns of CENP-C (unquantifiable) at 29 oC and 

then 25 oC. Dissecting the progeny of these crosses at 3 days old, it became 

apparent that these knockdowns were too severe to induce a workable phenotype 

and were agametic. This result is unsurprising given that CENP-C is essential. 

Thus, we reduced the temperature of the knockdown to allow tissue development 

and phenotype analyses, settling on 22 oC. Here, we dissected ovaries at 5 days old 

and observed an array of germ cell phenotypes resulting from a 63% knockdown 

of CENP-C (Fig 3.2 and 3.5). This gave us a system to fully characterise these 

phenotypes and understand the effects that aberrant centromere assembly and 

asymmetry has on GSC maintenance at a tissue level.  

 

To probe the role of CENP-C in GSC proliferation or maintenance, control and 

knockdown ovaries were stained with 1B1 (to mark the spectrosome/fusome) and 

the germ cell marker VASA. Together, VASA and 1B1 staining of nanos-GAL4 

controls displayed that germaria contained the expected GSCs and germ cell 

content, in line with previous studies (Dattoli et al., 2020). In contrast, CENP-C-

depleted germaria revealed a spectrum of GSC-related phenotypes (Fig 4.1 A-D). 

Quantitation of the frequency of these phenotypes (Fig 4.1 E) revealed that almost 

1/3 of germaria (35%) displayed normal germarium development, comparable with 

the control. However, another approximately 1/3 of germaria (32%) displayed an 

accumulation of germs cells, combined with an increase in the number of round 

spectrosomes. This is indicative of a classical, so-called, GSC ‘tumour’ or GSC 

overproliferation phenotype (Casanueva and Ferguson, 2004) [Note: whether these 

cells are actually a transformed cancerous ‘tumour’ or just hyperplasia is untested]. 
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The final third (29%) displayed an accumulation of GSCs and CBs in the niche, 

broken away/separated from 2-, 4- and 8 cell cysts (2cc, 4cc, 8cc). Here, these germ 

cell cysts were missing, indicating a failure of differentiation (Fig 4.1 C; 

differentiation defect).  Lastly, a small proportion of germaria were lacking any 

GSCs (4%) (Fig 4.1 D; GSC loss). We proceeded to analyse these phenotypes after 

10 days, to determine whether these phenotypes progressed further. Indeed, 

analysis at 10 days old revealed an augmentation of the GSC loss phenotype (21%) 

(Fig 4.1 E). These results suggest that CENP-C is required to regulate both GSC 

proliferation in the germarium, and that longer term depletion of CENP-C (10 

days) leads to a loss of GSCs in the niche. Significantly, overexpression of HA-

CENP-C alone did not result in differentiation defect or GSC loss phenotypes (not 

shown). Furthermore, HA-CENP-C overexpression rescued the differentiation 

defect and GSC loss phenotypes at 5 days old, when expressed in conjunction with 

the CENP-C shRNA (Normal Germaria = 71%; GSC Tumour = 28%; 

Differentiation Defect = 0%; GSC Loss = <1%)  (Fig 4.1 E).  Hence, CENP-C is 

required GSC proliferation, as well as the long term maintenance of the GSC 

population.  
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Figure 4.1: CENP-C depletion disrupts GSC maintenance and differentiation 

over time. (A-D) Characterisation of the phenotypes arising in CENP-C depleted 

germaria. (A, A’) Normal germarium are healthy with a normal lineage of germ 

cysts and spectrosome/fusome development. (B, B’) Germline tumours are 

characterised by an increased number of germ cells (GSCs, CBs, cysts) in the 

germaria, often displaced from their normal position with abnormal 

spectrosome/fusome morphology. (C, C’) The differentiation defect is 

characterised by a pool of GSCs/CBs in the apical end of the germaria, separated 

from later stage developing cysts. (D, D’) GSC loss is characterised by the absence 

of GSCs (and often CBs and early germ cysts) at the apical end of the germarium. 

*=cap cells.  Scale bar=10 µm.  (E) Quantitation of the frequency of the above 

phenotypes observed at 5 days and 10 days post-eclosion, and in rescue HA-CENP-

C; CENP-C RNAi (5 day). Charts each represent 3 biological replicates (50 

germaria analysed per replicate).   
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4.3 CIDCENP-A level reduces in GSCs with age, and CENP-C depletion 

accelerates its loss 

 
Given that wild type GSCs retain 1.2-fold more CIDCENP-A in an asymmetric 

division, and that a small frequency of symmetric GSC divisions are known to 

occur over time, we hypothesised that CIDCENP-A and CENP-C levels would 

gradually be depleted in GSCs over time. We investigated this hypothesis in wild 

type OregonR GSCs at G2/prophase. Here, we designed a long-term culture assay 

using OregonR females, dissecting ovaries at 5, 10 and 20 days post-eclosion. 

Here, we stained with DAPI and 1B1 to mark GSCs in G2/prophase. To measure 

both CIDCENP-A and CENP-C levels, we split each timepoint into two batches, 

staining for CIDCENP-A and CENP-C separately. Doing this, all timepoints would 

be comparable and from the same replicates. Here, we saw a significant 45% 

decrease in CIDCENP-A levels between 5- and 20-day timepoints (OregonR5-

day=28.73±1.72, n=28 cells; OregonR10-day=20.62±1.29, n=30 cells; OregonR20-

day=16.22±0.97, n=30 cells). Similarly, CENP-C reduced at a comparable rate at 

each timepoint (OregonR5-day=28.22±1.35, n=28 cells; OregonR10-day=19.46±1.23, 

n=29 cells; OregonR20-day=15.44±1.11, n=29 cells). Hence, CIDCENP-A and CENP-

C levels in GSCs reduce in correlation with GSC age. Thus, it is probable that this 

reduction in CIDCENP-A falls in line with a frequency of symmetric divisions (and 

in turn symmetric CIDCENP-A distribution), which reduce centromere levels over 

time.   

 

We next wanted to determine whether CIDCENP-A levels correlated with GSC 

proliferative capacity over time, and if loss of CENP-C accelerated this loss of 

CIDCENP-A. Here, we quantified 5- and 10- day old germaria in both nanos-GAL4 

and CENP-C RNAi GSCs at G2/prophase (indicated by a round spectrosome). In 

the CENP-C RNAi, we quantified normal/GSC tumour phenotypes at 5 days old 

(Fig 4.2 C). At 10 days, we specifically quantified germaria displaying the 

‘differentiation defect’ phenotype, under the assumption CIDCENP-A level may be 

at its lowest, but still quantifiable, at this point (Fig 4.2 D). In our controls, we saw 

a reduction in total CIDCENP-A signal in the nanos-GAL4 GSCs between 5- and 10- 

days old (nanos-GAL45-day=31.46±1.80, n=29 cells; nanos-GAL410-
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day=24.50±1.19, n=32 cells), comparable with wild type observations (Fig 4.3 A, B 

and E). Indeed, when we analysed CENP-C-depleted GSCs at 5- and 10- days old, 

we found that CIDCENP-A was reduced (CENP-C RNAi5-day=20.21±1.40, n=33 

cells; CENP-C RNAi10-day=14.62±1.41, n=28 cells). Firstly, at 5 days old, we saw 

an expected ~30% decrease in CIDCENP-A level compared to G2/prophase levels in 

the nanos-GAL4 line (per results in Chapter 3, Fig 3.3). At 10 days old, CIDCENP-A 

level decreased further. Interestingly, the percentage decrease in CID between 

control 5- and 10- day old GSCs (19%) was amplified further upon knockdown of 

CENP-C, increasing to 28%. This further supports a role for CENP-C in CIDCENP-

A maintenance as outlined in Chapter 3.  
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Figure 4.2: CIDCENP-A and CENP-C levels are depleted with GSC age. (A-C) 

Germaria of wild type (5-, 10- and 20-day old) stained with 1B1 (red), DAPI (cyan) 

and CIDCENP-A (yellow). GSCs are boxed and inset. * = cap cells. Scale bar = 10 

µm. (D) Quantitation of total CIDCENP-A integrated density per GSC in wild type 

GSCs at 5, 10 and 20 days post eclosion. (E-G) Germaria of wild type (5-, 10- and 

20-day old) stained with 1B1 (red), DAPI (cyan) and CENP-C (yellow). GSCs are 

boxed and inset. * = cap cells. Scale bar = 10 µm. (D) Quantitation of total CENP-

C integrated density per GSC in wild type GSCs at 5, 10 and 20 days post eclosion. 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Error bars = SEM. 
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Figure 4.3: CIDCENP-A levels correlate with long-term disruption to GSC 

maintenance.  (A-D) Germaria of nanos-GAL4 (5d), nanos-GAL4 (10d), CENP-

C RNAi (5d) and CENP-C RNAi (10d, Differentiation Defect phenotype) stained 

with 1B1 (red), DAPI (cyan) and CIDCENP-A (yellow). GSCs are boxed and inset. * 

= cap cells. Scale bar = 10 µm. (E) Quantitation of total CIDCENP-A integrated 

density per GSC in nanos-GAL4 (5d), nanos-GAL4 (10d), CENP-C RNAi (5d) and 

CENP-C RNAi (10d, Differentiation Defect phenotype). *p<0.05, **p<0.01. Error 

bars = SEM.  
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4.4 CENP-C-depleted germ cells accumulate in S-phase, but not in 

mitosis.   

 

Given CENP-C’s essential role in kinetochore function in mitosis, we wished to 

determine whether CENP-C depleted GSCs were blocked in the cell cycle. We first 

assayed whether these germ cells were blocked in mitosis using an antibody against 

the well-known histone post-translational modification, phosphorylation at serine 

10 of histone H3 (H3S10P), to mark cells in late G2-phase to metaphase. Here, 

CENP-C depleted germaria displaying GSC tumour phenotypes were largely 

negative for H3S10P (Fig 4.4 A-H). H3S10P in combination with DAPI staining 

(marking DNA) allowed us to assess cells for chromosome segregation defects, 

which were also absent (data not shown). This suggests that the extent of CENP-C 

(63% reduction) does not result in mitotic arrest nor in chromosome segregation 

defects. Thus, this indicates that the canonical kinetochore function of CENP-C 

maintained sufficiently.  

 

Mitotic delay or arrest would not necessarily explain the observed cell proliferation 

phenotype. To analyse interphase, we then used a 45 min incorporation of 5-

ethynyl-2′-deoxyuridine (EdU), followed by fixation, to label cells with/without 

newly replicated DNA within this time period. Strikingly, we noticed that EdU 

cells were more abundant in CENP-C-depleted germaria (Fig 4.5 A-H). Given that 

all germ cells within each individual cyst replicate synchronously, we quantified 

this measuring the number of EdU-positive germ cysts (GSC/CB pairs, 2-, 4- and 

8cc) present in the germarium (normal and GSC tumour phenotypes) at any one 

time. Quantitation showed that between 0-3 EdU positive cysts were present in 

nanos-GAL4 germaria (median of 1), with this number increasing in the CENP-C 

RNAi (min/max 0-4, median of 2) (Fig 4.4 I). Hence, on average one extra germ 

cell cyst was in replication in each germarium upon CENP-C depletion. This 

suggests that cysts in the CENP-C RNAi progress slower through DNA replication 

in S-phase, perhaps contributing to the observed accumulation of germ cells in 

GSC tumours.  
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Figure 4.4: GSCs with reduced CENP-C continue to proliferate and are not 

arrested in mitosis. nanos-GAL4 (A-D) versus CENP-C RNAi (E-H, germline 

tumour phenotype) stained with DAPI (cyan), VASA (grey) and H3S10P (red). * 

= cap cells. Scale bar = 10 µm.  
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Figure 4.5: A higher frequency of S-phase cells are present in CENP-C-

depleted germ cells. nanos-GAL4 (A-D) versus CENP-C RNAi (E-H) stained with 

DAPI (cyan), EdU (yellow) and 1B1 (red). * = cap cells. Scale bar = 10 µm. (I) 

Quantitation of the number of EdU positive cysts per germarium. Graph represents 

the median ± Max/Min. One positive hit was quantified as a single EdU-positive 

GSC/CB, 2cc, 4cc or 8cc. ***p<0.0001.  
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4.5 CENP-C function in CIDCENP-A assembly/asymmetry in GSCs is 

distinct from its requirement outside of the niche.  

 

Lastly, we wished to confirm the specificity of the role of CENP-C in GSCs versus 

its general function in (germ) cell division. To do this, we knocked down CENP-C 

using the germ cyst specific bam-GAL4 driver, active in the 4-8 cell cysts. This 

allows us to separate the causality of the phenotypes we are seeing in the nanos-

GAL4 driven CENP-C knockdown versus general germ cell phenotypes. Indeed, 

when we incubated the cross at 29 oC, we observed a strong CENP-C depletion in 

4- and 8- cell cysts (Fig 4.6 B, B’). This result was reported in Dattoli et al as an 

internal control for bam-GAL4 activity in conjunction with a CAL1 RNAi (Fig S5 

S). However, we did not see any accumulation of germ cells or other phenotype 

associated with germ cell development/oogenesis when stained with DAPI and 

1B1 (Fig 4.6 A-D’). This is distinct from the phenotypes we observed in the nanos-

GAL4 driven CENP-C RNAi (Fig 4.1 A-D) and suggests that CENP-C requirement 

in GSCs versus germ cells is unique.      

 

Next, we wished to determine whether CIDCENP-A level is reduced in cyst cells 

(where bam is expressed) in response to depleted CENP-C. Surprisingly, CIDCENP-

A level remained visibly normal in response to strong CENP-C depletion (Fig 4.7 

B, B’). This stands in stark contrast to nanos-GAL4-driven RNAi, where we see a 

37% reduction of CIDCENP-A and substantial phenotype penetrance. These findings 

are comparable with now published observations for CIDCENP-A, where bam-GAL4-

driven CIDCENP-A RNAi remarkably did not diminish CIDCENP-A levels. 

Interestingly though, CAL1 knockdown at the BAM-stage did result in a minor 

decrease in CIDCENP-A level, yet no impact on germ cell division at this stage.  This 

suggests that CIDCENP-A is very stable at this point in development, possibly due to 

impending meiosis I division. Taken together, these results support the idea that in 

addition to CAL1, CENP-C function in centromere assembly and maintenance in 

GSCs is critical and appears to be dispensable for later divisions occurring the 

germarium.  
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Figure 4.6: bam-GAL4 driven CENP-C RNAi does not affect germline 

development. bam-GAL4 (A-D) versus CENP-C RNAi (A’-D’) stained with 

DAPI (cyan), CENP-C (yellow) and 1B1 (red). Circle marks region where bam is 

expressed and the knockdown begins. * = cap cells. Scale bar = 10 µm. This data 

is published in Fig S5 S of Dattoli et al, 2020. 

 

 

 
 
  



Chapter 4  Research Chapter II 
  

 121 

 
 

Figure 4.7: bam-GAL4-driven CENP-C RNAi does reduce CID levels in GSC 

cysts. bam-GAL4 (A-D) versus CENP-C RNAi (A’-D’) stained with DAPI (cyan), 

CIDCENP-A (yellow) and 1B1 (red). Circle marks region where bam is expressed 

and the knockdown begins. * = cap cells. Scale bar = 10 µm.  
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4.6 CID assembly dynamics differ between GSCs and cysts 

 

Centromeres are known to have different assembly timings and amounts depending 

on cell function. In order to gain a better understanding on the dynamics of CID 

assembly in the germaria as a whole, we measured CIDCENP-A levels between GSCs 

and differentiated 8-cell cyst (8cc).  To do this, we again used H3S10P as a marker 

of prophase in both GSCs and 8cc. Due to the synchronicity of these germ cyst cell 

cycles, 8ccs were identified as a cluster of 8 germ cells in the mid germarium which 

all contain H3S10P staining at prophase (Fig 4.8 A-F’). When staining with 

CIDCENP-A antibody, we noticed that although centromeric CIDCENP-A was labelled, 

there was also a nuclear non-centromeric localisation of the antibody. As we did 

not observe this localisation in CIDCENP-A -GFP transgenic flies, it is likely these 

localisation is a result of a cross reactivity between anti-H3S10P and anti- CIDCENP-

A antibodies. Therefore, our quantitation focussed on centromeric CIDCENP-A only, 

and background was removed using FIJI software. When comparing GSC nuclei 

with that of 8cc nuclei, the 8cc nuclei are visibly smaller. Quantitation revealed a 

∼40% diminishment in centromeric CIDCENP-A per nucleus in 8cc (8cc = 323.4 ± 

20.94, n = 26 cells) versus GSCs at a similar cell cycle stage (GSC = 547.2 ± 

41.57, n = 24 cells) (Fig 4.8 G). Fig 4.8 below is taken from Dattoli et al and 

represents Fig 7 A-G of the manuscript. This result indicates that a change in 

CIDCENP-A assembly dynamics occurs somewhere between GSC and 8cc, probably 

in the transition from asymmetric to symmetric divisions. 
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Figure 4.8: Cyst cells incorporate less CIDCENP-A compared with GSCs. (A–

F′) Confocal z-stack projection of a nanos-GAL4 germarium, stained for DAPI 

(cyan), anti- CIDCENP-A (green), and anti-H3S10P (red), to highlight a GSC (A–C′, 

arrow) and 8cc (D–F′, circle) in prophase. *=cap cells. Scale bar = 10 

µm. (G) Quantification of CID fluorescence intensity (integrated density) at 

centromeres in GSCs and 8cc at prophase. Error bars = Standard Error of the Mean; 

***p<0.001. This figure is published as Fig 7 A-G in Dattoli et al, 2020.  
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4.7 Chapter Summary and Discussion 

 

A summary of the major findings presented in chapter 4:  

 

1. CENP-C stimulates GSC proliferation and inhibits long term GSC 

maintenance. 

 

2. Reduction in CENP-C leads to more germ cells in S-phase.  

 

3. CID level in GSCs decreases with age, and CENP-C is required to regulate 

this reduction in CIDCENP-A.  

 

4. CENP-C function in CIDCENP-A assembly and centromere asymmetry is 

possibly specific to GSCs and is not required at germ cell cyst stages.   

 

5. CIDCENP-A assembly dynamics differ between GSCs and their downstream 

symmetrically dividing germ cell cysts.  

 

4.7.1 CENP-C is required for long term GSC maintenance.  

 

The data presented in Chapter 3 suggests that CENP-C is required for the 

asymmetric distribution of CID between sister centromeres. In CENP-C depleted 

GSCs, CID is maintained at an even high level in the stem cell, compared to the 

daughter cell. Here, GSCs retain ~1.45 fold more CIDCENP-A compared to their 

daughter cells. Given these cells also lack robust CID assembly (Fig 3.3), one can 

deduce that parental CIDCENP-A is strongly maintained in GSCs with reduced 

CENP-C. Therefore, we wished to determine how these implications would affect 

GSC maintenance or differentiation at a tissue level. Surprisingly, we see an array 

of phenotypes associated with decreased and dysfunctional centromere assembly 

in the germline. Firstly, strong CENP-C depletion did not allow germ cell 

development, in line with what we previously observed for CIDCENP-A. In a similar 

way, CAL1 depletion in female GSCs resulted in no centromere specification and 

subsequently an inability to divide, leaving 1 or 2 GSCs residing in adult germaria 
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(Dattoli et al., 2020). Moreover, CAL1 knockdown in male GSCs resulted in a 

substantial loss of GSCs at 10 days (Ranjan et al., 2019). Given this, contrary to 

what one might have thought, depletion of CENP-C by 63% (and in turn CIDCENP-

A ; ~37% depletion) and CAL1 (~41% depletion) did not block cell division, but 

instead allowed for aberrant cell proliferation in the germarium. These GSC 

tumours are classically measured by increased GSC-like cells displaying round 

spectrosomes, and are often displaced from their normal GSC niche (Casanueva 

and Ferguson, 2004). Significantly, these cells appeared to have no mitotic defects 

or chromosome segregation errors at this point. This may not be surprising either 

as it has been previously shown that Hela cells can tolerate levels of CENP-A as 

low as 10% (Liu et al., 2006). However, it became apparent upon EdU 

incorporation that a larger proportion of cysts than normal were in S-phase, 

suggesting a delay in DNA replication. Indeed, CENP-C has been implicated in 

DNA replication previously, having been shown to be stable at S-phase 

centromeres (Hemmerich et al., 2008). Moreover, recent work from the Cleveland 

lab propose an error-correction mechanism for CENP-C in protecting centromeric 

CENP-A, while CENP-A on chromosome arms gets removed (Nechemia-Arbely 

et al., 2019). It is tempting to speculate how CENP-C may be acting across S-phase 

in an asymmetric system where CIDCENP-A has not yet been assembled.  

 

Interestingly, we also observed a failure in differentiation at 5- and 10- days old. 

This suggests that there is a threshold of CIDCENP-A required in order to induce 

differentiation. This has been observed in iPSCs previously, where reduced CENP-

A only allowed self-renewal (Ambartsumyan et al., 2010). Moreover, recent work 

from the Jansen lab have determined that inducing pluripotency results in a 

depletion of centromeric chromatin from iPSCs (Milagre et al., 2020), further 

emphasising the fact that CENP-A assembly is important for differentiation (and 

indeed proliferation in general). Lastly, we see GSC loss phenotypes that become 

more penetrant with age. This lines up with what has been observed for CAL1 

RNAi in males (discussed above).  
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4.7.2 CIDCENP-A levels in GSCs decrease with age, and CENP-C accelerates 

this loss. 

 

We determined that GSCs gradually deplete their centromere levels over time 

between 5-20 days old wild type germaria. Over a 15 day period, these levels 

reduce by approximately 45%. Assuming that symmetric GSC divisions harbour 

symmetric CID distribution between sister centromeres, this offers a good 

explanation for how and why CIDCENP-A /CENP-C levels would be gradually lost. 

Thus, this raises the possibility that adult stem cells display ‘epigenetic age’ at the 

level of the centromere, and this in turn may limit the proliferative lifespan of a 

stem cell. Indeed, epigenetic aging is a characteristic of adult stem cells, and has 

been previously characterised for numerous post-translational modifications 

(methylation, deacetylation) related to chromatin structure (Chen and Kerr, 2019; 

Ermolaeva et al., 2018), but never related to the centromere. To analyse the effect 

that CENP-C has on maintaining CIDCENP-A levels and proliferative capacity over 

time, we took 5 day old germaria displaying ‘normal/germline tumours’ and 

compared them to 10 day old ‘differentiation defect’ germaria. Indeed, we saw a 

significant reduction in CIDCENP-A level when compare to nanos-GAL4 controls. 

Moreover, we saw a widening of this reduction in CENP-C RNAi 5 days versus 10 

days. Thus, CENP-C loss accelerates this loss of CIDCENP-A between 5 and 10 days 

old. Over the life of the stem cell, CENP-C may well be directing how much 

CIDCENP-A gets inherited through mechanisms yet unknown.      

 

 

4.7.3 CID inheritance changes from GSCs to germ cell cysts.   

 

Centromeres adapt their centromeric levels and assembly timing for function in 

germ cells (Das et al., 2020; Dunleavy and Collins, 2017). We hypothesise that 

different cell states (e.g. quiescence, cycling) and cell divisions (mitosis, meiosis, 

ACD, SCD) all require differences in centromere mechanics in order function. CID 

is assembled in G2/prophase in GSCs, and this GSC divides asymmetrically 

(Dattoli et al., 2020; Ranjan et al., 2019). Therefore, asymmetry in CIDCENP-A 

directs the inheritance of sister chromatids and in turn the polarity of the GSC 
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division (Carty and Dunleavy, 2020; Wooten et al., 2019a). We determine here that 

CIDCENP-A, but not CENP-C, is stable and can be removed from the centromere at 

germ cell cysts downstream from the GSC. Here, following the next cell division 

to the 16cc stage, the oocyte will then enter meiosis I. Given that the CIDCENP-A is 

stable and resistant to both direct RNAi (targeting CIDCENP-A) and indirect RNAi 

(targeting CENP-C) (Dattoli et al., 2020), it is probable that the centromere (upon 

differentiation at BAM-stage) is largely stable ahead of the pending meiotic 

division. This would explain the dispensability of CAL1 and CENP-C at these 

stages. To examine how CIDCENP-A is inherited from GSC through 8cc, we 

analysed prophase GSCs (fully assembled GSCs) versus prophase 8cc cells. 

Surprisingly, we see a 40% reduction in total CENP-A per nucleus. Thus, 16-cell 

cysts may well inherit centromere proteins originally synthesised in GSCs and 

CBs. This reduction in CIDCENP-A levels could be contributed to two possibilities: 

1) The rate of new CID loading is reduced after asymmetric division, and/or 2) 

both GSCs and CBs have asymmetric CIDCENP-A/CENP-C levels in their respective 

asymmetric divisions. The latter would explain how CIDCENP-A levels reduced by 

~40% could be achieved. Likely, this suggests that GSCs and their daughter CBs 

could behave similarly in their divisions. Here, two consecutive asymmetric 

divisions (GSC-CB, CB-2cc) losing ~20% of CIDCENP-A in each division may help 

explain a ∼40% drop in total CIDCENP-A levels from GSC to 8cc. In parallel with 

our observations in Dattoli et al and this thesis, we observed no significant 

reduction in CIDCENP-A after CIDCENP-A, CAL1 or CENP-C RNAi at 8cc stage 

(Dattoli et al Fig 6 and S5; this thesis Fig 4.6 and 4.7). Taken together, these results 

highlight that CIDCENP-A is inherited from the GSCs, with little to no new loading 

occurring in the 4-8ccs. 

 

 



Chapter 5  Research Chapter III 
  

 128 

5. Investigating the role of the centromere in cell fate in an 

asymmetrically-dividing system  
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5.1 Chapter Introduction 

 

By their nature, adult stem cells divide asymmetrically to produce a self-renewing 

stem cell (which maintains the stem cell population in its niche) and a 

differentiating daughter cell. Here, we infer that during an asymmetric division, the 

biased inheritance of sister chromatids is correlated with specific cell fates. In the 

previous chapter, we outlined supporting evidence that asymmetrically dividing 

stem cells inherit differing amounts of CENP-A, and that this asymmetry is 

dependent on CENP-C. In 2010, centromeres were first associated with stem cell 

fate in iPSCs, when depletion of CENP-A limited iPSCs differentiation capacity, 

allowing only stem cell self-renewal (Ambartsumyan et al., 2010). This suggested 

that a certain CENP-A threshold needs to be met in order to initiate differentiation. 

Recently, efforts have been made to establish and clarify the role of centromeres 

in stem cell fate, particularly in Drosophila stem cell niches. In Drosophila ISCs, 

CIDCENP-A, CAL1 and CENP-C depletions unsurprisingly result in loss of 

proliferation potential (García del Arco et al., 2018), indicated by loss of clonal 

size and consistent with the essential nature of centromeres. Similarly in male and 

female GSCs, CAL1 depletion reduced stem cell number (males) and blocked stem 

cell proliferation capacity (females) due to lack of centromere specification 

(Dattoli et al., 2020; Ranjan et al., 2019). Thus, centromere integrity in the stem 

cell is clearly required for long term tissue functionality.  

 

Separating the canonical mitotic roles of the centromere, versus its effect on self-

renewal/differentiation in these systems remained challenging. Moreover, an 

robust assay to measure GSC self-renewal versus differentiation was lacking in 

literature. This chapter overcomes these barriers to characterise and assay the 

balance of GSC/CBs in the female GSC niche (now published in Dattoli et al, 

2020), providing insight into the impact of centromere perturbation (both assembly 

and asymmetry) on stem cell fate. Here, we uncover the following findings:  

1. GSC/CB composition can be reliably assayed using a combination of 

germline markers.  

2. Disrupting the centromeric core impacts GSC fate, promoting self-renewal. 
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5.2 Establishing an assay to measure female Drosophila GSC self-

renewal 

 

One of the major challenges of basic stem cell research is the ability to consistently 

and accurately identify stem cells from progenitor and surrounding cells within 

their microenvironment. This is especially difficult in mammalian tissues (e.g. 

blood, epithelium). where stem cells have been classically identified by BrdU 

labelling. This makes assaying self-renewal versus differentiation challenging in 

vivo. In contrast, the Drosophila germline represents a powerful system to study 

stem cells at a single cell level within their own microenvironment. Moreover, 

numerous markers exist to mark GSCs, as well as other cells within the GSC niche 

and beyond (discussed in 1.5). Despite this, no published method existed in either 

the male or female germline to effectively analyse GSC self-renewal versus 

differentiation. To connect asymmetric centromeres with stem cell fate (per the 

silent sister hypothesis), we required a method of assaying GSC self-renewal. 

Hence, we set about establishing a method to reliably assay GSC self-renewal 

versus differentiation in different genetic backgrounds in the germarium.  

 

The major signalling pathway in the majority of Drosophila stem cells is the Dpp 

pathway (Section 1.5), homologous to the human BMP2 pathway. Dpp is 

transcriptionally regulated by Mothers against Dpp (Mad; human homolog 

SMAD3) and its binding partner Medea (Med; human homolog SMAD4), acting 

directly on the bam promotor to silence bam (Song et al., 2004). Activated Mad 

requires phosphorylation, and is thus marked with an antibody against 

phosphorylated Mad (pMad) – the classical GSC marker. On its own, counting 

stem cells using pMad as a marker can be powerful. However, it became apparent 

that different genetic backgrounds contain different niche sizes and in turn different 

numbers of GSCs in the niche. Thus, counting GSC numbers without any relative 

measurement for CB numbers, or control of niche/germarium size can compromise 

analysis. To control for this, we sought to use a second marker in combination with 

pMad to assay the number of GSCs and their relative number of CBs within a 

single GSC niche. For this, we used an antibody against Sex-lethal (Sxl). Briefly, 

Sxl is the master sex determination gene in Drosophila, which controls sexual 
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development through mRNA splicing (Malik et al., 2020). Here, SXL regulates 

dosage compensation of X-linked genes in females by suppressing those 

hyperactivated X-linked genes. In the germarium, Sxl is active in GSCs, CBs and 

2cc (Salz et al., 2017), and downregulates nanos to induce differentiation. Using 

antibodies against pMad and SXL one can gauge the balance of GSCs to CBs by 

expressing the number of SXL positive cells as a ratio to the number of pMad cells. 

In other words, dividing the total number of SXL cells by the total number of 

pMad-positive GSCs.  

 

We dissected an array of 5-day old germaria from various control genetic 

backgrounds and stained for pMad, SXL and DAPI (Fig 5.1 A-C). We then counted 

the number of pMad positive cells (GSCs) and SXL positive cells (GSCs/CBs/2cc) 

in each germarium (Fig 5.1 D). Next, we expressed these values in a ratio of 

SXL/pMad (Fig 5.1 E). This gives us a value for the balance of GSCs versus 

CBs/2ccs i.e. how many daughter cells per single stem cell. We quantified three 

control lines OregonR (wild-type, 5d), RNAi isogenic control (5d) and nanos-

GAL4 (5d). In OregonR germaria, the number of pMad positive cells was 

approximately 1 (1.23 ± 0.07) and the number of SXL positive cells was 

approximately 5 (4.98± 0.18). For the RNAi isogenic control (36303), the number 

of pMad positive cells was approximately 3 (3.18 ± 0.10) and the number of SXL 

positive cells was approximately 13 (13.38± 0.45). In nanos-GAL4 (5d), the 

number of pMad positive cells was approximately 2 (1.69 ± 0.10) and the number 

of SXL positive cells was approximately 6 (6.39± 0.27). In each case, the number 

of positive pMad and SXL cells differ substantially. However, upon analysing the 

ratio of SXL/pMad in each germaria, the average ratio remained similar across 

each genetic background, with approximately 4 SXL-positive cells for every 1 

pMad-positive cell (Oregon R 4.35± 0.18; RNAi isogenic control 4.33± 0.16; 

nanos-GAL4 4.15± 0.21). Indeed, a ratio of 4 would be expected, given each GSC 

should have a corresponding daughter CB and 2-cell cyst from that lineage (4 cells 

total). Therefore, we successfully established an assay to measure the balance of 

GSC and CBs, and in turn GSC self-renewal, regardless of genetic background.   
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Figure 5.1: A method of characterising female GSC self-renewal versus 

differentiation. (A-C) Z-projections of wild type (OregonR), wild type (36303) 

and nanos-GAL4 germaria stained with DAPI (cyan), Sex-Lethal (SXL, red) and 

pMad (yellow). To accurately count the number of positive cells, we scanned 

through all z-sections (0.5 µm z-depth) of each image. Scale bar = 10 µm. * = cap 

cells. Dashed line indicates pMad positive signal. (D) Quantitation of the number 

of pMad positive (left, yellow) and SXL positive (right, red) per germarium. (E) 

Quantitation expressed as a ratio of the number of SXL/pMad positive cells per 

germarium. ns = non-significant. Error bars = Standard error of the Mean (SEM). 
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5.3 Disruption to the centromeric core increases GSC self-renewal 

 

Given we have now established a technique to assay GSC self-renewal, we next 

sought to understand whether disrupting the centromere by RNAi, overexpression 

or by mutant Cenp-C/cal1 alleles affected GSC fate by promoting GSC self-

renewal (reduction in SXL/pMad ratio) or differentiation (increase in SXL/pMad 

ratio). We first analysed CENP-C-depleted GSCs, already known to have defective 

CID assembly and increased CIDCENP-A asymmetry (Fig 5.2a/b). In control nanos-

GAL4 (5d) germaria, the number of pMad positive cells was approximately 2 (1.69 

± 0.10) and the number of SXL positive cells was approximately 5 (6.39 ± 0.27), 

with a SXL/pMad ratio of approximately 4 (4.15 ± 0.21). In CENP-C-depleted 

germaria (5d, normal and GSC tumour phenotypes), the number of pMad positive 

cells was approximately 3 (2.49 ± 0.13) and the number of SXL positive cells was 

approximately 5 (4.98± 0.18), with a ratio of 2.68 ± 0.17). Hence, the number of 

GSCs increased, yet the total number of daughter cells remained comparable. Thus, 

CENP-C depletion promotes GSC self-renewal. We then hypothesised that if the 

self-renewal rate was increased, over a number of cell divisions this ratio would 

reduce further. We therefore quantified CENP-C depleted germaria at 10 days post-

eclosion (normal and GSC tumour phenotypes). Comparable with 5 days old, 

control nanos-GAL4 at 10 days contained ~2 pMad positive cells (1.69 ± 0.10) and 

~6 SXL cells (5.62 ± 0.24), with a slightly reduced, but non-significant, ratio of 

3.69. However at 10 days old, in CENP-C depleted germaria the SXL/pMad ratio 

was reduced to ~2, primarily through a reduction in SXL positive cells (4.11 ± 

0.32). Therefore, depletion of CENP-C does indeed promote continued GSC self-

renewal over time.   

 

In contrast to CENP-C depletion in germaria, expression of HA-tagged CENP-C 

displayed no effect on self-renewal. Here, HA-CENP-C-induced germaria 

dissected at 5 days old showed approximately 2 pMad positive cells on average 

(2.33 ± 0.11) but ~8 SXL positive cells (8.09 ± 0.24). Thus, the SXL/pMad ratio 

here remained normal at ~4 (3.78 ± 0.19). Indeed, HA-CENP-C overexpression 

was sufficient to almost partially rescue the self-renewal phenotype of the CENP-

C RNAi (3.58 ± 0.12). This suggests that how much CIDCENP-A and which  
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CIDCENP-A pool (parental versus new) is inherited between sister centromeres could 

be critical to GSCs directing cell fate decisions.  

 

Lastly, we analysed two transheterozygous Cenp-C/cal1 mutant lines (Fig 5.3). To 

do this, we exploited both cenp-CIR35/cal12K32 (Chapter 3, defective in CIDCENP-A 

asymmetry), as well as cenp-CZ3-4375/cal12K32 germaria to determine whether these 

lines were defective in GSC self-renewal. Briefly, cenp-CZ3-4375 is a viable allele 

that contains a missense C-terminal mutation that has been shown to destabilise 

CID protein levels in the female germline (Unhavaithaya and Orr-Weaver, 2013). 

It was apparent that indeed both these mutant lines could disrupt canonical GSC 

differentiation, promoting self-renewal. Here, in cenp-CIR35/cal12K32, the number 

pMad positive cells approximated to 3 (2.63 ± 0.12), with 7 SXL cells (6.65 ± 

0.27). In cenp-CZ3-4375/cal12K32 germaria, the number pMad positive cells 

approximated to 3 (2.86 ± 0.15), with 8 SXL cells (7.56 ± 0.24). The SXL/pMad 

ratios for these transheterozygotes were both reduced relative to the normal ratio 

of ~4 (2.66 ± 0.12 and 2.96 ± 0.19 respectively).  

 

Taken together, our results show that disruption to the centromeric core tends to 

promote GSC self-renewal. This suggests that how CIDCENP-A is inherited (parental 

versus new), and/or the amount of CIDCENP-A is distributed between sister 

centromeres could be critical to GSCs directing cell fate decisions. Given that 

CIDCENP-A assembly is functioning in both HA-CENP-C over-expression and cenp-

CIR35/cal12K32 lines, it appears that CIDCENP-A assembly is not the major 

determinant of cell fate. Rather, cell fate (self-renewal versus differentiation) 

appears to be reliant on CIDCENP-A asymmetry between sister centromeres. In 

conjunction with CIDCENP-A asymmetry, the absolute CIDCENP-A level per GSC 

nucleus is also likely to be playing a key role in allowing differentiation to occur.  
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Figure 5.2a: Depletion of CENP-C in GSCs tends towards GSC self-renewal. 

(A-E) nanos-GAL4, CENPC RNAi (5 and 10d), HA-CENP-C, and HA-

CENPC;CENPC RNAi (5d) rescue germaria stained with DAPI (cyan), Sex-Lethal 

(SXL, red) and pMad (yellow). Scale bar = 10 µm. * = cap cells. Dashed circle 

outlines pMad positive GSCs.  
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Figure 5.2b: Depletion of CENP-C in GSCs tends towards GSC self-renewal. 

(A) Quantitation of the number of pMad positive (left, yellow) and SXL positive 

(right, red) per germarium. (B) Quantitation expressed as a ratio of the number of 

SXL/pMad positive cells per germarium. **** p<0.0001. ns = non-significant. 

Error bars = Standard error of the Mean.  
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Figure 5.3: Transheterozygous Cenp-C/cal1 germaria also disrupt the 

GSC/CB balance. (A and B) cenp-CIR35/cal12K32 (IR35/2K32) and cenp-Cz3-

4375/cal12K32 (Z3/2K32) germaria stained with DAPI (cyan), Sex-Lethal (SXL, red) 

and pMad (yellow). Scale bar = 10 µm. * = cap cells. (C) Quantitation of the 

number of pMad positive (left, yellow) and SXL positive (right, red) per 

germarium (D) Quantitation expressed as a ratio of the number of SXL/pMad 

positive cells per germarium. **** p<0.0001. Error bars = Standard error of the 

Mean.   
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5.4 Chapter Summary and Discussion 

 

A summary of the major findings presented in chapter 4: 

 

1) Wild type and RNAi control germaria contain different amounts of pMad 

positive (GSCs) and SXL positive (GSCs/CBs/2cc) cells. Using pMad 

alone therefore represents an invalid quantitation for assessing GSC self-

renewal.    

 

2) Wild type and control germaria can be reliably assayed for the balance of 

GSCs and CBs within their niche using a SXL/pMad ratio.   

 

3) CENP-C depleted germaria (5d), as well as transheterozygous cenp-

CIR35/cal12K32 and cenp-Cz3-4375/cal12K32 germaria display reduced 

SXL/pMad ratios, implying a switch towards GSC self-renewal. CENP-C 

depleted germaria (10d) display an even further reduced SXL/pMad ratio. 

 

4) HA-CENP-C overexpression has little to no effect on GSC self-renewal.  

 

 

5.4.1 GSC self-renewal can be reliably assayed using a ratio of SXL/pMad.  

 

Stem cells normally divide asymmetrically, producing a stem cell and 

differentiating daughter cell. To increase their population, stem cells can divide 

symmetrically to produce two daughter stem cells (SSC, self-renewal). Until now, 

no clear method of assaying self-renewal existed in Drosophila. The silent sister 

hypothesis proposes that epigenetic mechanisms might influence stem cell fate in 

an asymmetric division. Given we have disrupted the centromeric core in numerous 

ways (Chapter 3), we required a method to analyse the effect of these disruptions 

on GSC fate. Here, we present a reliable assay to measure the relative number of 

stem to daughter cells residing within the stem cell microenvironment.  
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In the literature,  pMad is regularly used alone to measure the number of GSCs in 

both male and female GSC niches, as well as the midgut epithelium and neural 

stem cell niches. Surprisingly, we have found that in various common control 

genetic backgrounds, the number of GSCs (measured as pMad positive) can be 

different. Hence, this classical method of measuring possible GSC self-renewal has 

some reservations. To better analyse GSC self-renewal, there is a need for the 

relative measurement of stem to daughter cell number. We overcame this using a 

combination of pMad and SXL and calculating a ratio of the number of SXL/pMad.  

In the germarium, SXL marks the cytoplasm of GSCs, CBs and 2ccs (Salz et al., 

2017). In each control genetic background analysed, we determined the relative 

number of pMad to SXL positive cells to be approximately 4. Hence, for every one 

stem cell, there is approximately 4 SXL cells (1 GSC, 1 CB and 1 2cc) or 3 daughter 

cells. This is regardless of the total number of stem and daughter cells in the 

germarium. Hence, we have characterised a reliable assay to measure the balance 

of GSCs to daughter cells within a germarium. Regrettably, this assay is specific 

to the female germline due to the female-specific nature of SXL expression. 

However, it represents a significant step forward to analysing stem cell fate over 

time.  

 

We have since published this SXL/pMad assay in Dattoli et al. entitled 

‘Asymmetric assembly of centromeres epigenetically regulates stem cell fate’, in 

the Journal of Cell Biology in 2020. Here, we were able to significantly increase 

the impact of the manuscript using this method. It allowed us to measure GSC self-

renewal in three separate inducible germline overexpressions of CIDCENP-A-

mCherry, CAL1-YFP;CID-mCherry and CAL1-YFP. Here, we determined that 

CID overexpression alone and CID/CAL1 double overexpression (but not CAL1 

overexpression alone) resulted in a shift towards GSC self-renewal. Hence, we 

implicated the centromere (and CIDCENP-A asymmetry) with stem cell fate (as per 

the manuscript title). This work is presented in Figures 5 A-L and N, and Fig 5S 

Q.  
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5.4.2 Disruption to the centromeric core promotes GSC self-renewal  

 

We next sought to determine what effect disrupting the centromere (per Chapter 3) 

had on GSC fate. In Dattoli et al, we established that CIDCENP-A overexpression 

(both alone and in conjunction with CAL1) impacted GSC fate (trending 

SXL/pMad ratio towards ~2.5). Thus, we were interested in seeing what effect 

disruption to CENP-C would have on cell fate. In contrast to the CIDCENP-A/CAL1 

overexpression, we found that HA-CENP-C overexpression at 25 °C does not 

affect cell fate. Although not studied here, it may be possible that cell fate would 

be impacted with a double overexpression with CIDCENP-A or CAL1. Nonetheless, 

we observed a trend towards self-renewal when we depleted CENP-C. Given that 

these GSCs are defective for CIDCENP-A assembly and contain an increased 

asymmetry in favour of the GSC centromeres, it is likely that increased retention 

of parental CIDCENP-A could be responsible for this self-renewal phenotype. 

Similarly, we investigated two transheterozygous lines containing mutant C-

terminal alleles of Cenp-C and cal1 (cenp-CIR35/cal12K32 and cenp-Cz3-

4375/cal12K32). In both of these lines, the interaction of CENP-C and CAL1 is 

destabilised. In cenp-CIR35/cal12K32,  we know that CID assembly occurs as normal 

(possibly due to wild type CENP-C and CAL1 also being present), yet asymmetry 

is slightly increased in favour of the GSC (1.33 versus 1.20 expected). In both lines, 

GSC self-renewal is promoted, indicating that these GSCs favour self-renewal 

when the centromere is disrupted. 

 

Overall, it is apparent that CENP-C could be required for organising the 

centromere in a manner that affects GSC fate. Particularly, the interaction between 

CENP-C and CAL1 is important for influencing cell fate. To further understand 

how this may occur, we would firstly need to understand when exactly in the cell 

cycle this asymmetry of CIDCENP-A gets established in the first place. How is 

parental CID inherited or maintained across S-phase? Is newly synthesised 

CIDCENP-A loaded asymmetrically across sister centromeres? At what timepoint in 

the cell cycle does CENP-C depletion impact sister centromere asymmetry? These 

questions require super resolution microscopy to resolve sister centromeres, as well 

as tools to distinguish old versus new CIDCENP-A pools e.g. CIDCENP-A-Dendra2 as 

utilised in (Ranjan et al., 2019). However, understanding these will unlock some 
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key epigenetic mechanisms as to how cell fate can be impacted in asymmetric 

systems. 
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6. Discussion 
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6.1 Stem cells epigenetically distinguish sister chromatids at the 

centromere  

 

This thesis follows up some of the major findings published in Dattoli et al and 

Ranjan et al, bringing a mechanism to the epigenetic distinction of sister 

chromatids at the centromere in asymmetrically dividing stem cells. Centromeres 

are canonically symmetrical models of epigenetic inheritance. However, 

Drosophila stem cells have proven that certain cells are capable of intrinsically 

coordinating a quantitative asymmetric epigenetic inheritance pattern. Specifically, 

GSCs contain a 1.2 fold difference in CIDCENP-A between sister centromeres at 

metaphase; and this difference is maintained up until centromere assembly in the 

following cell cycle (as measured in S-phase GSC/CB  ‘pairs’) (Dattoli et al., 2020; 

Ranjan et al., 2019). Although epigenetic distinctions have been made previously 

in GSCs, i.e. the inheritance of parental versus newly synthesised histones H3-H4 

(Tran et al., 2012; Wooten et al., 2019b); the centromere provides a most 

fundamental distinction, given its essential role in cell division. Indeed, it has been 

previously shown that parental CIDCENP-A is also preferentially inherited, at least 

in male GSCs and ISCs (García del Arco et al., 2018; Ranjan et al., 2019). Yet, the 

centromere still maintains a quantitative difference between sister centromeres in 

these cells. This contributes towards the concept of ‘mitotic drive’ (Wooten et al., 

2019a). A counterpart of meiotic drive (Lampson and Black, 2017), mitotic drive 

offers an explanation as to how the mitotic machinery coordinate in an 

asymmetrically-dividing stem cell. Ultimately, it is clear that understanding how 

the centromere coordinates itself in an asymmetric model provides an opportunity 

for centromere biologists to detail ‘how’ and ‘what’ drives the centromere 

machinery in a canonical cell division. Thus, this thesis seeks to understand the 

how and why centromeres can be distinguished in this manner.     
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6.2 CENP-C contributes towards mitotic drive by facilitating CIDCENP-

A assembly, maintaining CIDCENP-A asymmetry and assembling a 

strong ‘GSC-side’ kinetochore.  

 

Asymmetric division pertaining to adult stem cells requires directionality, dividing 

away from the stem cell microenvironment, or niche. This in turn requires the cell 

division to be coordinated by both cell polarity cues (e.g. centrosome asymmetry), 

and presumably asymmetry of the chromosomal mitotic machinery (e.g. the 

centromere/kinetochore and mitotic  spindle?). Stem cells can use a strength 

differential between the two sister centromeres to retain particular sister 

chromatids, potentially relating to the expression of certain ‘stem’ genes (proposed 

by the silent sister hypothesis) (Lansdorp, 2007). The foundational strength at 

centromeric chromatin must be built upon to ultimately harbour this directionality 

through to the outer kinetochore and mitotic spindle. Indeed, we determined in 

chapter 3 that 1) CENP-C is assembled in G2/prophase alongside the assembly of 

CID; and 2) CENP-C is asymmetrically distributed between GSCs and CBs, also 

at a similar ratio to CIDCENP-A (data published in Dattoli et al, 2020). Ultimately, 

the larger centromere/inner kinetochore results in more microtubules emanating 

from the stem pole (Dattoli et al., 2020; Ranjan et al., 2019). In males, Ranjan et 

al also showed this asymmetry for outer kinetochore protein, NDC80 (Ranjan et 

al., 2019). Together, these findings agree fully with the mitotic drive model since 

proposed by the Chen laboratory (Wooten et al., 2019a).  

 

In addition to these findings, we determined that CENP-C plays a strong 

centromere maintenance role in these cells. Here, we show firstly that CENP-C is 

required for CIDCENP-A assembly in GSCs. Indeed, this is not a new result in the 

centromere field, having been previously characterised on numerous occasions 

(Carroll et al., 2010; Erhardt et al., 2008; Roure et al., 2019). However, few systems 

permit observation of the effects of defective centromere assembly at a tissue level. 

The in vivo consequences of aberrant CIDCENP-A assembly to the tissue 

development and maintenance of the germline that we observe are profound. In the 

absence of CENP-C (63% depletion) and in turn CIDCENP-A assembly, GSCs are 

ill-prepared for the next cell division. We can deduce that centromeres in these 
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GSCs contain largely parental CIDCENP-A, already known to be preferentially 

retained by Drosophila stem cells. Upon analysing S-phase GSC-CB ‘pairs’ in 

GSCs with reduced CENP-C, we observe GSCs retaining 1.45-fold more CIDCENP-

A in comparison to their canonical 1.2-fold asymmetry. This observation suggests 

1) Parental CIDCENP-A is strongly retained by the GSCs, even in the absence of new 

CIDCENP-A loading, and 2) CENP-C plays a strong maintenance role for CIDCENP-A 

asymmetry in GSCs.  

 

In GSCs overexpressing HA-CENP-C, CIDCENP-A assembly is not disrupted and 

occurs at a level comparable to control cells. It is highly likely in this situation that 

overpowering the centromere with excess CIDCENP-A requires at least a double 

overexpression of CENP-C and CAL1 (and possibly CIDCENP-A), in line with the 

model for CENP-C as a recruiting factor of new CAL1-CID-H4 (Medina‐Pritchard 

et al., 2020; Roure et al., 2019). Interestingly, concurrent overexpression of 

CIDCENP-A and CAL1 in GSCs reduces CID to a symmetric pattern (Dattoli et al., 

2020). In addition, CIDCENP-A asymmetry remained non-significant with the 

control GSCs when CENP-C was overexpressed alone. It is still possible that 

increasing the HA-CENP-C overexpression through temperature (e.g. 29 °C) may 

reduce CIDCENP-A asymmetry to a symmetrical pattern. Lastly, the 

transheterozygous mutant Cenp-CIR35/cal12k32 displays normal CIDCENP-A 

assembly, yet slightly increased CIDCENP-A asymmetry (1.33-fold) compared to 

what one would expect (1.2-fold). This implies a specific role for CAL1-CENP-C 

interaction to establish and/or maintain asymmetry. Combining the results of each 

genetic background (Table 6.1), these results also suggest that asymmetry is 

probably established during S-phase, as opposed to during the assembly phase 

(Figure 6.1 - Model). In many cases, we see effects on canonical asymmetry 

disrupted even in the presence of CIDCENP-A assembly.   
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Background CIDCENP-A 

Level 

(Normalised 

to Control) 

CIDCENP-A 

Assembly 

GSC/CB 

CIDCENP-A 

Asymmetry 

(Ratio) 

SXL/pMad 

Control 100% Yes Normal (1.2) Normal (4) 

CENP-C RNAi 63% No Increased (1.45) Decrease 

(2.5) 

HA-CENP-C 100% Yes Normal/Small 

Decrease (1.12) 

Normal 

(3.8) 

Cenp-

CIR35/cal12k32 

100% Yes Increase (1.33) Decrease 

(2.3) 

HA-CENP-C; 

CENP-C RNAi 

80% Yes Normal (1.2) Slight 

Decrease 

(3.5) 

Table 6.1: Summary of CIDCENP-A assembly and CIDCENP-A asymmetry in 

each genetic background.  

 

6.3 Making sense of parental histones: how might parental CIDCENP-A 

be maintained? 

 

Drosophila stem cells are well-characterised to retain parental histones, 

specifically histones H3-H4 and CIDCENP-A (García del Arco et al., 2018; Ranjan 

et al., 2019; Tran et al., 2012; Wooten et al., 2019b). In Drosophila ISCs, the 

centromeres of ISCs and its endoreplicating daughter cell enterocyte (EB) offer 

some interesting insights into the workings of the parental CIDCENP-A pool. Here, 

CENP-C is present in the ISC but is absent from the EB (García del Arco et al., 

2018). This suggests upon initial analysis that CENP-C could be maintaining the 

parental pool of CIDCENP-A. However, GSCs and ISCs display fundamental 

differences in future proliferative potential of their respective daughter cells. 

Whether CENP-C actually maintains the parental pool of CIDCENP-A remains 

debatable, with arguments to be made in support and against. Our data suggests 
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that this may not necessarily be the case. CENP-C depletion in GSCs result in the 

retention of more (parental) CIDCENP-A by the GSC, with less CIDCENP-A being 

distributed to the CB (most likely a consequence of no new CIDCENP-A assembly in 

G2/prophase). This may better suggest a role for CENP-C in maintaining 

appropriate asymmetry (i.e. the amount and ratio between sister centromeres) 

rather than specifically maintaining the parental pool of CIDCENP-A, as suggested 

by observations in ISCs. Nonetheless, this is yet to be specifically proven in any 

system and requires the resolution sister centromeres in S-phase (using super 

resolution microscopy) to robustly answer this question.  

 

Many questions still surround how parental and new CENP-A/ CIDCENP-A could be 

specifically recognised (or if they are specifically recognised at all). In the male 

germline, testes-derived DNA and chromatin fibres show a high frequency of 

unidirectional fork movement (Wooten et al., 2019b). This highlights a mechanism 

that could explain how parental and newly synthesised histones might be 

preferentially maintained on one strand versus another across the replication fork. 

Building upon this, an argument could be made that parental histones do not need 

to be specifically recognised and maintained asymmetrically. Here, asymmetric 

retention of old histones would, in theory, be intrinsic to the replication system of 

these cells. To prove this concept would require the culturing of adult stem cells 

(outside of their niche), followed by chromatin fibre extraction – a technically 

difficult task. Nonetheless, this hypothesis probably does not hold true for the 

centromere. Given the loading time for CIDCENP-A in Drosophila stem cells 

(G2/prophase, after DNA replication and sister centromere establishment), it is 

highly probable that parental CIDCENP-A does require direct maintenance via 

CENP-C, CAL1 or other histone chaperones (e.g. Spt6, (Bobkov et al., 2020)). In 

this case, DNA replication in these adult stem cells would require the retention of 

parental CIDCENP-A across the replication fork before assembling newly-

synthesized CID.   

 

Interestingly, we see no evidence of chromosome mis-segregation or mitotic arrest 

when we deplete CENP-C by 63%. Instead, we observed a significant S-phase 

delay, whereby more germ cell cysts (from GSC/CB to 8cc) were undergoing DNA 

replication simultaneously, unlike in control germaria. This suggests CENP-C is 
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required also in DNA replication, outside of its role in an asymmetric mitosis. Here, 

CENP-C maybe required to maintain asymmetric CIDCENP-A establishment that 

might occur during S-phase. Indeed, CENP-C has been implicated in DNA 

replication previously, where FRAP/FCS studies show a large proportion of the 

CENP-C pool is stable at the centromere during S-phase (Hemmerich et al., 2008). 

This suggests that CENP-C is possibly maintaining or aiding in centromere 

reorganisation at the centromere. Furthermore, new insights emerged recently from 

ChIP-Seq studies in human cells, whereby CENP-C is required for an error-

correction mechanism during S-phase, to compensate for CENP-A assembly on 

chromatin arms (Nechemia-Arbely et al., 2019). In these cells, CENP-A assembly 

(in G1 phase, before DNA replication) occurs both at the centromere and in low 

amounts on chromatin arms. In S-phase, this CENP-A is removed on chromatin 

arms (where CENP-C is not present) but is maintained at the centromere locus, 

where it requires CENP-C to be maintained. It is tempting to speculate that such a 

mechanism may exist to maintain CIDCENP-A across the centromere in S-phase 

before assembling new CIDCENP-A in G2/prophase. In any case, we have strong 

evidence that CENP-C’s role extends beyond its general mitotic requirements of 

kinetochore assembly. Its role in stem cells is not merely its function in cell 

division, being instrumental to centromere ‘strength’ asymmetry, centromere 

assembly and ultimately cell fate (discussed in 6.6).  

 

6.3 The centromere as a driver of asymmetric division in stem cells 

 

Previous thinking in the stem cell field was that the centrosome was the primary 

driver of ACD, emanating from the discovery of an asymmetric retention of mother 

and daughter centrosomes in Drosophila (Yamashita et al., 2007). Although 

important to mitotic spindle formation, there appears to be a lack of consistency to 

mother/daughter centrosome directionality. Male GSCs preferentially retain the 

mother centrosome (Yamashita et al., 2007), yet female GSCs and neuroblasts 

retain daughter centrosomes (Januschke et al., 2011; Salzmann et al., 2014). 

Furthermore, mid-body segregation correlates with the inheritance of the daughter 

centrosome (i.e. it is opposite in male and female GSCs) (Salzmann et al., 2014). 

Hence, the retention of centrosomes appears quite disordered and inconsistent 
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amongst Drosophila stem cell populations. In contrast, both male and female GSCs 

retain stronger centromeres/kinetochores/mitotic spindles (Dattoli et al., 2020; 

Ranjan et al., 2019), independent of mother/daughter centrosome inheritance. 

Interestingly, in a Drosophila Spindle Assembly Abormal-4 (DSas-4) mutant 

background, female GSCs are capable of forming mitotic spindle in the absence of 

centrioles (Stevens et al., 2007). Hence, it is possible that spindle assembly in 

asymmetrically-dividing GSCs is a chromatin- or centromere-driven process (as 

opposed to centrosome-driven), in a manner similar to oocyte spindle assembly in 

many systems (Radford et al., 2017). Moreover, spindle assembly reacts to 

centromere strength (Dattoli et al., 2020; Ranjan et al., 2019). Moving forward, 

understanding the molecular mechanisms behind the establishment and 

maintenance of asymmetric sister centromeres remains an important question. This 

thesis has shed some light on this mechanism, investigating the involvement of 

CENP-C in this process. 
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6.4 The Model of Centromere Assembly in Asymmetric Cell Division 

 
Figure 6.1: Model and outstanding questions regarding the propagation of the 

centromere in an asymmetrically-dividing system.  After mitosis, the newly 

divided GSC has a very short G1-phase, entering immediately into S-phase. During 

replication, a unidirectional fork may allow parental ‘old’ CENP-A-H4 to be 

asymmetrically inherited between leading and lagging strands, in a manner similar 

to H3-H4 (Wooten et al., 2019b). The asymmetric inheritance of ‘old’ CENP-A 

may establish the initial asymmetry in the amount of CENP-A between sister 

centromeres (Hypothesis 1, bottom left). This asymmetry may be established by or 

maintained by CENP-C during S-phase (Hypothesis 2, middle left). Newly 

synthesised or ‘new’ CENP-A assembly occurs after DNA replication through to 

prophase. New CENP-A assembly might occur in an asymmetric manner and 

require CENP-C to be asymmetric between sister centromeres (Hypothesis 3, top 

left). By prophase, the centromere is fully assembled at centromere strength 
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between sister centromeres. Further assembly is limited by HASPIN and CYCLIN 

B activity (Dattoli et al., 2020).    

6.5 Adult stem cell age epigenetically at the centromere  

 

Aging is a multifactorial process involving a combination of many processes. Over 

the last decade, numerous studies have shown that the epigenome changes with age 

(known as ‘epigenetic drift’) (Pal and Tyler, 2016; Sen et al., 2016). In particular,  

age-associated epigenetic changes include DNA methylation, histone 

modifications and chromatin remodelling. Recent studies have shown that age-

accompanied chromatin changes typically are associated with a gradual loss of 

constitutive heterochromatin  – heterochromatin associated with highly repetitive 

DNA sequences, such as that observed at pericentric and telomeric regions 

(Allshire and Madhani, 2018; Trojer and Reinberg, 2007; Zhang et al., 2015). In 

fact, the centromere represents a specialised heterochromatin domain is 

characterised by CENP-A containing chromatin, flanked by pericentric 

heterochromatin (Bloom, 2014). In addition, CENP-A contains other specific 

histone modifications, particularly at its N-terminus (Srivastava and Foltz, 2018). 

Moreover, decreasing histone levels are also associated with normal aging, with 

restoration of these histone levels shown to extend lifespan in yeast (Feser et al., 

2010). Ultimately, this epigenetic ‘erosion’ also pertains to stem cells and stem cell 

exhaustion (Chen and Kerr, 2019; Ermolaeva et al., 2018).  

 

Stem cell exhaustion is protected by self-renewal of the stem cell, with rising 

evidence suggesting that self-renewal and differentiation are impaired by aging 

(Chen and Kerr, 2019; Ermolaeva et al., 2018). This leads to a functional decline 

in tissue integrity. Specific epigenetic regulators associated with epigenetic aging 

are critical to the maintenance of tissue-specific stem cells (e.g. haemopoietic stem 

cells), with the identification of true epigenetic regulators of stem cell age being 

key to any attempts to reverse stem cell aging (Chen and Kerr, 2019; Ermolaeva et 

al., 2018). A true epigenetic regulator of aging must decrease over time and directly 

influence cell fate. Indeed, in chapters 4 and 5 we present robust evidence that the 

centromere does both. In chapter 4, we firstly show that between 5-, 10- and 20-

days that both CIDCENP-A and its recruiting factor CENP-C are gradually lost from 
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the centromere. Here, we quantified an approximate 45% drop in both CIDCENP-A 

and CENP-C from days 5 to 20. This strongly implies that that centromere is 

gradually lost with stem cell age. Moreover, when we deplete CENP-C, this loss 

of CIDCENP-A is accelerated, suggesting that this centromere ‘erosion’ involves loss 

of CENP-C as the recruiting and maintenance/stabilisation factor. This may well 

be a consequence of symmetric division of the stem cell, depleting the centromere 

pool over time. Secondly, in both chapter 4 and 5 we show that disruption to the 

centromere is linked to cell fate. In a CENP-C-depleted germline, we see an array 

of phenotypes from GSC-tumour, to differentiation defects, to GSC loss. In 

addition, when we disrupt the centromeric core by knockdown, overexpression 

(Dattoli et al., 2020) or mutant backgrounds, we see a shift in the balance of stem 

to daughter cell in the germarium (as determined by the SXL/pMad ratio). 

Furthermore, we also see an exacerbation of the SXL/pMad ratio when analysing 

CENP-C depleted GSCs at 10 days old. This reiterates the involvement of the 

centromere in aging.  

 

This is the first time the centromere has been directly implicated in stem cell aging 

and lifespan. The investigation of the role of the centromere with age is largely 

underrepresented in literature.  One study in 1984 observed centromere loss from 

chromosomes of aged women, as measured by positive or negative Cd-banding (a 

chromosome banding technique used to specifically recognise centromeric 

regions) on mitotic chromosomes (Nakagome et al., 1984). Another study 

measured a decline of CENP-A levels in pancreatic islet cells, but not exocrine 

cells (Lee et al., 2010). Reductions in CENP-A at the centromere have also been 

reported in p53-induced cellular senescence, proposed as a protective mechanism 

against chromosome mis-segregation and genome instability (Hédouin et al., 2017; 

Maehara et al., 2010). Other studies show that age-related aneuploidies could be 

explained by loss of cohesion at the centromere (Cheng and Liu, 2017). Therefore, 

centromere ‘strength’ may well play its role in aging. In an adult stem cell that 

displays differences in centromere strength between sister centromeres, possibly 

even more so.  

 

But how might the centromere deplete with age? Elucidating this question is a 

fundamental question to centromere biology. Repetitive DNA can be lost with age. 
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It is well known that telomeric DNA shortens with age, modulating the cellular 

‘clock’ and eventually results in cellular senescence (Maestroni et al., 2017). Given 

the repetitive nature of centromeric genomic regions, this may provide a clue to 

how the centromere ages. The centromere is also susceptible to instability but how 

this relates to age remains unsolved. One study in 2017 reported a high frequency 

of rearrangement and sister chromatid exchange at centromeric alpha-satellites 

(Giunta and Funabiki, 2017). Whether this loss of the centromere over time in stem 

cells is limited to the CCAN, or whether it is underpinned at a genetic level remains 

an open and valid question. It is conceivable that the centromeric DNA shortens 

also in stem cells over time, in a manner similar to telomere shortening. A better 

understanding of how centromeric DNA is replicated, and how the DNA repair 

machinery might deal with instability and replication stress at the centromere 

would be required to answer this question.  

 

6.6 Centromeres epigenetically regulate stem cell fate 

 

To probe the role of a disrupted centromere on stem cell fate, we were required to 

develop an assay that would be consistent in wild type germaria but respond to 

changes in the balance of GSC to daughter cells (CBs, 2ccs). Here, determining a 

ratio of SXL to pMad-positive cells proved consistent across control cells, from 

wild type OregonR, to RNAi isogenic control, to nanos-GAL4 (ratio of approx 4:1). 

In other words, there is one GSC for every three daughter cells (1 GSC, 1 CB, 1 

2cc). Interestingly, the composition of each germarium (i.e. total number of pMad 

and SXL positive cells) is different across each genetic background. However, the 

ratio remains the same. This method is much more robust in comparison to simply 

counting the number of stem cells present in each germaria, as this can change 

simply based on genetic background.  

 

When we applied this assay to various backgrounds of disrupted centromere 

integrity, we saw the ratio of SXL/pMad changing in accordance. In CENP-C 

depleted germaria, this ratio was reduced to approximately 2.5 (for every stem cell, 

there are only 2.5 daughter cells on average), suggesting an alteration of the self-

renewal pattern of the stem cell. When we expanded this assay to 10-day old 
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CENP-C-depleted flies, this ratio reduced further to 2. Moreover, we determined 

that CENP-C-depletion results in differentiation defects and GSC loss over time. 

Thus, it appears that CIDCENP-A levels (both though disrupted assembly and 

increased CIDCENP-A asymmetry) are playing a substantial role in long-term GSC 

maintenance and differentiation of early germ-cysts. Interestingly, when we 

analysed CIDCENP-A-mCherry; CAL1-YFP double overexpressed flies, the 

SXL/pMad ratio also reduces to 2.5 at 3 days old (published in Dattoli et al, 2020). 

The same is also true for Cenp-CIR35;cal12k32 germaria. Yet, single overexpression 

of HA-CENP-C does not impact cell fate. However, we determined that HA-

CENP-C overexpression alone does not impact CIDCENP-A level at centromeres. 

Ultimately, the impact on cell fate appears to reside with a disrupted centromeric 

core, whether that be decreased CIDCENP-A, increased CIDCENP-A, symmetric or 

increased asymmetric inheritances of CIDCENP-A. It is clear that the centromere can 

indeed epigenetically regulate adult stem cell fate in Drosophila.  

 

How would the centromere react to a pluripotent state? Studies are emerging 

related to the role of centromeric chromatin on both the self-renewal and 

differentiation capabilities of these cells. It is still unclear whether embryonic or 

pluripotent stem cells (iPSCs), for example, display differences in centromere 

strength between sister centromeres. However, recent work from the Chen 

laboratory have shown that parental histones are maintained also by induced 

asymmetrically-dividing mouse embryonic stem cells (Ma et al., 2020). Here, old 

versus new histones H3 and H4 do not overlap, whereas histones H2A, H2B and 

H3.3 (the more dynamic histone) are inherited symmetrically. Significantly, when 

these stem cells are dividing symmetrically, old versus new histones H3 and H4 

are inherited randomly (Ma et al., 2020). This gives plausibility to the same 

situation occurring for CENP-A in asymmetrically dividing stem cells beyond 

Drosophila.  

 

In addition to centromere asymmetry, iPSCs appear to be heavily reliant on 

centromere ‘load’. In other words, there is a threshold of CENP-A required for 

them in order to differentiate. Otherwise, CENP-A-depleted iPSCs continuously 

self-renew (Ambartsumyan et al., 2010). This is in full agreement with our 

observations, that low levels of CID/CENP-A result in a tendency for GSCs to self-
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renew and fail to differentiate. Additionally, new evidence from the Jansen lab 

shows that reprogramming differentiated iPSCs to pluripotency results in the 

removal of CENP-A, CENP-C and CENP-T from the centromere (Milagre et al., 

2020). These results suggest that the reorganisation of the centromere is linked to 

stem cell state. Interestingly, centromere assembly requires exit from telophase 

into G1, similar to differentiated human cells (Milagre et al., 2020). These 

differences compared to Drosophila GSCs perhaps reflect the requirements to 

remain pluripotent and an openness to differentiate to numerous cell types. On the 

other hand, adult Drosophila GSCs stem cells are largely unipotent and exhibit 

generally asymmetric patterns (and short G1 phases). Overall, this shows that the 

centromere is highly active and responsive in a stem cell, as opposed to being a 

passive locus in the underlying mitotic machinery.  

 

6.7 Concluding Remarks and Outstanding Questions 

 

There are still many outstanding questions related to how the centromere is 

modulated by a stem cell:  

 

1) When and how exactly is asymmetry established and maintained?  

2) How are parental histones specifically maintained in an asymmetric system?  

3) How is CENP-A lost at the centromere in an aging stem cell?  

4) What role does centromeric DNA play in an asymmetrically-dividing system?  

5) How does a pluripotent stem cell manage a centromere in an asymmetric 

division?  

6) How does a disrupted centromere affect ‘stem’ versus ‘differentiation’ gene 

expression?  

 

This thesis has progressed our understanding of the centromere in an 

asymmetrically-dividing adult stem cell population. It is evident that the 

centromere does indeed epigenetically distinguish sister centromeres in 

asymmetric cell division. Thus, these findings fully underpin the silent sister 

hypothesis, put forward by Lansdorp in 2007 (Lansdorp, 2007). Over time, the 

centromere integrity is also gradually lost in at the centromere. Moreover,  a robust 
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centromeric core is essential to maintaining stem cell fate. Ultimately, it is clear 

that intrinsic stem cell homeostasis relies heavily on the centromere and its efficient 

maintenance throughout the cell cycle.  

 

In conclusion, the centromere can drive stem cell identity.   
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8.1 Chemical Reagents and Common Buffers 
 

Reagent Composition Note 

Immunostaining   

1X PBS 1X Phosphate-Buffered Saline (157 mM Na+, 140mM 

Cl−, 4.45mM K+, 10.1 mM HPO42−, 1.76 mM H2PO4−) 

 

4% Paraformaldehyde (Fixation) 4 % (v/v) paraformaldehyde in 1X PBS Fixation timing is highly antibody dependant. Anti-

SMAD3 requires 5 mins fixation. Anti-CAL1 requires 30 

mins. Standard fixation timing is 15 mins.  

IF Wash Buffer (0.4 % PBST) 1X PBS with 0.4 % (v/v) Triton-X  

Blocking Buffer (1-5% Bovine Serum Albumin) 1-5% (w/v) Bovine Serum Albumin (BSA) in 0.4 % PBST Make fresh every 2 days 

DAPI Staining Buffer  1X PBS with 1µg/ml DAPI 10 mins incubation followed by 20 min wash with 0.4 

% PBST 

Mounting Media  30 µl per slide Invitrogen SlowFade™ Gold Antifade Mountant 

Click Chemistry   

5-Ethynyl-2´-deoxyuridine (EdU) (0.01 mM) 1 µl 10 mM EdU in 1 mL 1X PBS Incubate samples for 45 mins before fixation 

Copper (II) Sulphate 0.1 M CuSO4  

(+)-Sodium L-ascorbate 1 M Sodium L-ascorbate Make fresh every few months. Ascorbic acid turns 

yellow when oxidised with air.  

6-Carboxyfluorescein-TEG azide (Berry and Associates) Dissolved 1 mg/mL in DMSO  

Cyanine 3 TEG azide (Berry and Associates) Dissolved 1 mg/mL in DMSO  
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Single Fly DNA Preparation   

Squishing Buffer  10 mM Tris-HCl, 1 mM EDTA, 25 mM NaCl, 0.2 mg/ml 

Proteinase K in dH20 

Add Proteinase K right before use  
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8.2 Fly Stocks used during this study 
 

Genotype Gene Source Balancer Construct 
Type/Function 

Target 
Regions 

Reference 

Oregon-R-modENCODE (wild type) BDSC_25211 n/a n/a n/a  

y[1] v[1]; 

P{y[+t7.7]=CaryP}attP2 

 

(RNAi 

isogenic 

control) 

BDSC_36303 n/a n/a n/a  

P{w[+mC]=UAS-Dcr-2.D}1, 

w[1118]; P{w[+mC]=GAL4-

nos.NGT}40 

nanos BDSC_25751 n/a GAL4 n/a  

bam-GAL4:VP16}1 bam M. Fuller n/a GAL4 n/a  

y[1] sc[*] v[1] sev[21]; 

P{y[+t7.7] 

v[+t1.8]=TRiP.GL00689}attP2 

Cenp-C   dsRNA, 2nd 

Generation, 

Valium22. TRiP 

Germline 

Cenp-

CGL00689 

(5’UTR) 

 

UASp-HA-CENP-C Cenp-C K. McKim SM6, Cy UASp n/a  

Cenp-CIR35 Cenp-C T. Orr-Weaver TM3, Sb n/a n/a (Unhavaithaya 

and Orr-Weaver, 

2013) 
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UASp-HA-CENP-C; 

P{y[+t7.7] 

v[+t1.8]=TRiP.GL00689}attP2 

Cenp-C This Study CyO; Dr dsRNA, 2nd 

Generation, 

Valium22. TRiP 

Germline; UASp 

Cenp-

CGL00689 

(5’UTR) 

 

cal12K32 cal1 T. Orr-Weaver TM3, Sb n/a  (Unhavaithaya 

and Orr-Weaver, 

2013) 

y[1] w[*]; wg[Sp-1]/CyO; 

Dr[1]/TM3, Sb[1] 

- BDSC_59967 wg[Sp-

1]/CyO; 

Dr/TM3, Sb 

Double Balancer n/a  
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8.3 List of Primary Antibodies 
 

Target Antibody Description Product Identifier Concentration 

CENP-A (CID) Rabbit pAb (Active Motif) #39719 1/1000 

CENP-C Sheep pAb (Dunleavy Lab) n/a 1/2000 

hu-li tai shao (Hts) Mouse mAb (Developmental Studies 

Hybridoma Bank) 

1B1 1/500 

VASA Rabbit mAb (Santa Cruz Biotechnologies)  1/500 

VASA Rat mAb (Developmental Studies 

Hybridoma Bank) 

Vas 1/500 

Histone H3 (phospho S10) Mouse pAb ab14955 1/1000 

HA Mouse mAb (Lowndes Lab) n/a 1/500 

CAL1 Rabbit mAb (Erhardt Lab; (Erhardt et al., 

2008))  

n/a 1/1000 

Anti-Smad3 (phospho S423 + 

S425) (pMad) 

Rabbit mAb (Abcam) ab52903 1/1000 

SEX-LETHAL Mouse mAb (Developmental Studies 

Hybridoma Bank) 

M114 1/500 

4′,6-diamidino-2-phenylindole 

(DAPI) 

n/a D1306 1 mg/mL stock  
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8.4 List of Secondary Antibodies 
 

Target Antibody Description Product Identifier Concentration 

Mouse IgG Goat Anti-Mouse Alexa Fluor 488 
(Life Technologies) 

A-11029 1/500 

Mouse IgG Goat Anti-Mouse Alexa Fluor 546 
(Life Technologies) 

A-11030 1/500 

Mouse IgG Goat Anti-Mouse Alexa Fluor 647 
(Life Technologies) 

A-21236 1/500 

Rabbit IgG Goat Anti-Rabbit Alexa Fluor 488 
(Life Technologies) 

A-11034 1/500 

Rabbit IgG Goat Anti-Rabbit Alexa Fluor 546 
(Life Technologies) 

A-11035 1/500 

Rabbit IgG Goat Anti-Rabbit Cyanine 5 
(Invitrogen) 

A-10523 1/500 

Rat IgG Goat Anti-Rat Alexa Fluor 546 
(Life Technologies) 

A-11081 1/500 

Sheep IgG Donkey Anti-Sheep Alexa Fluor 
546 (Life Technologies) 

A-21098 1/500 

Sheep IgG Donkey Anti-Sheep Alexa Fluor 
647 (Life Technologies) 

A-21448 
 

1/500 

Mouse IgG Donkey Anti-Mouse Alexa Fluor 
488 (Life Technologies) 

A-21202 1/500 

Mouse IgG Donkey Anti-Mouse Alexa Fluor 
546 (Life Technologies) 

A-10036 1/500 

Rabbit IgG Donkey Anti-Rabbit Alexa Fluor 
488 (Life Technologies) 

A-21206 1/500 

Rabbit IgG Donkey Anti-Rabbit Alexa Fluor 
546 (Life Technologies) 

A-10040 1/500 
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8.5 Ben L. Carty and Elaine M. Dunleavy, 2020 
 

Ben L. Carty, Elaine M. Dunleavy; Centromere assembly and non-random sister chromatid 

segregation in stem cells. Essays Biochem 4 September 2020; 64 (2): 223–232. 

doi: https://doi.org/10.1042/EBC20190066 
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ARTICLE

Asymmetric assembly of centromeres epigenetically
regulates stem cell fate
Anna Ada Dattoli, Ben L. Carty, Antje M. Kochendoerfer, Conall Morgan, Annie E. Walshe, and Elaine M. Dunleavy

Centromeres are epigenetically defined by CENP-A–containing chromatin and are essential for cell division. Previous studies
suggest asymmetric inheritance of centromeric proteins upon stem cell division; however, the mechanism and implications of
selective chromosome segregation remain unexplored. We show that Drosophila female germline stem cells (GSCs) and
neuroblasts assemble centromeres after replication and before segregation. Specifically, CENP-A deposition is promoted by
CYCLIN A, while excessive CENP-A deposition is prevented by CYCLIN B, through the HASPIN kinase. Furthermore,
chromosomes inherited by GSCs incorporate more CENP-A, making stronger kinetochores that capture more spindle
microtubules and bias segregation. Importantly, symmetric incorporation of CENP-A on sister chromatids via HASPIN
knockdown or overexpression of CENP-A, either alone or together with its assembly factor CAL1, drives stem cell self-renewal.
Finally, continued CENP-A assembly in differentiated cells is nonessential for egg development. Our work shows that
centromere assembly epigenetically drives GSC maintenance and occurs before oocyte meiosis.

Introduction
Stem cells are fundamental for the generation of all tissues
during embryogenesis and replace lost or damaged cells
throughout the life of an organism. At division, stem cells gen-
erate two cells with distinct fates: (1) a cell that is an exact copy
of its precursor, maintaining the “stemness,” and (2) a daughter
cell that will subsequently differentiate (Betschinger and
Knoblich, 2004; Inaba and Yamashita, 2012). Epigenetic mech-
anisms, heritable chemical modifications of the DNA/nucleo-
some that do not alter the primary genomic nucleotide sequence,
regulate the process of self-renewal and differentiation of stem
cells (Christophersen and Helin, 2010; Eun et al., 2010). In
Drosophila male germline stem cells (GSCs), before division,
phosphorylation at threonine 3 of histone H3 (H3T3P) prefer-
entially associates with chromosomes that are inherited by the
future stem cell (Xie et al., 2015). Furthermore, centromeric
proteins seem to be asymmetrically distributed between stem
and daughter cells in the Drosophila intestine and germline
(Garćıa Del Arco et al., 2018; Ranjan et al., 2019). These findings
support the “silent sister hypothesis” (Lansdorp, 2007), ac-
cording to which epigenetic variations differentially mark sister
chromatids driving selective chromosome segregation during
stem cell mitosis (Dai et al., 2005; Lansdorp, 2007; Caperta et al.,
2008; Tran et al., 2013; Xie et al., 2015). Centromeres, the pri-
mary constriction of chromosomes, are crucial for cell division,
providing the chromatin surface where the kinetochore

assembles (McKinley and Cheeseman, 2016). In turn, the kine-
tochore ensures the correct attachment of spindle microtubules
and faithful chromosome partition into the two daughter cells
upon division (Musacchio and Desai, 2017). Centromeric chro-
matin contains different kinds of DNA repeats (satellite and
centromeric retrotransposons; Fukagawa and Earnshaw,
2014; Chang et al., 2019) wrapped around nucleosomes
containing the histone H3 variant centromere protein A
(CENP-A). Centromeres are not specified by a particular
DNA sequence. Rather, they are specified epigenetically by
CENP-A (Black and Cleveland, 2011; Allshire and Karpen, 2008;
Fukagawa and Earnshaw, 2014; Karpen and Allshire, 1997).
Centromere assembly, classically measured as CENP-A depo-
sition to generate centromeric nucleosomes, occurs at the end
of mitosis (between telophase and G1) in humans (Jansen et al.,
2007; Hemmerich et al., 2008). Additional cell cycle timings for
centromere assembly have been reported in flies (Mellone
et al., 2011; Ahmad and Henikoff, 2001; Schuh et al., 2007).
Interestingly, Drosophila spermatocytes and starfish oocytes are
the only cells known to date to assemble centromeres before
chromosome segregation, during prophase of meiosis I (Dunleavy
et al., 2012; Swartz et al., 2019; Raychaudhuri et al., 2012). These
examples show that centromere assembly dynamics can differ
among metazoans and also among different cell types in the same
organism.
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A key player in centromere assembly in vertebrates is HJURP
(holliday junction recognition protein), which localizes at cen-
tromeres during the cell cycle window of CENP-A deposition
(Dunleavy et al., 2009; Foltz et al., 2009). Furthermore, centromere
assembly is regulated by the cell cycle machinery. In flies, depo-
sition of CID (the homologue of CENP-A) requires activation of the
anaphase promoting complex/cyclosome (APC/C) and degradation
of CYCLIN A (CYCA; Mellone et al., 2011; Erhardt et al., 2008). In
humans, centromere assembly is antagonized by Cdk1 activity,
while the kinase Plk1 promotes assembly (Silva et al., 2012;
Stankovic et al., 2017; McKinley and Cheeseman, 2014). Addition-
ally, the CYCLIN B (CYCB)/Cdk1 complex inhibits the binding of
CENP-A to HJURP, preventing CENP-A loading at centromeres (Yu
et al., 2015). To date, little is known about centromere assembly
dynamics and functions in stem cell asymmetric divisions. Dro-
sophila melanogaster ovaries provide an excellent model to study
stem cells in their native niche (Yan et al., 2014). In this tissue,
germline stem cells (GSCs) are easily accessible and can be ma-
nipulated genetically. Moreover, centromere assembly mecha-
nisms in GSCs and their differentiated cells, cystoblasts (CBs),
could be used to epigenetically discriminate between these two cell
types. InDrosophila, CID binds to CAL1 (fly functional homologue of
HJURP; Chen et al., 2014; Barnhart et al., 2011) in a prenucleosomal
complex, and its localization to centromeres requires CAL1 and
CENP-C (Erhardt et al., 2008; Mellone et al., 2011).

Here we investigated the dynamics of CENP-A deposition in
Drosophila GSCs. We show that GSC centromeres are assembled
after replication, but before chromosome segregation, with neural
stem cells following the same trend. Centromere assembly in GSCs
is tightly linked to the G2/M transition. Indeed, CYCA localizes at
centromeres, and its knockdown is responsible for a marked re-
duction of centromeric CID andCENP-C, but not CAL1. Surprisingly,
excessive CID deposition is prevented by CYCB, through the kinase
HASPIN. Our superresolution microscopy analysis of GSCs at pro-
metaphase and metaphase shows that CID incorporation on sister
chromatids occurs asymmetrically, and chromosomes that will be
inherited by the stem cell are loadedwithmore CID.Moreover, GSC
chromosomes make stronger kinetochores, which anchor more
spindle fibers. This asymmetric distribution of CID between GSC
and CB is maintained also at later stages of the cell cycle, while it is
not observed in differentiated cells outside of the niche.We also find
that the depletion of CAL1 at centromeres blocks GSC proliferation
and differentiation. Notably, overexpression of both CID and CAL1,
as well as HASPIN knockdown, promotes stem cell self-renewal and
disrupts the asymmetric inheritance of CID. Conversely, over-
expression of CAL1 causes GSC-like tumors. Finally, CAL1 and CID
knockdown at later stages of egg development have no obvious
effect on cell division, suggesting that these cells inherit CID from
GSCs. Taken together, our findings establish centromere assembly
as a new epigenetic pathway that regulates stem cell fate.

Results
Nuclear distribution of centromeres in GSCs changes through
the cell cycle
The cell cycle assembly time of centromeres in female GSCs
is currently unknown. To elucidate this, we observed the

distribution of centromeres throughout the cell cycle. The Dro-
sophila female GSC niche is found at the apical end of the ger-
marium, the anterior tip of the adult ovariole (Fig. 1 A, region 1).
The niche comprises the terminal filament and the cap cells. A
cytoplasmic roundish structure called the spectrosome connects
two to three GSCs to the cap cells (Fig. 1 A). The spectrosome is
present in both GSCs and CBs, and its shape can be used to define
the cell cycle stage (Kao et al., 2015; Ables and Drummond-
Barbosa, 2013). Upon asymmetric division, the daughter cell
closer to the niche retains the stemness, while the other, the CB,
differentiates and is detached from the niche together with its
spectrosome. Each CB undergoes four rounds of mitosis with
incomplete cytokinesis, giving rise to 16-cell cysts of cystocytes
(CCs) interconnected to each other through the fusome, a
branched spectrosome. After completion of S phase, 16-cell cysts
start meiosis and form a synaptonemal complex. The oocyte
originates from either of the two CCs with four fusome-bridges
(Fig. 1 A, region 2a–b, brown cells; Rangan et al., 2011;
Christophorou et al., 2013). In region 3, the 16-cell cysts mature
to an egg chamber containing 15 nurse cells that provide for the
oocyte (Fig. 1 A, region 3), which completes meiosis (McLaughlin
and Bratu 2015; Hughes et al., 2018).

To achieve our aim, we used transgenic flies expressing CID
coupled to GFP to follow centromeres and H2Av coupled to RFP
(Schuh et al., 2007) to follow chromatin condensation. To
identify each phase of mitosis in GSCs, we used the phospho-
rylation at serine 10 of histone H3 (H3S10P; Matias et al., 2015;
Hendzel et al., 1997). At interphase, chromatin is not condensed
(Fig. 1 BI), centromeres are spread throughout the nucleus
(Fig. 1, BII and BV), and H3S10P signal is absent (Fig. 1 BV and
Fig. 3 BV). At prophase, H3S10P signal is present, chromosomes
begin to condense, and centromeres start to align (Fig. 1, C and
D). At this stage, we observed on average 5.7 centromere foci per
cell. At metaphase, chromosomes and centromeres are com-
pletely aligned on the metaphase plate, and we observed an
average of 6.9 centromere foci (Fig. 1, EI and EII). At this stage, it
is possible to clearly distinguish the centromeres of each set of
sister chromatids that will be inherited respectively by the new
GSC and CB (Fig. 1, EII and EV). At anaphase, chromosomes and
centromeres migrate to the opposite pole of each new daughter
cell (Fig. 1, FI, FII, and FV), and an average of 3.1 centromere foci
(despite the high level of clustering) are visible per cell. At tel-
ophase, the H3S10P signal is reduced, the chromatin starts to
decondense, and centromeres remain located at the opposite
side of each new nucleus (not depicted).

To identify cells in S phase, we used 5-ethynyl-29-deoxyuri-
dine (EdU) to label nuclei with or without newly replicated DNA
(Salic and Mitchison, 2008). After EdU incorporation, ovaries
were antibody-stained to study centromere positioning in GSCs
and CBs during replication (Fig. 1, G and H). In EdU-negative
cells, the spectrosome is round, the DNA is not condensed, and
on average 5.2 centromeres are scattered throughout the nu-
cleus (Fig. 1, GI–GV), indicating that the cells are likely to be in
G2 phase or early prophase. Interestingly, 100% of cells analyzed
(50/50) show that GSCs and CBs were simultaneously positive
for EdU staining (Fig. 1, HI–HV). In these cells, centromeres
assumed a similar localization to that observed during anaphase
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Figure 1. Centromere assembly in GSCs occurs after replication but before chromosome segregation. (A) Diagram of Drosophila ovary (left) and
germarium containing the germline stem cell (GSC) niche (right). NC, nurse cell; OC, oocyte; CB, cystoblast; CC, cystocyte. The spectrosome (red) connects
GSCs to the cap cells (dark gray). (B–F) Confocal z-stack projection of a germarium expressing H2Av-RFP (red; I) and CID-GFP (green; II) and stained for H3S10P
(white; III) showing centromere localization in GSC nuclei throughout the cell cycle; inset (V) marked by box in merged image (IV). Interphase (B), initial and late
prophase (C and D), metaphase (E), anaphase (F). (G and H)Wild type germarium stained for DAPI (cyan), EdU (white), anti-CID (green), and anti-1B1 (red); G2/
prophase GSCs (G) and EdU-positive (S phase) GSC and CB (H). (I and J)Quantification of CID-GFP fluorescence intensity observed at centromeres at prophase,
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and telophase, localizing to the opposite poles of the GSC and CB
nuclei, with mostly four centromere foci (the exact number
could not be detected due to clustering; Fig. 1, FV and HV). With
the aid of several cell cycle markers (FUCCI, DACAPO) we did
not succeed to isolate the G1 stage (not depicted), suggesting that
it is very short in GSCs, as previously proposed (Ables and
Drummond-Barbosa, 2013). In summary, our cell cycle analysis
of centromere localization in M and interphase shows that
centromeres are localized at the opposite poles of the new GSC
and CB nuclei at anaphase, and that during DNA replication,
centromeres retain this localization.

Centromeric recruitment of CID occurs after replication and
before chromosome segregation in Drosophila GSCs and
neuroblasts (NBs)
To assess the cell cycle timing of centromere assembly in GSCs,
we quantified the CID fluorescent intensity (integrated density,
Fig. S1, A–E; see Materials and methods) in mitosis and inter-
phase. We first quantified the total amount of CID-GFP per nu-
cleus at each phase of mitosis using the H3S10Pmarker (Fig. 1 I).
No significant difference in CID level was detected between
prophase (GSCp = 1,993 ± 180, n = 18 cells) and metaphase (GSCm =
2,512 ± 213, n = 12 cells). At anaphase, the CID level drops to about
half the metaphase level (GSCa = 1,230 ± 109.4, n = 8 cells). Using
antibody staining, we quantified CID in S phase and G2 phase/
prophase cells (Fig. 1 J). The total amount of CID detected per
nucleus in S phase cells was significantly lower than the value
obtained for G2 phase/prophase: GSC+EdU = 1,764 ± 104.9 (n = 25
cells); GSCG2/prophase = 2,252 ± 108.6 (n = 25 cells). These results
show that low levels of CID are observed at anaphase and repli-
cation, while considerably higher levels of CID are measured
during G2 phase and prophase, suggesting that CID assembly in
GSCs occurs after replication and before chromosome segregation.
Furthermore, gradual deposition of CID might continue up to
metaphase.

To exclude the possibility that these dynamics were a specific
feature of GSCs, we investigated CID deposition in neural stem
cells of the thoracic ventral nerve chord (tVNC; Fig. S1 F) in
larval brains. To isolate reactivated NBs in G2/prophase, we
antibody stained with the NB marker Deadpan (Boone and Doe,
2008) and the G2 regulator CYCA that is degraded at metaphase
(Lilly et al., 2000). Deadpan-positive NBs display different sizes,
between 4 and 8 µm (Fig. 2 G; Chell and Brand, 2010). We
quantified the total amount of CID per nucleus in these cells
through antibody staining (Fig. 2 H). In the CYCA-negative NBs,
the DNA is not condensed, indicating that they are neither in
mitosis nor in G2/prophase. We therefore labeled them as G1/S
phase NBs. Our quantification shows that CYCA-positive NBs
have 65% and 90% more CID compared with the G1/S phase NBs
(G2/prophase = 4,190 ± 364, n = 30 cells; G1/S phase (4 µm) =
2,191 ± 151, n = 31 cells; G1/S phase (5–8 µm) = 2,552 ± 155, n = 30

cells; 9 tVNC analyzed). Our results confirm that, similar to
GSCs, neural stem cells likely also assemble centromeres during
the G2/M transition.

Correct CID deposition at GSC centromeres requires both
CYCA and CYCB
Previous work showed that CENP-A assembly into centromeric
chromatin is tightly linked to key cell cycle regulators
(Stankovic et al., 2017). For instance, in Drosophila, CYCA accu-
mulation and degradation in G2 phase is crucial for CID as-
sembly (Erhardt et al., 2008; Mellone et al., 2011). Our work
shows that in GSCs, centromeric recruitment of CID initiates
in early G2 phase and continues until at least prophase (Fig. 1),
coinciding with CYCA and CYCB activities. Therefore, we
characterized the localization pattern of CYCA and B in GSCs
with respect to centromeres. CYCA was previously shown to
have both cytoplasmic and nuclear localization, specifically co-
localizing with CID at the centromeres in Kc167 cells (Erhardt
et al., 2008). We confirm using antibody staining that this is the
case also for GSCs (Fig. 2, A–D9). This is different from the CYCB
localization pattern, as it shows both cytoplasmic and nuclear
localization but fails to localize at centromeres (Fig. 2, E–H9).
Next, we used the GAL4 upstream activating sequence (GAL4:
UAS) system (Duffy, 2002) to induce the RNAi-mediated de-
pletion of CYCA and B specifically in GSCs using the germline-
specific driver nanos-Gal4 (Mathieu et al., 2013). To confirm both
knockdowns, control nanos-Gal4 and CYCA/B RNAi ovaries were
antibody stained against CYCA or CYCB (Fig. S1, I–N9). VASA
staining (Yan et al., 2014) of ovaries showed that control ger-
maria chambers are filled with germ cells (Fig. 2, I–J9), while
CYCA depletion leads to a loss of germ cells (Fig. 2, K–L9). Fur-
thermore, the few germ cells left appear to be as twice as big as
the germ cells in the control (focus on inset in Fig. 2, J9 and L9).
Similar to what has been previously described (Mathieu et al.,
2013), we observed that CYCB-depleted germaria havemore cells
compared with the control, by counting the number of VASA-
positive cells from a similar number of z-stack projections
(nanos-Gal4 = 34.8 ± 2.3 cells, n = 21 germaria; CYCB RNAi = 50.6
± 2.3, n = 23 germaria, not depicted; Fig. 2, M–N9). We did not
observe these phenotypes in a nontarget mCherry RNAi control
(Fig. S1, O–Q9). Given that CYCA knockdown can induce endo-
reduplication (Rotelli et al., 2019), we performed EdU staining on
control and CYCA RNAi germaria. GSCs with a round spec-
trosome and decondensed DNA are EdU negative and can
therefore be considered in G2/prophase (Fig. S1, R–T9). We next
quantified total centromeric CID in GSCs nuclei in G2/prophase
(Fig. 2, J9, J0, L9, L0, N9, N0, and O). We first observed that nanos-
Gal4 GSCs contain an average of 5.4 centromere foci detected
with CID antibody, while GSCs depleted for CYCA show only 4.
We found that in CYCA-knockdown GSCs, these levels are re-
duced by 40% compared with the control (Fig. 2 O, nanos-Gal4 =

metaphase, and anaphase (I) or antibody staining at replication and G2/prophase (J). Star indicates the terminal filament; arrows indicate GSCs; arrowheads
indicate GSC and CB; <1-d-old heterozygous CID-GFP/H2Av-RFP and wild-type females; scale bar 10 µm (I–IV) or 5 µm (V). Cartoons indicate the cell cycle
phase. Fluorescence Intensity is expressed as integrated density after background subtraction (seeMaterials and methods); data are represented as the mean ±
SEM; **, P < 0.005; ***, P < 0.0005, n.s., not significant; calculated with unpaired t test with Welch’s correction.
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10,411 ± 642, n = 20 cells; CYCA RNAi = 6,303 ± 538.5, n = 22 cells,
reported as mean gray value [MGV] to not take into account
differences measured in single centromere foci size [not de-
picted]). In the case of CYCB RNAi, quantitation of CID revealed

that GSCs show a 28% increase in CID compared with the control
(Fig. 2 O, nanos-Gal4 = 8,941 ± 610.8, 5.4 centromere foci, n = 21
cells; CYCB RNAi = 11,512 ± 801.8, 5.6 centromere foci, n = 21 cells,
again reported as MGV). Taken together, our data show that

Figure 2. CID deposition in GSCs requires CYCA, CYCB, and HASPIN. (A–H) Wild-type germaria stained for DAPI (cyan), anti-CID (red), and anti-CYCA or
anti-CYCB (green). (I–N0) Confocal z-stack projection of nanos-Gal4 (I–J0), CYCA RNAi (K–L0), CYCB RNAi (M–N0) germaria, stained for DAPI (cyan), anti-VASA
(yellow), anti-CID (green), and anti-1B1 (spectrosome, red). (O) Quantification of CID fluorescence intensity at centromeres per nucleus (L). (P–S0) Confocal
z-stack projection of nanos-Gal4 (P–Q0) and HASPIN RNAi germaria (R–S0), stained for DAPI (cyan), anti-VASA (yellow), anti-CID (green), and anti-1B1
(spectrosome, red). (T) Quantification of CID fluorescence intensity (MGVs) at centromeres per nucleus. Data are represented as the mean ± SEM; ***,
P < 0.0005; *, P < 0.05, calculated with unpaired t test with Welch’s correction. Star indicates the terminal filament and arrows indicate centromeres; 3-d-old
female flies; scale bar, 10 µm; inset, 5 µm.
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CYCA and CYCB have opposite effects on CID intensity. Spe-
cifically, CYCA depletion is responsible for a 40% loss of
centromeric CID, while CYCB RNAi causes a 28% increase in
CID level.

Centromeric CAL1 level is not affected by CYCA deficiency,
while CID incorporation is inhibited by the HASPIN kinase
To test whether the loss of CID observed in CYCA-deficient GSCs
was due to a loss of CAL1 and/or CENP-C, we antibody stained
control and knockdown germaria for both CAL1 and CENP-C
(Fig. S2, A–F0). CAL1 is detectable not only at centromeres
but also in nucleoli (Unhavaithaya and Orr-Weaver, 2013;
Schittenhelm et al., 2010; Erhardt et al., 2008). In this case, we
specifically quantified the centromeric CAL1 in GSCs at G2/
prophase and found no significant difference between the nanos-
Gal4 and CYCA RNAi samples (Fig. S2 R, nanos-Gal4 = 3,921 ±
546.4, n = 15 cells; CYCA RNAi = 2,865 ± 457.8, n = 14 cells). In
contrast, CENP-C levels are reduced (Fig. S2 S, nanos-Gal4 =
7,060 ± 730.1, n = 15 cells; CYCA RNAi = 4,269 ± 525.6, n = 14
cells). These results suggest that the diminishment of CENP-C
and CID observed in GSCs with reduced CYCA might be inde-
pendent of CAL1. Because we found that CYCB has a role in CID
deposition, we tested whether this occurs through its canonical
pathway, which involves the activation of the kinase HASPIN
that phosphorylates H3T3P (Moutinho-Santos andMaiato, 2014).
Therefore, we performed HASPIN knockdown using the nanos-
Gal4 driver (Fig. 2, O–R0). We first confirmed this knockdown by
immunofluorescence (Fig. S2 H–K9) and real-time quantitative
PCR (qPCR; Fig. S2 L). Next, we again measured the amount of
CID in G2/prophase GSCs (Fig. 2 S). Interestingly, we found that
GSCs in the HASPIN RNAi showed a 65% increase in CID level
compared with the control (Fig. 2 S, nanos-Gal4, 6,408 ± 418, 4.1
centromere foci, n = 22 cells; HASPIN RNAi, 10,542 ± 479, 5.1
centromere foci, n = 22 cells, reported as MGV). This result in-
dicates that regular CID deposition at centromeres involves
HASPIN.

Superresolution imaging reveals that GSC chromosomes are
loaded with more CID, make stronger kinetochores, and
capture more spindle fibers
To explore whether the timing of CID assembly might be linked
to an asymmetric distribution of CID on chromosomes, we in-
vestigated CID distribution on sister chromatids in GSCs before
division. Specifically, we used superresolution microscopy to
examine CID intensity at sister centromeres at prometaphase
and metaphase. To capture GSCs in this specific time window,
we used the H3T3P marker (Xie et al., 2015). As expected, this
marker first appears in GSCs at late prophase, while at anaphase
the signal is lost (Fig. S2, M–Q). Importantly, superresolution
microscopy allowed us to resolve eight individual sister chro-
matid pairs at these stages (16 centromere foci; Fig. 3). Using the
position and orientation of the spectrosome, which has a round
shape during mitosis (Ables and Drummond-Barbosa, 2013), we
specifically identified centromeres that will be inherited by the
GSCs (spectrosome proximal) and centromeres that will belong
to the CBs (spectrosome distal, Fig. 3, A–D9; and Fig. S3, A–N9).
Next, we measured the total amount of CID present on one set of

chromosomes versus the other. For comparison, we conducted
the same analysis on differentiated CCs of neighboring four-cell
cysts that divide symmetrically (Figs. 3 E and S3, O–T). The ratio
obtained shows that centromeres present on the GSC side in-
corporate ∼20% more CID, compared with centromeres of the
CB side (ratio GSCside/CBside = 1.192 ± 0.072, n = 9 GSCs in pro-
metaphase/metaphase; Fig. 3 E, values shown in Fig. S3 T).
Importantly, this CID asymmetry is not observed in CCs at the
same time window (ratio CCAside/CCBside = 1.016 ± 0.027, n = 9
CC in prometaphase/metaphase; Fig. 3 E, values shown in Fig.
S3 T). To check whether bigger centromeres dock more spindle
fibers, as already proposed (Drpic et al., 2018), we antibody
stained GSCs in prometaphase andmetaphase for tubulin (Fig. 3,
F–I9; and Fig. S3 U–Y9). We observed more spindle fibers nu-
cleated from the daughter centrosome, inherited by the GSC
(Salzmann et al., 2014), compared with those nucleated from the
mother centrosome on the CB side. This is detectable on bio-
riented spindles at both prometaphase and metaphase (Fig. 3,
F–I9; and Fig. S3, U–Y9). To quantify this signal, we measured
fluorescent intensity of the spindle on the GSC side versus the
CB side (expressed as integrated density). The ratio of the two
areas per cell analyzed show that GSC chromosomes display
∼48% more spindle microtubules compared with the CB chro-
mosomes (ratio GSCside/CBside = 1.48 ± 0.2, n = 10 GSCs in pro-
metaphase/metaphase). We also confirmed by performing
costaining for both tubulin and CID that the microtubules nu-
cleated from the centrosome were captured by centromeres
(Fig. 3, J–K9). Next, we investigated whether the asymmetric
distribution of CID is maintained later in the cell cycle. Specif-
ically, we analyzed anaphase GSCs in transgenic flies expressing
H2Av-RFP/CID-GFP and replicating GSC-CB couples (Fig. 3, L–O)
in wild-type EdU-stained flies. As shown (Fig. 3, L–M0), both
anaphase and S phase GSCs appear to retain the higher amount
of CID. Quantitation revealed that at S phase, GSCs retain 14%
more CID compared with CBs (Fig. 3 N; ratio GSC/CB = 1.14 ±
0.04, n = 27 couples GSC-CB analyzed; anaphase data not de-
picted because of the low number of cells analyzed). Further-
more, this value is not significantly different from the values
found at prometaphase for GSC chromosomes (Fig. 3 N). Finally,
we assessed whether centromeres that harbor more CID make
bigger kinetochores, which could bias segregation (Drpic et al.,
2018). For this, we quantified the amount of CENP-C in repli-
cating GSC-CB couples (Fig. 3, O–O0), detecting a higher amount
in GSCs (Fig. 3 P, ratio GSC/CB = 1.27 ± 0.05, n = 36 GSC-CB
couples analyzed). These results suggest that chromosomes are
labeled with a differential amount of CID upon centromere as-
sembly. Moreover, chromosomes inherited by the GSCs harbor
more CID and make bigger kinetochores that capture more
spindle fibers compared with CB chromosomes.

In GSCs, CAL1 is crucial for division and differentiation, as well
as CID and CENP-C recruitment to centromeres
To test the role of centromeres in stem cell asymmetric division,
we performed functional analyses knocking down CID and CAL1
in GSCs (Dietzl et al., 2007). Controls stained for VASA and the
spectrosome (1B1) showed germaria filled with germ cells (Fig.
S4 A) and GSCs having a round spectrosome attached to the cap
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Figure 3. Sister chromatids of GSCs and CBs retain differential amounts of CID and CENP-C. (A–D9) Superresolution (N-SIM) z-stack projection of a GSC
at prometaphase (A–B9) and metaphase (C–D9) stained for DAPI (cyan), anti-1B1 (spectrosome, magenta), anti-CID (red), and anti-H3T3P (green). (E) Ratio of
the total amount of CID detected on the chromosomes of the GSC side and the total amount of CID detected on the chromosomes of the CB side, and similarly
for the control CCA and CCB sides of cyst cells (CC). (F–I9) Confocal z-stack projection of a GSC at prometaphase (F–G9) and metaphase (H–I9) stained for DAPI
(cyan), anti-TUBULIN (red), and anti-H3T3P (green). (J–K9) Confocal z-stack projection of a GSC at metaphase stained for anti-TUBULIN (red), anti-CID (green).
(L–L0) Confocal z-stack projection of a H2Av-RFP/CID-GFP germarium, capturing a GSC and CB at anaphase. (M–M0) Confocal z-stack projection capturing a
GSC and CB at S phase stained for DAPI (cyan), EdU (white), and anti-CID (green). (N) Comparison of the ratio of the total amount of CID detected on the
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cells (Fig. S4 A, arrows). As expected for an essential gene, CID
knockdown resulted in empty ovaries with no VASA-positive
cells, and therefore no germ cells (Fig. S4 A). For the CAL1
knockdown, we confirmed a >10-fold depletion of CAL1 ex-
pression through real-time qPCR (Fig. 4 A, see Materials and
methods). Phenotypic analysis of CAL1-depleted ovaries showed
they were largely empty (Fig. S4 A). However, 18% of germaria
(3 of 16) showed the presence of a few cells (1–3) that were VASA
positive with a round spectrosome and located 90% of the time
at the apical end of germaria (Fig. S4 A). Older flies (7 d after
eclosion) showed a higher frequency of this phenotype (∼30%, 5
of 16 germaria; not depicted). The 1–3 cells left show all the
features of GSCs (Fig. 4, BI–BIV). They are VASA positive (Fig. S4
A) and located at the apical end of the germarium close to the
terminal filament in the niche; have a round spectrosome (Fig.
S4 A, compare Fig. 4, BII and CII); stain positive for phospho-
rylation of mothers against Dpp (pMAD), a BMP signaling in-
dicator present in GSCs (Song et al., 2004; compare Fig. 4, BIII
and CIII); and do not express the differentiation marker bag of
marbles (BAM; Fig. S4 B). This analysis confirms that also in
stem cells, CAL1 is crucial for cell division and therefore also for
differentiation.

Given that CAL1 is located at both centromeres and nucleoli,
we investigated the depletion of both CAL1 pools in GSCs. In
nanos-Gal4 flies (Fig. S4 C), CAL1 colocalizes with both CENP-C
and the nucleolar marker FIBRILLARIN (Fig. S4 C). In the CAL1
knockdown samples, CAL1 is still present in the nucleolus of
GSCs, colocalizing with FIBRILLARIN (Fig. S4 C); however, it is
missing from the centromeres, as we could not distinguish any
CAL1 signal outside of the nucleolus overlapping with CENP-C
(Fig. S4 C). Indeed, neither CENP-C nor CID is detectable at
centromeres in the knockdown GSCs (Fig. 4, D and E). From our
observations, we conclude that (a) knockdown depletes the pool
of CAL1 at centromeres, but not the one at the nucleolus; and (b)
knockdown of centromeric CAL1 is responsible for the loss of
functional centromeres in GSCs.

Overexpression of CAL1 and CID, as well as HASPIN
knockdown, promotes stem cell self-renewal
To further explore centromere function in GSCs, we performed
overexpression of CID, CAL1, or CAL1 together with CID. For this
purpose, we crossed flies carrying CID-mCherry (CID_OE),
CAL1-YFP (CAL1_OE), or both CAL1-YFP and CID-mCherry
(CAL1-CID_OE) transgenes to a nanos-Gal4 driver line. Ovaries
from F1 progeny were screened for correct localization of the
fusion proteins, confirmed using antibody staining against CID
and FIBRILLARIN (Fig. S5, A–O9). As expected, the nanos-Gal4
control does not show any YFP or RFP fluorescence (Fig. S5,
A–E9). In the CAL1-CID_OE, CAL1-YFP colocalizes with

CID-mCherry and with CID antibody (Fig. S5, F–I [arrow] and
Fig. S5 J), but we could not detect any colocalization with FI-
BRILLARIN in nucleoli (Fig. S5, F9–I9 [arrow] and Fig. S5 J9). In
the CAL1_OE, CAL1 localizes as expected at centromeres (Fig.
S5, K–N, arrows, and Fig. S5 O) and at nucleoli (Fig. S5, K–N9
[arrowheads] and Fig. S5 O9). We also show that CID_OE co-
localizes with CID antibody (Fig. S5 P). We next quantified the
number of round spectrosomes, using antibody staining against
1B1, indicative of GSC and CB cells (Fig. 5, A–D andM). In nanos-
Gal4, we found an average of two spectrosomes/germarium
(Fig. 5 A [arrows] and Fig. 5 M; nanos-Gal41B1 = 1.84 ± 0.16, n =
30 germaria). In the CID_OE and CAL1-CID_OE, this number
increases ∼1.4-fold (Fig. 5, B and C [arrows] and Fig. 5 M, CI-
D_OE1B1 = 2.70 ± 0.24; CAL1-CID_OE1B1 = 2.61 ± 0.17, n = 30
germaria), while in the CAL1_OE, the number almost doubles
(Fig. 5 D [arrows] and Fig. 5 M; CAL1_OE1B1 = 3.51 ± 0.31, n = 30
germaria). To measure the GSC/CB balance, we used the stem
cell marker pMAD (Song et al., 2004) and SEX-LETHAL (SXL;
Fig. 5, E–L and N), a marker that labels the GSC–CB transition.
SXL is present from GSCs up to the two-cell cyst stage and can
therefore be used to define the size of the germarium compart-
ment containing GSCs and early differentiated cells (Chau et al.,
2009). Our quantification shows that nanos-Gal4 germaria have
approximately one pMAD-positive cell (nanos-Gal4pMAD = 1.36 ±
0.10, n = 30 germaria; Fig. 5, E andN), while this number doubles
in all the overexpression lines (Fig. 5, F–H and N; CAL1-CI-
D_OEpMAD = 2.10 ± 0.13; CAL1_OEpMAD = 2.20 ± 0.13 and CID_OE
= 2.46 ± 0.15). SXL staining revealed that there is no difference in
the number of SXL-positive cells between the nanos-Gal4 control,
CID_OE, or CAL1-CID_OE (nanos-Gal4SXL = 4.80 ± 0.33, n = 30
germaria; CAL1-CID_OESXL = 4.86 ± 0.25; CID_OE = 4.93 ± 0.30;
Fig. 5, I–K and N), while overexpression of CAL1 alone is re-
sponsible for an increase in the number of SXL-positive cells
compared with the control (CAL1_OESXL = 6.86 ± 0.27, n = 30
germaria; Fig. 5, L and N). This analysis shows that CID, CAL1-
CID, and CAL1 overexpression leads to an increase in the number
of GSCs compared with the control. We next calculated the SXL/
pMAD ratio as a measure for the number of GSCs, CBs, and two-
cell cysts in the germarium. In control germaria, there are 3.5 SXL-
positive cells for each pMAD-positive cell (nanos-Gal4SXL/pMAD =
3.53 ± 0.29). This ratio does not change in the CAL1_OE (CAL1_-
OESXL/pMAD = 3.38 ± 0.22), which indicates that differentiation
occurs at an expected rate comparedwith the control. However, in
the CAL1-CID_OE and CID_OE, ∼2 SXL-positive cells are present
for each pMAD-positive cell (CAL1-CID_OESXL/pMAD = 2.47 ± 0.23;
CID_OESXL/pMAD = 2.23 ± 0.19; Fig. S5 Q). This means that GSCs
overexpressing CAL1-CID and/or CID self-renew rather than dif-
ferentiate. To exclude the possibility that phenotypes were due to
the genetic background of the responder flies, we conducted the

chromosomes of the GSC side and the total amount of CID detected on the chromosomes of the CB side at prometaphase, and the amount of CID detected
between GSCs and CBs at S phase. (O–O0) Confocal z-stack projection of a GSC and CB at S phase stained for DAPI (cyan), EdU (white), and anti-CENP-C
(yellow). (P) Comparison of the ratio of CID and CENP-C between GSCs and CBs at S phase. White line, cap cells; arrowheads, spectrosome. Data are rep-
resented as the mean ± SEM; P value in E calculated through the use of different tests: unpaired t test with Welch’s correction (plotted); Mann–Whitney U test
P value = 0.0244; Wilcoxon matched-pairs signed rank test P value = 0.0195; n.s., not significant. In A–L0, 30-min-old female flies; in N–O0, <1-d-old female
flies; scale bar, 5 µm; inset, 1 µm.
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same analysis on lines in which the overexpression is not induced
and found similar values to the nanos-Gal4 control (not depicted).
Altogether, our results suggest that the overexpression of CAL1
and CID together, as well as CID alone, promotes self-renewal,
while CAL1 overexpression stimulates proliferation.

Because we found that HASPIN has a role in CID assembly,
and given its proposed role in GSC asymmetric division in male
flies (Xie et al., 2015), we tested whether HASPIN knockdown
disrupts the GSC/CB balance in the germarium. We found that
HASPIN knockdown germaria have a higher number of round
spectrosomes, as well as a higher number of pMAD-positive
cells, compared with the control (nanos-Gal41B1 = 2.6 ± 0.19, n =
60 germaria analyzed; nanos-Gal4pMAD = 1.72 ± 0.10, n = 54
germaria analyzed; HASPIN_RNAi1B1 = 3.80 ± 0.19, n = 60 ger-
maria analyzed; HASPIN_RNAipMAD = 3.01 ± 0.13, n = 54 ger-
maria analyzed; Fig. 5, O–S). These results confirm that also
HASPIN regulates GSC/CB content in Drosophila germaria.

GSC self-renewal disrupts asymmetric inheritance of CID
To investigate whether the asymmetric inheritance of CID be-
tween GSC and CB has a role in regulating the stem cell asym-
metric division (Fig. 5), we quantified the amount of CID in

replicating GSC-CB couples in controls, CAL1-CID_OE, and
HASPIN knockdown germaria (Fig. 6, A–D). We again observed
CID asymmetry in control couples (Fig. 6, A, A9, and D; ratio
GSC/CB = 1.18 ± 0.04, n = 22 GSC-CB couples analyzed). Notably,
CID asymmetry is lost in both CAL1-CID_OE or HASPIN
knockdown couples (Fig. 6, B–D, ratio GSC/CB: CAL1-CID_OE =
1.02 ± 0.06, n = 24 GSC-CB couples analyzed; HASPINRNAi = 1.00
± 0.03, n = 20 GSC-CB couples analyzed). This result indicates
that in germaria enriched with GSCs at the expense of CBs, there
is also a loss of asymmetric CID inheritance.

To examine CAL1 and CID requirements at later stages of egg
development, we performed knockdown experiments for CENPs
using the bam-Gal4 driver (active in 4–8-cell cysts). Ovaries
were stained for VASA and BAM to mark 4–8-cell cysts. Sur-
prisingly, we noticed that cell division past this stage is not
impaired by depletion of either CID or CAL1 (Fig. 6, E–G). Re-
markably, in the CID RNAi, we did not observe a significant
diminishment of CID compared with the control (Fig. 6, E and F).
In the CAL1 RNAi, CID levels appear to be reduced, but cell di-
vision proceeds normally (Fig. 6, E and G). In 16-cell cysts, after
the BAM region, we confirmed a reduction of CAL1 in the CAL1
knockdown samples compared with the bam-Gal4 driver (Fig.

Figure 4. CAL1 knockdown blocks cell proliferation. (A) CAL1 knockdown confirmation by real time qPCR. (B and C) Confocal z-stack projection of nanos-
Gal4 (B) and CAL1 RNAi (C) germaria, stained for DAPI (cyan), anti-1B1 (spectrosome, red), and anti-pMAD (labels GSCs, yellow). (D and E) Confocal z-stack
projection of nanos-Gal4 (D) and CAL1 RNAi germaria (E), stained for DAPI (cyan), anti-1B1 (spectrosome, red), anti-CID (green), and anti-CENP-C (yellow). Star
indicates the terminal filament; dotted lines represent follicle cells; 3-d-old female flies; scale bar, 10 µm; DV and EV, 5 µm.
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S5 R). To check the impact of CAL1 reduction on centromere
assembly, we antibody-stained samples against CENP-C. In the
control cysts, identified through the fusome morphology (Fig. 6,
H9–K9, arrows in Fig. 6 I9), two to four centromere foci closely
opposed to the nucleolus are normally visible (Unhavaithaya and
Orr-Weaver, 2013; Fig. 6, J9–K9). In the CAL1 knockdown sample
(Fig. 6, L9–O9), we did not observe any change in the amount of
CENP-C (Fig. 6, N9–O9). Since CID/CENP-C levels were not de-
creased after expression of CID/CAL1 RNAi using the bam-Gal4
driver, we sought to confirm this knockdown approach in ger-
maria. Therefore, we tested the functionality of the driver on

another centromere protein (CENP-C). Our results (Fig. S5 S)
confirm effective CENP-C knockdown at this stage. In addition,
since other drivers successfully knocked down CAL1 and CID,
this observation supports the idea that at this stage CID and
CENP-C are already assembled at centromeres and that CAL1
function is dispensable, at least for the cell division occurring
after the eight-cell stage.

CID assembly dynamics differ between GSCs and cysts
To better understand the dynamics of CID assembly in GSCs and
differentiated CCs, we measured the amount of CID per nucleus

Figure 5. CID and CAL1 overexpression and HASPIN knockdown promote stem cell self-renewal. (A–D)Wide-field z-stack projection of nanos-Gal4 (A),
UAS_ CID-mCherry (CID_OE; B) UAS_CAL1-YFP_UAS_CID-mCherry (CAL1-CID_OE; C), and UAS_CAL1-YFP (CAL1_OE; D) germaria, stained for VASA (cyan) and
anti-1B1 (spectrosome, red). (E–L) Confocal z-stack projection of nanos-Gal4 (E and I), CID_OE (F and J), CAL1-CID_OE (G and K), and CAL1_OE (H and L)
germaria, stained for anti-pMAD (green) and anti-SXL (red). (M) Spectrosome quantification. (N) pMAD and SXL quantification. (O–R) Wide-field z-stack
projection of nanos-Gal4 (O and P) and HASPIN RNAi (Q and R) germaria stained for DAPI (cyan), anti-pMAD (green), and anti-1B1 (spectrosome red).
(S) Spectrosome (left) and pMAD (right) quantitation in nanos-Gal4 and HASPIN RNAi. Data are represented as the mean ± SEM; ***, P < 0.0005; **, P < 0.005,
n.s., not significant; calculated with unpaired t test with Welch’s correction. Star, terminal filament; arrows, spectrosome; arrowheads, pMAD-positive cells;
dotted line, SXL regions; solid line, germarium; 3-d-old female flies; scale bar, 10 µm.
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in both cell types to detect possible differences. We used H3S10P
to mark GSCs and synchronously dividing eight-cell cysts at
prophase (Fig. 7, A–F9). We noted that anti-CID staining at pro-
phase labels centromeric CID but also shows a nuclear non-
centromeric localization. As we did not observe this localization
with CID-GFP, it is possible that it results from this specific

antibody combination. Therefore, we focused our quantification
on centromeric CID signals only. Compared with prophase GSCs,
CC nuclei are smaller, yet centromeric foci are present in a
similar number. From our quantification, we detected an ∼40%
diminishment in the total amount of CID in CCs at the eight-cell
stage (CC = 323.4 ± 20.94, n = 26 cell analyzed; Fig. 7 I), compared

Figure 6. GSC self-renewal disrupts CID asymmetric in-
heritance. (A–C9) Wide-field z-stack projection of nanos-Gal4
(A and A9), CAL1-CID_OE (B and B9), and HASPIN RNAi (C and
C9) germaria stained for 1B1 (spectrosome, cyan), EdU (white),
anti-CID (red). (D) Ratio of the total amount of CID detected in
the GSC and the total amount of CID detected in the CB at S
phase. (E–G) Confocal z-stack projection of bam-Gal4 (E), CID
RNAi (F), and CAL1 RNAi (G) germaria, stained for anti-BAM
(red) and anti-CID (green). (H–O9) Confocal z-stack projection
of bam-Gal4 (H–K9) and CAL1 RNAi (L–O9) germaria, stained for
DAPI (blue), anti-1B1 (red), anti-FIBRILLARIN (red), and anti-
CENP-C (yellow). 16-cell cysts were selected based on the fu-
some morphology (arrow) in the control (H9–K9) and in the CAL1
RNAi (L9–O9). Data are represented as the mean ± SEM; *, P <
0.05; **, P < 0.005, calculated with unpaired t test with Welch’s
correction. Star, terminal filament; dotted line, end of the BAM-
positive region; arrow, fusome; solid line, germarium; 3-d-old
female flies; scale bar, 10 µm; inset, 5 µm.
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with GSCs (GSC = 547.2 ± 41.57, n = 24 cell analyzed; Fig. 7 I). This
indicates a dramatic change in CID assembly dynamics, such that
it is not replenished to 100% each cell division. Taken together
with our observation of no significant reduction in CID after CID
or CAL1 RNAi at this stage (Figs. 6 and S5), these data suggest
that CID is inherited from the GSCs with little new CID loading
occurring in cysts.

Discussion
In this study, we performed a detailed characterization of cen-
tromere dynamics throughout the cell cycle in Drosophila female
GSCs. Our analysis reveals that GSCs initiate CID incorporation
after replication and that its deposition continues until at least
prophase (Fig. 7 H). Drosophila neural stem cells follow the same
trend. Notably, this timing is different from existing studies in
other metazoans. We also found that CYCA, CYCB, and HASPIN
are critically involved in CID (and CENP-C) loading at cen-
tromeres. According to our model (Fig. 7 H), CYCA promotes
centromere assembly, while CYCB prevents excessive deposition
of CID, through the HASPIN kinase. Moreover, chromosomes
that will be inherited by GSCs are labeled with a higher amount
of CID and capture more spindle microtubules (Fig. 7 J). Impor-
tantly, we show that overexpression of CAL1 and CID together, as
well as HASPIN knockdown, promotes stem cell self-renewal,
disrupting the asymmetric inheritance of CID. Depletion of CAL1
in stem cells blocks cell division, while CAL1 overexpression
causes GSC-like tumors, highlighting its crucial role in cell pro-
liferation. We raise three main points of discussion: (1) the bio-
logical significance of centromere assembly in G2-M phase; (2)
CAL1 is a cell proliferation marker; and (3) CID incorporation
into centromeric chromatin occurs before meiosis.

Biological significance of centromere assembly in G2-M phase
Cell cycle time
According to our data, CID deposition occupies a widewindow of
time from after replication and early G2 phase to prophase. The
assembly of GSC centromeres during the G2/M transition could
be due to the contraction of the G1 phase, a characteristic of stem
cells (Pauklin and Vallier, 2013; White and Dalton, 2005; Becker
et al., 2006). Yet, in fly embryonic divisions, G1 phase is missing,
and instead CID loading occurs at anaphase (Schuh et al., 2007).
Therefore, G2/M assembly might be a unique property of stem
cells. This timing is also similar to the one found for Drosophila
spermatocytes, which assemble centromeres in prophase of
meiosis I (Dunleavy et al., 2012; Raychaudhuri et al., 2012).
These spermatocytes undergo an arrest in prophase I for days,
indicating a gradual loading of CID over a long period of time.
Intriguingly, a similar phenomenon has been recently observed
in G0-arrested human tissue culture cells and starfish oocytes
(Swartz et al., 2019). Given that GSCs are mostly in G2 phase
(Yamashita et al., 2003), Drosophila stem cells might show sim-
ilar properties to quiescent cells. According to the most recent
models, there is a dual mechanism for CENP-A deposition: (a)
a rapid pulse during G1 in mitotically dividing cells; and (b) a
slow but constant CENP-A deposition in nondividing cells to
actively maintain centromeres (Swartz et al., 2019). Indeed,

while previous studies in Drosophila NBs show a rapid pulse of
CENP-A incorporation at telophase/G1 (Dunleavy et al., 2012),
the majority of the loading could occur between G2 and pro-
phase. Our new results also support this model.

Cell cycle regulation
Incorporation of CID before chromosome segregation might
reflect a different CYCLIN-CDK activity in these cells. For in-
stance, it has been already shown that in Drosophila GSCs CY-
CLIN E, a canonical G1/S cyclin, exists in its active form (in
combination with Cdk2) throughout the cell cycle, indicating
that some of the biological process commonly occurring in G1
phase might actually take place in G2 phase (Ables and
Drummond-Barbosa, 2013). This is in line with our functional
findings, where depletion of CYCA causes a decreased efficiency
in CID and CENP-C assembly. We also found that this loss might
be independent from CAL1. Surprisingly, correct CID deposition
in GSCs also requires CYCB and HASPIN. Indeed, an inhibitory
mechanism for CID deposition through CYCB has already been
proposed in mammals (Stankovic et al., 2017). Interestingly, in
Drosophila male GSCs, centromeric CAL1 is reduced between G2
and prometaphase (Ranjan et al., 2019), further suggesting a role
for additional regulators of CID assembly, such as CYCA/B or
HASPIN, at this time.

Epigenetic mechanism to drive cell fate during stem cell
asymmetric division
According to our results, asymmetric cell division of GSCs is
epigenetically regulated by differential amounts of centromeric
proteins deposited at sister chromatids, which in turn can in-
fluence the attachment of spindle microtubules and can ulti-
mately bias chromosome segregation. It is interesting to
speculate on the temporal sequence of these events. Two sce-
narios can be proposed: (a) the nucleation of microtubules from
the GSC centrosome requires bigger kinetochores; or (b) bigger
kinetochores require a higher amount of spindle fibers to attach.
Our results together with recent studies support the latter sce-
nario. In fact, in Drosophila male GSCs, asymmetric distribution
of centromeric proteins is established before microtubule at-
tachment. Furthermore, microtubule disruption leaves asym-
metric loading of CID intact, while it disrupts the asymmetric
segregation of sister chromatids (Ranjan et al., 2019). Our data
confirm this model, as we observe symmetric segregation of CID
upon HASPIN knockdown. Indeed, in vertebrates HASPIN
knockdown causes spindle defects (Wang et al., 2012; Yamagishi
et al., 2010; Kelly et al., 2010). Specifically, we observed that a
1.2-fold difference in CID and CENP-C levels between GSC and
CB chromosomes can bias segregation. While this difference is
small, it fits with the observation that small changes in CENP-A
level (on the order of 2–10% per day) impact on centromere
functionality in the long run (Swartz et al., 2019). In Drosophila
male GSCs, an asymmetric distribution of CID on sister chro-
matids >1.4-fold was reported (Ranjan et al., 2019). This higher
value might reflect distinct systems in males and females or
the quantitation methods used. Importantly, CID asymmetry
in males is established in G2/prophase, in line with the time
window we define for CID assembly. Further support for
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unexpected CID loading dynamics comes from our finding
that GSCs in G2/prophase contain ∼30% more CID on average
compared with S phase, indicating that CID is not replenished
to 100% each cell cycle. Interestingly, the time course of
H3T3P appearance during the GSC cell cycle closely follows
the timing of CID incorporation, suggesting that the asym-
metric deposition of CID might drive the differential phos-
phorylation of the histone H3 on sister chromatids. Finally,
our results are in line with findings that the long-term re-
tention of CENP-A in mouse oocytes has a role in establishing
asymmetric centromere inheritance in meiosis (Smoak et al.,
2016).

CAL1 is a cell proliferation marker
Our functional studies support a role for CAL1 in cell prolifera-
tion, with no apparent role in asymmetric cell division (Figs. 4
and 5). Indeed, centromeric proteins have been already pro-
posed as biomarkers for cell proliferation (Swartz et al., 2019).
Specifically, our functional analysis of centromeric proteins, as
well as the HASPIN kinase, allowed us to discriminate between
the classic role of centromeres in cell division and a role in
asymmetric cell division. In our favorite scenario, CAL1 is
needed to make functional centromeres crucial for cell division,
while the asymmetric distribution of CID sister chromatids
regulates asymmetric cell division and might depend on other

Figure 7. Cyst cells incorporate less CID compared with GSCs. (A–F9) Confocal z-stack projection of a nanos-Gal4 germarium, stained for DAPI (cyan), anti-
CID (green), and anti-H3S10P (red), to highlight a GSC (A–C9, arrow) and eight-cell cysts (D–F9, circle) in prophase. (G) Quantification of CID fluorescence
intensity (integrated density) at centromeres in GSCs and eight-cell cysts at prophase obtained using wide-field microscopy. Data are represented as the mean
± SEM; ***, P < 0.0001. Star, terminal filament; 3-d-old female flies; scale bar, 10 µm. (H) Model for centromere assembly during the cell cycle. After rep-
lication, at early G2 phase, centromere assembly starts, promoted by CYCA, and centromeric nucleosomes (green) replace canonical nucleosomes (gray). This
process continues until at least prophase. Excessive CID deposition is prevented by CYCB through HASPIN. At prometaphase, microtubules from centrosomes
attach to centromeres through the kinetochore. At this point, sister chromatid pairs are loaded with differential amounts of CID (green) and CENP-C (not
depicted) at centromeres. Chromosomes that retain more CID (bigger centromeres, figurative), make bigger kinetochores and attract more microtubules
nucleating from the daughter centrosome (orange) and will be inherited by the GSC. At anaphase, and at replication, centromeres are clustered at the opposite
sides of the two daughter nuclei. CID and CENP-C asymmetry is detected also at S phase. Telophase and G1 are shown as transparent because of the lack of
data for these two phases. CID overexpression or HASPIN knockdown promotes GSC self-renewal and disrupts CID asymmetric inheritance.
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factors, such as HASPIN. However, we cannot rule out that the
effects on cell fate observed with our functional analysis might
reflect alternative CAL1 functions outside of the centromere, for
example due to changes in chromosome structure or gene
expression.

CID incorporation into centromeric chromatin occurs
before meiosis
Centromeres are crucially assembled in GSCs and therefore
before meiosis of the oocyte takes place. Thus, it is possible that
the 16-cell cysts inherit centromeric proteins synthesized and
deposited in the GSCs, and the rate of new CID loading is re-
duced. This would explain why CAL1 function at centromeres is
dispensable at this developmental stage.

Ultimately, our results provide the first functional evidence
that centromeres have a role in the epigenetic pathway that
specifies stem cell identity. Furthermore, our data support the
silent sister hypothesis (Lansdorp, 2007), according to which
centromeres can drive asymmetric division in stem cells.

Materials and methods
Generation of transgenic flies
Transgenic lines expressing either C-terminal tagged CAL1-YFP,
or CID with the mCherry tag inserted between the N-terminus
and the histone fold domain (CID-mCherry), or both (CAL1-YFP-
CID-mCherry) under control of UASp sequences were generated
by transposable (P) element transformation of pUASp vector
(kind gift from X. Chen, Johns Hopkins University, Baltimore,
MD) in w1118embryos (injection, selection, and balancing by
BestGene). Specifically, CAL1-YFP and CID-mCherry constructs
were placed in tandem following UASp sequences in the same
plasmid. cid and cal1 cDNA were amplified from wild type (Or-
egon R). mCherry containing three codons for glycine residues
at both sides was inserted in between cid N-terminal and cid
C-terminal as described (Schuh et al., 2007). Cloning of
pUASp_CID-mCherry and pUASp CAL1-YFP was performed
through Gibson Assembly (NEB), combining multiple fragments
including the gene of interest and the FP tag. Primer sequences
used are as follows. (1) pUASp-CID-mCherry, pUASp-CID-Nt_Fw:
59-AGGCCACTAGTGGATCTGGATCCTATGCCACGACACAGCAGA
GCCAAGC-39; CID-Nt_Rv-mCherry: 59-ATCCTCCTCGCCCTTGCT
CACCATACCACCACCGGTCTGGTTTTGCGCA-39; mCherry_Fw-
CID-Nt: 59-TGCGCAAAACCAGACCGGTGGTGGTATGGTGAGCAA
GGGCGAGGAGGAT-39; CID-Ct_Fw: 59-GCATGGACGAGCTGTAC
AAGGGTGGTGGTAGGCGGCGCAAAGCGGCCAA-39; mCherry-Rv:
59-TTGGCCGCTTTGCGCCGCCTACCACCACCCTTGTACAGCTCG
TCCATGC-39; CID-Ct-pUASp_Rv: 59-TTAACGTTAACGTTCGAG
GTCGACTCTAAAATTGCCGACCCCGGTCGCA-39; (2) pUASp-CA
L1-YFP, pUASp-CAL1_Fw: 59-ATAGGCCACTAGTGGATCTGGATC
CTATGGCGAATGCGGTGGTGGACGA-39; CAL1-YFP_Rv: 59-TCC
TCGCCCTTGCTCACCATCTTGTCACCGGAATTATTCTCGAGT
ATGC-39; CAL1-YFP_Fw: 59-CAGCATACTCGAGAATAATTCCGGTG
ACAAGATGGTGAGCAAGGGCGAGGA-39; pUASp-YFP_Rv: 59-GTT
AACGTTAACGTTCGAGGTCGACTTTACTTGTACAGCTCGTCCATG
C-39. pUASp-CAL1-YFP_UAS_CID-mCherrywas performed through
restriction cloning of the fragment CAL1 YFP and UASp sequence

into the pUASp-CID-mCherry plasmid in front of CID-mCherry.
Primers of the UASp sequence used are as follows. EcoRI-UASp_Fw:
59-CCGAATTCTTACATACATACTAGAATTGGC-39; UASp-NotI_Rv:
59-CCGCGGCCGCTGCACTGAATTTAAGTGTATACTTC-39.

Fly stocks and husbandry
Stocks were cultured on standard cornmeal medium (NUTRI-
fly) preserved with 0.5% propionic acid and 0.1% Tegosept at
20°C under a 12-h light-dark cycle. UAS-RNAi lines were ob-
tained from the Bloomington Stock Center (CYCA 35694; CYCB
38981; HASPIN 57787) and Vienna Drosophila RNAi Center
(CAL1 45248; CENP-A/CID 102090). The germline-specific pro-
moters nanos and bamwere used to drive GAL4 expression (P{w
[+mC] = UAS-Dcr-2.D}1, w[1118]; P{w[+mC] = GAL4-nos.NGT}
40, provided by Bloomington Stock Center, #25751; bam-Gal4
was a kind gift from M.T. Fuller, Stanford University,
Stanford, CA).

Crosses were performed at 20°C, 25°C, and 29°C, specifically:
CAL1 and CID knockdown using the nanos-Gal4 driver were
performed both at 25°C and 20°C, while CAL1 and CID knock-
down using the bam-Gal4 driver were both conducted at 29°C.
CYCA knockdown with nanos-Gal4 driver was performed at
25°C. CYCB knockdown using the nanos-Gal4 was performed at
25°C, HASPIN knockdown using the nanos-Gal4 driver was
performed at 20°C, and then larvae were moved at 29°C for 8 d.
Crosses for overexpression were performed using nanos-Gal4
driver at 25°C. Transgenic lines expressing GFP-tagged CENP-
A/CID and RFP-tagged H2Av (heterozygotes; Schuh et al., 2007)
under respective endogenous promoters were a kind gift from C.
Lehner (University of Zurich, Zurich, Switzerland). Results ob-
tained from each experiment rely on three biological replicates,
unless otherwise specified.

Immunofluorescence
GSCs usually undergo mitotic division at very low frequency
(Yamashita et al., 2003); therefore, to increase our chance to
catch multiple cell cycle phases during cell division at once, we
used young female flies (<1 d old) for centromere assembly
quantifications and measurements of the asymmetry in the
replication couples. To quantify metaphase GSCs in Fig. 3, we
used young female flies 30 min old. For all the other experi-
ments, we used 3-d-old female flies. Ovaries from young adult
females were dissected in 1× PBS and fixed in 4% PFA. For
quantification of CID in NBs, brains from third-instar larvae
were dissected and fixed as described above. To carry out the
tubulin staining, ovaries were fixed in ice-cold methanol for
20 min at 4°C, followed by acetone at −20°C for an additional
2 min. After fixation, samples were immediately washed in 1×
PBS, 0.4% Triton X-100 (0.4PBT). Samples were then blocked in
0.4PBT with 1% BSA for 3–4 h at room temperature and incu-
bated with primary antibodies (in blocking buffer) overnight at
4°C and with secondary antibodies (in blocking buffer) for 1 h at
room temperature.

EdU assays
Ovaries from young female flies were dissected and incubated
for 30 min with EdU (0.01 mM) in 1× PBS and then fixed as
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described. After washing in 0.4PBT, ovaries were incubated for
30 min in the dark with 2 mM CuSO4, 300 uM fluorescent azide
and 10 mM ascorbic acid. Samples were then washed with
0.4PBT for 10 min and then blocked and stained as
described above.

Antibodies
For immunostaining, the following antibodies were used: rabbit
anti-CENP-A (CID) antibody (Active Motif 39719; 1:500), rat
anti-CID (Active Motif 61735; 1:500), guinea pig anti-CENP-C
(Erhardt et al., 2008; 1:1,000), sheep anti-CENP-C aa 1-732 (this
study, 1:2,000), rabbit anti-H3S10P (Abcam ab5176, 1:1,000),
mouse anti-H3S10P (Abcam ab14955; 1:1,000), rabbit anti-
H3T3P (MERK 05-746R; 1:1,000), rabbit anti-VASA (Santa
Cruz sc-30210; 1:250), goat anti-VASA (Santa Cruz sc-26877;
1:100), mouse anti-Fibrillarin (Abcam ab4566; 1:500), mouse
anti-BAM (Developmental Studies Hybridoma Bank ab10570327;
1:10), mouse anti-CYCA (Developmental Studies Hybridoma
Bank, A12 ab528188; 1:250 of the concentrated version), mouse
anti-CYCB (Developmental Studies Hybridoma Bank, F2F4
ab2245815; 1:250 of the concentrated version), rabbit anti-pMAD
(Abcam ab52903; 1:250), mouse anti-SPECTROSOME/1B1 (De-
velopmental Studies Hybridoma Bank ab528070; 1:50), rat anti-
DEADPAN (Abcam 195173; 1:100), mouse anti-tubulin (Abcam
ab44928; 1:100), and rabbit anti-CAL1 (Bade et al., 2014; 1:1,000).

Confocal microscopy
Images of immunostained ovaries mounted in SlowFade Gold
antifade reagent (Invitrogen S36936) were taken using an in-
verted Fluoview 1000 laser scanning microscope (Olympus)
equipped with a 60× oil-immersion UPlanS-Apo objective (NA
1.2). The samples were excited at 404, 473, 559, and 635 nm,
respectively, for DAPI and Alexa Fluor 488, 546, and 647. Light
was guided to the sample via D405/473/559/635 dichroic mirror
(Chroma). The emission light was guided via a size-adjustable
pinhole, set at 115 µm. Fluorescence passed through a 430–455-,
490–540-, 575–620-, 655–755-nm bandpass filter for detection of
DAPI and Alexa Fluor 488, 546, and 647, respectively, in se-
quential mode. Images were acquired as z-stacks with a step size
of 0.5 µm.

Superresolution microscopy
Superresolution images of immunostained ovaries mounted in
SlowFade Gold antifade reagent (Invitrogen S36936) were ac-
quired using structured illuminationmicroscopy (SIM). Samples
were prepared on high precision cover glass (Zeiss). 3D SIM
images were acquired on an N-SIM (Nikon Instruments) using a
100× 1.49-NA lens and refractive index–matched immersion oil
(Nikon Instruments). Samples were imaged using a Nikon Plan
Apo TIRF objective (NA 1.49, oil immersion) and an Andor DU-
897X-5254 camera using 405-, 488-, 561-, and 640-nm laser
lines. Z-step size for Z stacks was set to 0.120 µm as required by
manufacturer software. For each focal plane, 15 images (five
phases, three angles) were captured with the NIS-Elements
software. SIM image processing, reconstruction, and analysis
were performed using the N-SIM module of the NIS-Element
Advanced Research software. Images were checked for artifacts

using the SIM check software (http://www.micron.ox.ac.uk/
software/SIMCheck.php). Images were reconstructed using
NiS Elements software v4.6 (Nikon Instruments) from a z-stack
comprising ≥1 µm of optical sections. In all SIM image re-
constructions, the Wiener and Apodization filter parameters
were kept constant.

Wide-field microscopy
Images of immunostained ovaries mounted in SlowFade Gold
antifade reagent (Invitrogen S36936) were acquired using a
DeltaVision Elite microscope system (Applied Precision) equip-
ped with a 100× oil-immersion UPlanS-Apo objective (NA 1.4).
Images were acquired as z-stacks with a step size of 0.2 µm.
Fluorescence passed through a 435/48, 525/48, 597/45, 632/34
nm bandpass filter for detection of DAPI, Alexa Fluor 488,
mCherry, and Alexa Fluor 647, respectively, in sequential mode.

Quantification
For each quantification, one cell/germarium was considered,
unless specified otherwise. Images from a single cell (nucleus)
were projected (maximum intensity) to capture all the cen-
tromeres present in the cell at a specific cell cycle phase. ImageJ
software (National Institutes of Health; Schneider et al., 2012)
was used to measure fluorescent intensity of CID in the fol-
lowing way (Fig. S1). The background was subtracted from the
projected image. The threshold was adjusted, and the image was
converted to binary. Overlapping centromeres were separated
using the command “watershed.” Next, the command “analyze
particles” was used to select centromeres. Size was adjusted
to eliminate unwanted objects. Finally, integrated density
(MGV*area) or MGVs from each centromere focus were ex-
tracted and used as fluorescent intensity to measure the total
amount of fluorescence per nucleus. In Figs. 1, 2, 3, 6, and S1, we
used the integrated density, because for stages such as replica-
tion, metaphase, and anaphase, centromeres are highly clus-
tered and single centromere foci cannot be separated. In the
quantification of CID in GSCs and cysts, we used the integrated
density, because of the strong clustering observed after projec-
tion of the cysts. In the remaining quantifications of CID (Figs.
2 and S2), we used MGV. Quantification of pMAD- and SXL-
positive cells was obtained by counting the positive cells for
each signal through the z-stack of each image. Statistical analysis
was performed using Prism software. Data distribution was
assumed to be normal, but this was not formally tested. The P
value in each graph shown was calculated with unpaired t test
with Welch’s correction. In addition, for the graph shown in
Fig. 3 E, we used Mann–Whitney U test and the Wilcoxon
matched-pairs signed rank test.

RNA isolation and qPCR
Drivers (nanos-Gal4) and CAL1 knockdown flies were collected
7 d after hatching at 20°C and then dissected to extract ovaries.
Drivers (nanos-Gal4) and HASPIN knockdown flies were col-
lected after crossing was performed as described above. Total
RNA from each sample was stored in TRIzol (Ambion, Life
Technologies, 1559-6026) at −80°C until processing. RNA ex-
traction and purification was performed with RNeasy MinElute
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clean up kit (Qiagen 74204). All the isolated RNAs were then
standardized to the same concentration, and cDNA was syn-
thesized (High Capacity RNA to cDNA, Thermo Fisher Bio-
sciences, 4387406). qPCR was performed using the Applied
Biosystem StepOnePlus Instrument and Power Up Sybr Green
Master mix (Applied Biosystems A25780). The following genes,
from Drosophila genome, were considered for this experiment:
Glyceraldehyde 3-phosphate dehydrogenase (gapdh); Ribosomal
Protein L32 (rpl32/rp49); nuclear-fall-out (nuf); and cal1. Primers
for all the considered genes were designed using MacVector to
amplify 75–150-bp fragments of the desired gene (Fig. S2 A).
Before the qPCR experiment, these primers were tested with a
mixture of cDNA from Drosophila ovaries to make sure they
would amplify only a single region from the genome. Next, we
checked primer efficiencies with a dilution curve (10−1 to 10−5) to
make sure their range was within the negligible value of 1.9–2.0.
Among the reference genes considered (gapdh; rpl32/rp49; nuf),
nuf is highly stable at 20°C, between both control and the
knockdown sample. Therefore, qPCR samples were standardized
with nuf, and relative fold change values were calculated in
Microsoft Excel and standardized against our reference gene
based on published formulas (Livak and Schmittgen, 2001). Each
qPCR experiment consisted of two biological replicates, and each
sample was analyzed using three technical replicates per qPCR
experiment. According to the Minimum Information for Publi-
cation of Quantitative Real-Time PCR Experiments (MIQE)
guidelines (Bustin et al., 2009), primer sequences used, relative
efficiency, and amplification factor used in the calculation are as
follows: gapdh, Fw 59-GCTGGTGCCGAATACATCGTGG-39; Rv 59-
CCAAGTTGACGCCGCAAACG-39; efficiency, 90.7%, amplifica-
tion factor, 1.91; rpl32/rpl49, Fw 59-CCGCTTCAAGGGACAGTA
TCTGATGC-39; Rv 59-TTCTGCATGAGCAGGACCTCCAGC-39; ef-
ficiency, 88.1%; amplification factor, 1.89; nuf, Fw 59-TGGCGA
AAATGAGTATCCCACCC-39; Rv 59-GGTTGTGTCCACTGTTGT
TACCCACG-39; efficiency, 105.8%; amplification factor, 2.06;
cal1, Fw 59-GTGAACGACAAGAGATTCCAGCGAC-39; Rv 59-AGT
CCCTGCTCGGTCAGTGTGAAG-39; efficiency, 102.9%; amplifi-
cation factor: 2.03; haspin, Fw 59-ACGTCGAAGCTCAATATG
CCA-39; Rv 59-ACGGAAGTGGTGTACACTGATG-39; efficiency,
109.2%; amplification factor, 2.09.

Online supplemental material
Fig. S1 illustrates the quantification strategy used in this study
and shows the dynamics of CID assembly observed in Drosophila
NBs as well as CYCA and CYCB knockdown confirmation. Fig. S2
shows the disrupted assembly dynamics of CENP-C and CAL1 on
Drosophila GSC chromosomes upon CYCA knockdown. It also
shows HASPIN knockdown confirmation and the temporal
course of the H3T3P marker during Drosophila GSC mitosis. Fig.
S3 shows the images used to determine asymmetric distribution
of CID and spindle microtubules on GSC sister chromatids before
chromosome segregation. Fig. S4 shows the consequences of CID
and CAL1 knockdown using nanos-Gal4 driver on Drosophila
germaria and centromere assembly. Fig. S5 shows the localiza-
tion of overexpressed CAL1-YFP, CAL1-YFP_CID-mCherry, and
CID-mCherry in the transgenic flies generated for this study. It
also shows the ratio of SXL/pMAD-positive cells obtained for

each transgenic line compared with the control and the CAL1
and CENP-C knockdown confirmation using bam-Gal4 driver.
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Figure S1. Centromere assembly occurs after replication but before chromosome segregation. (A–E) Example image used for quantification (from Fig. 1
C, not oriented; see Materials and methods). (F) Diagram of Drosophila larval brain containing NBs (red) and confocal z-stack projection of a section of the tVNC
stained with for DAPI (cyan), anti-CYCA (green), anti-DPN (red), and anti-CID (not depicted). (G) NBs in the tVNC are present in different sizes. (H) Quan-
tification of fluorescence intensity of CID at centromeres in CYCA-negative and -positive NBs. Fluorescence intensity is expressed as integrated density after
background subtraction (see Materials and methods); ***, P < 0.0005. (I–N9) Confocal z-stack projection of a nanos-Gal4 (I–N), CYCA RNAi (I9–K9), and CYCB
RNAi (L–N9) germarium at 25°C, stained for DAPI (blue), anti-CID (red), and anti-CYCA and or CYC B (green). (O–Q9) Confocal z-stack projection of a nanos-Gal4
(O–Q), mCherry RNAi (O9–Q9) germarium. (R–T9) Confocal z-stack projection of a nanos-Gal4 (R–T), CYCA RNAi (R9–T9) germarium stained for DAPI (cyan), EdU
(green), anti-CID (yellow), and anti-1B1 (spectrosome, red). Scale bar, 10 µm; inset, 5 µm.
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Figure S2. CID deposition requires CYCA, CYCB, and HASPIN in Drosophila female GSCs. (A–F0) Confocal z-stack projection of nanos-Gal4 (A–C0), CYCA
RNAi (D–F0) germaria stained for DAPI (blue), anti-CAL1 (green), anti-CENP-C (yellow), and anti-1B1 (spectrosome, red). (G) Quantification of fluorescence
intensity of centromeric CAL1 per nucleus, using CENP-C as a centromeric marker based on two biological replicates. n.s., not significant. (S) Quantification of
fluorescence intensity of CENP-C per nucleus, based on two biological replicates; **, P < 0.005. (H–K9) Confocal z-stack projection of nanos-Gal4 (H–K),
HASPIN RNAi (H9–K9) germaria, stained for DAPI (blue), anti-H3S10P (red), and anti-H3T3P (gray). (L) HASPIN knockdown confirmation by real-time qPCR.
(M–Q) Time course of the H3T3P (white) and H3S10P (magenta) signal appearance. Scale bar, 10 µm; inset, 5 µm.
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Figure S3. Chromosomes retain differential amounts of CID and CENP-C upon centromere assembly in Drosophila female GSCs. (A–N9) Super-
resolution SIM z-stack projection of a Drosophila GSC of a wild-type germarium in prometaphase and metaphase, stained for DAPI (blue), anti-CID (red), anti-
H3T3P (green), and anti-SPECTROSOME (magenta). (O) Diagram of Drosophila germarium, highlighting the four-cell cyst stage containing four CCs.
(P) Superresolution SIM z-stack projection of a germarium capturing four CCs in prometaphase/metaphase, which divide synchronously. (Q–R9) Super-
resolution SIM z-stack projection of a CC at prometaphase. (T) Table of the ratio values obtained for each cell analyzed. (U–Y9) Confocal z-stack projection of a
GSC of a wild-type germarium in prometaphase and metaphase, stained for DAPI (cyan), anti-TUBULIN (red), and anti-H3T3P (green). White line highlights the
cap cells; arrowheads, spectrosome; arrows, fusome (not yet visible in the z-stacks projected); scale bar, 5 µm; inset, 1 µm.

Dattoli et al. Journal of Cell Biology S4

Centromeres drive asymmetric cell division https://doi.org/10.1083/jcb.201910084

D
ow

nloaded from
 http://rupress.org/jcb/article-pdf/219/4/e201910084/1399278/jcb_201910084.pdf by guest on 24 O

ctober 2020

https://doi.org/10.1083/jcb.201910084


Figure S4. CAL1 knockdown blocks cell proliferation. (A) Confocal z-stack projection of nanos-Gal4, CID RNAi, and CAL1 RNAi germaria, stained for DAPI
(blue), anti-VASA (yellow), and anti-1B1 (spectrosome, red). (B) Confocal z-stack projection of bam-Gal4, CID RNAi, and CAL1 RNAi germaria, stained for DAPI
(blue) and anti-BAM (red). (C) Confocal z-stack projection of a nanos-Gal4 (20°C) germarium stained for DAPI (blue) and anti-VASA (yellow), anti-FIBRILLARIN
(magenta), and anti-CAL1 (green) and stained for DAPI (blue), anti-1B1 (red), anti-CENP-C (yellow), and anti-CAL1 (green). Confocal z-stack projection of a CAL1
RNAi (20°C) stained for DAPI (blue), anti-VASA (yellow), anti-FIBRILLARIN (magenta), and anti-CAL1 (green) and stained for DAPI (blue), anti-1B1 (red), anti-
CENP-C (yellow), and anti-CAL1 (green). Star indicates the position of the terminal filament; 3-d-old female flies; scale bar, 10 µm.
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Figure S5. CID and CAL1 overexpression and HASPIN knockdown promote stem cell self-renewal. (A–O9) Wide-field z-stack projection of nanos-Gal4,
UAS_CAL1-YFP_UAS_CID-mCherry (CID-CAL1_OE), and UAS-CAL1-YFP (CAL1_OE) germaria, stained for anti-CID and or anti-FIB (cyan). Star, terminal filament;
arrows, centromeres; arrowheads, nucleolus; 3-d-old female flies. (P)Wide-field z-stack projection of nanos-Gal4 and UAS_CID-mCherry germaria stained for
DAPI (cyan) and anti-CID (green). (Q) Ratio of the number of SXL-positive cells to the number of pMAD-positive cells. n.s., not significant; **, P < 0.005; ***, P <
0.0005. (R) Confocal z-stack projection bam-Gal4 and CAL1 RNAi germaria stained for DAPI (blue), anti-BAM (red) and anti-CAL1 (green). Germ cells belonging
to the 16-cell cyst chamber were selected based on the VASAmarker (not depicted) and the lack of BAM signal in the control and in the CAL1 RNAi. (S) Confocal
z-stack projection of bam-Gal4 and CENP-C RNAi germaria, stained for DAPI (blue), anti-BAM (red), and anti-CENP-C (yellow). Star, terminal filament; white
dotted line in R and S, the end of the BAM-positive region; arrowheads, BAM-positive cells. Scale bar, 10 µm; inset, 5 µm.
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