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1. Summary 
 

To achieve the complex structure of our brains, which drive our 

impressive cognitive and motor functions, a limited number of neural stem 

cells (NSCs) proliferate to generate a diverse pool of neurons and glia during 

development. These NSCs undergo symmetric and asymmetric cell divisions 

and are regulated both spatially and temporally to initiate lineages. During the 

lineage progression, cell fate decisions are made by gene expression 

programs to ensure correct development. Once a cell identity is established, 

its maintenance is assured by epigenetic mechanisms. Understanding the 

mechanisms that control the fate decisions and their maintenance is crucial to 

understand development and the causes of stem cell originated tumors. 

Drosophila neural stem cells, called neuroblasts (NBs), are a well-

established model system for stem cell biology. In larval brain, there are two 

types of NBs: while type I NBs divide asymmetrically to give rise a ganglion 

mother cell (GMC), which ultimately divides to generated two differentiated 

cells, type II NBs instead divide asymmetrically to generate intermediate 

neural progenitors (INPs), a transit amplifying cell population. INPs also 

undergo asymmetric cell division five to six times to give rise to an INP and a 

GMC, that divides one more time to generate neurons or glial cells. While it 

has been shown that NBs employ temporal patterning, a phenomenon where 

a NSC can generate diverse neurons in chronological order, in type II 

lineages, it has been shown that INPs also undergo temporal patterning by 

successively expressing Dichaete (D), grainyhead (grh) and eyeless (ey). 

Previously we have shown that the chromatin remodeling complex subunit 

Osa, and its direct target hamlet (ham) are crucial for the initiation and the 

progression of temporal patterning, respectively. However, the involvement of 

other factors and how these transitions in the patterning is achieved still 

remains largely unknown. In the first chapter of this thesis, we first developed 

a FACS-based method in order to isolate three distinct temporal states of 

INPs. Using transcriptomic analysis, we identified the factor odd-paired (opa), 

which is direct target of Osa, as a key regulator of D-to-grh transition. We 
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showed that opa is required for repression of D expression. Together with D 

and opa, Osa forms an incoherent feed-forward loop (FFL), and a new 

mechanism that results in successive expression of temporal identities.  

During the lineage progression of NSCs, with each division, a cell fate 

decision has to be made depending on transcriptional programs. These 

programs define the cellular identities. To ensure the correct spatial and 

temporal gene expression of these programs, epigenetic mechanisms acts as 

cell’s memory. While Trithorax (TrxG) group proteins are evolutionary 

conserved regulators of gene activation, their antagonists are Polycomb 

(PcG) group proteins. These regulators exert their function via histone 

modifications. Thus, investigating the histone landscape during development 

is crucial to understand functional specialization of cells. In the second 

chapter of this thesis, we developed a method to track in vivo changes of 

histone modifications upon differentiation as well as between two different NB 

populations, and their tumorigenic counterparts. We have analyzed genes that 

are specific to type II NB, and genes required for tumor formation. We also 

showed that type II NBs requires Polycomb repressive complex 2 (PRC2) to 

maintain their self-renewal potential. 

Collectively, these data demonstrate yet again that Drosophila NB is a 

well-established system to study stem cell biology. During lineage 

progression, transcriptional programs regulate the cell fate decisions, which 

are assured by epigenetic mechanisms that act as cell’s memory. 

Understanding how these transcriptional programs are established, and how 

they are maintained is crucial in order to understand the complexity of brain 

structure.  
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2. Zusammenfassung 
 

Um die komplexe Struktur unseres Gehirns zu erreichen, die unsere 

beeindruckenden kognitiven und motorischen Funktionen antreibt, vermehrt 

sich eine begrenzte Anzahl neuronaler Stammzellen (NSCs), um während der 

Entwicklung einen vielfältigen Pool von Neuronen und Glia zu bilden. Diese 

NSCs durchlaufen symmetrische und asymmetrische Zellteilungen und 

werden sowohl räumlich als auch zeitlich reguliert, um eine 

zusammengehörende Reihe von differenzierten Zellen zu initiieren. Während 

dieses Differenzierungsprozesses werden die Entscheidungen über das 

Zellschicksal durch Genexpressionsprogramme getroffen, um eine korrekte 

Entwicklung zu gewährleisten. Sobald eine Zellidentität etabliert ist, wird ihr 

Erhalt durch epigenetische Mechanismen sichergestellt. Das Verständnis der 

Mechanismen, welche das Genprogamm der Zelle und deren 

Aufrechterhaltung steuern, ist entscheidend für das Verständnis der 

Gehirnentwicklung und der Ursachen von jenen Tumoren, die durch 

Stammzellen entstehen. 

Die neuronalen Stammzellen von Drosophila, die sogenannten 

Neuroblasten (NBs), sind ein etabliertes Modellsystem für die 

Stammzellbiologie. Im Larvenhirn gibt es zwei Arten von NBs: Während sich 

die NBs des Typs I asymmetrisch teilen, um eine Ganglienmutterzelle (GMC) 

zu erzeugen, die sich letztendlich in zwei differenzierte Zellen teilt, teilen sich 

die NBs des Typs II asymmetrisch, um intermediäre neuronale Vorläufer 

(INPs), eine transitverstärkende Zellpopulation, zu erzeugen. INPs 

durchlaufen auch eine asymmetrische Zellteilung fünf- bis sechsmal, sodass 

ein INP und ein GMC entstehen, die sich noch einmal teilen, um Neuronen 

oder Gliazellen zu erzeugen. Während gezeigt werden konnte, dass NBs 

zeitliche Musterung verwenden, ein Phänomen, bei dem ein NSC 

verschiedene Neuronen in chronologischer Reihenfolge erzeugen kann, 

wurde in Typ-II-Differenzierungen gezeigt, dass INPs auch zeitliche 

Musterung durchlaufen, indem sie Dichaete (D), Grainhead (grh) und eyeless 

(ey) nacheinander exprimieren. Zuvor haben wir gezeigt, dass das Chromatin, 
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das die komplexe Untereinheit Osa umgestaltet, und sein direkter Zielort 

hamlet (ham) für die Einleitung bzw. das Fortschreiten der zeitlichen 

Musterung entscheidend sind. Die Einbeziehung anderer Faktoren und wie 

diese Übergänge in der Musterung erreicht werden, ist jedoch noch 

weitgehend unbekannt. Im ersten Kapitel dieser Arbeit, entwickelten wir 

zunächst eine FACS-basierte Methode, um drei verschiedene zeitliche 

Zustände von INPs zu isolieren. Mit Hilfe der transkriptomischen Analyse 

identifizierten wir den Faktor odd-paired (opa), der ein direktes Ziel von Osa 

ist, als einen Schlüsselregulator für den Übergang von D zu grh. Wir haben 

gezeigt, dass Opa für die Unterdrückung der D-Expression erforderlich ist. 

Zusammen mit D und opa bildet Osa eine inkohärente Feed-Forward-Schleife 

(FFL) und einen neuen Mechanismus, der zu einer sukzessiven Expression 

zeitlicher Identitäten führt.  

Während der Linienentwicklung der NSCs muss bei jeder Division eine 

Zellschicksalentscheidung in Abhängigkeit von den 

Transkriptionsprogrammen getroffen werden. Diese Programme definieren 

die zellulären Identitäten. Um die korrekte räumliche und zeitliche 

Genexpression dieser Programme zu gewährleisten, fungieren epigenetische 

Mechanismen als Gedächtnis der Zelle. Während die Familie der Trithorax 

(TrxG) Proteine evolutionär konservierte Regulatoren der Genaktivierung 

sind, sind ihre Antagonisten die Familie Polycomb (PcG) Proteine. Diese 

Regler üben ihre Funktion über Histonmodifikationen aus. Daher ist die 

Untersuchung der Histonlandschaft während der Entwicklung entscheidend 

für das Verständnis der funktionellen Spezialisierung von Zellen. Im zweiten 

Kapitel dieser Arbeit, entwickelten wir eine Methode zur Verfolgung in vivo 

Änderungen von Histon-Modifikationen nach der Differenzierung sowie 

zwischen zwei verschiedenen NB-Populationen, und ihre tumorigenen 

Gegenstücke. Wir haben Gene analysiert, die spezifisch für Typ II NB sind, 

und Gene, die für die Tumorbildung benötigt werden. Wir zeigten auch, dass 

Typ II NBs den repressiven Polycomb-Komplex 2 (PRC2) benötigen, um ihr 

Selbsterneuerungspotenzial zu erhalten. 

Zusammengenommen zeigen diese Daten einmal mehr, dass 

Drosophila NB ein etabliertes System zur Untersuchung der 
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Stammzellbiologie ist. Während der Progression der Linie regulieren 

Transkriptionsprogramme die Entscheidungen des Zellschicksals, die durch 

epigenetische Mechanismen gewährleistet werden, die als Gedächtnis der 

Zelle fungieren. Das Verständnis, wie diese Transkriptionsprogramme 

etabliert sind und wie sie gepflegt werden, ist entscheidend, um die 

Komplexität der Gehirnstruktur zu verstehen. 
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3. Introduction  
 

In order to achieve highly complex cognitive and motor functions, our 

brains are composed of thousands of networks containing vast arrays of 

functionally and morphologically distinct neurons and glia cells. During central 

nervous system (CNS) development, limited pool of neural stem cells (NSCs) 

undergo repeated symmetric and/or asymmetric cell divisions. These NSCs 

are regulated spatially and temporally to generate an enormous number of the 

aforementioned diverse set of cells. Gene expression programs are required 

to determine cell fate decisions and must be maintained during lineage 

progression. Thus, understanding the maintenance and decision behind a cell 

fate is an exciting field in brain development with many burning questions. 

Drosophila melanogaster has been a favorable model system to 

understand and dissect mechanisms that underlie brain development (Brand 

& Livesey, 2011; Homem & Knoblich, 2012). The availability of genetic tools 

along and the simplicity of its development has together made Drosophila 

melanogaster an instrumental organism in furthering neural stem cell biology. 

The NSCs of Drosophila undergo asymmetric cell division which generates 

progeny that can be readily identified by their marker expression and birth 

order (Brand & Livesey, 2011; Reichert, 2011; Weng & Lee, 2011). The 

following introduction will therefore a provide necessary background on the 

development of Drosophila CNS and will further describe the mechanisms 

behind their cell fate decisions and maintenance. 

 
3.1. Development of Drosophila central nervous system 
 
 The life cycle of Drosophila consists of four successive stages: egg, 

larva, pupa and adult (Figure 1). Upon fertilization, chorion, a protective 

envelope, covers the embryo. In the first instar, larvae hatch from the eggs 

and grow rapidly in order to transition to the next stages of larval 

development; the second and the third instar. In the pupal stage, due to the 
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pupal case, pupa is stationary, and undergoes metamorphosis into the adult 

fly (Jennings, 2011). The developmental period of a fly is about 10 days at 

25°C, while the average lifespan of an adult fly is about 50 days. Importantly, 

both of these time-frames are temperature-dependent (Linford, Bilgir, Ro, & 

Pletcher, 2013).  

 

 
Figure 1. Life cycle of Drosophila.  
Life cycle of Drosophila consists of four successive stages: Embryo – Larva – Pupa – Adult. 

  
 During the development of a fly brain, all neurons and glia cells arise 

from neural stem cells called neuroblasts (NBs), in two consecutive waves 

(White & Kankel, 1978) (Figure 2). During embryogenesis, neuroblasts reside 

in the ventrolateral region of embryo in a neuroepithelium, where they 

delaminate from, and start dividing (Homem & Knoblich, 2012) (Figure 3A). 

These embryonic NBs are specified via restriction of pro-neural genes to 

individual cells by Notch/Delta signaling (Artavanis-Tsakonas & Simpson, 

1991). After delamination, NBs start dividing asymmetrically to generate one 

cell with the capacity of self-renewal and another, smaller cell called ganglion 
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mother cell (GMC). GMCs divide one more time to give rise to two post-mitotic 

neurons or glia cells (Skeath & Thor, 2003; Wu, Egger, & Brand, 2008). In this 

first wave of neurogenesis, NBs divide asymmetrically twelve times, and they 

are incapable of growing after each division, which causes them to shrink 

progressively (Fuse, Hisata, Katzen, & Matsuzaki, 2003). Meanwhile, they 

express transient low level of Prospero (Lai & Doe, 2014), a protein which 

represses self-renewal and cell-cycle genes (Choksi et al., 2006). Thus, at the 

end of embryogenesis, these small NBs enter quiescence (Prokop & 

Technau, 1991) and remain inactive via Salvador/Hippo/Warts signaling 

(Ding, Weynans, Bossing, Barros, & Berger, 2016). These quiescent NBs are 

mainly arrested in G2 phase, though some of them are in G0 phase (Otsuki & 

Brand, 2018).  

 

 
 
Figure 2. Neurogenesis in Drosophila.  
Neurogenesis in Drosophila happens in two waves. Schematic of neuroblasts (in dark gray) 

producing differentiated progeny (in light gray) from embryonic to pupal stages. During 
embryogenesis, dividing NBs shrink with each division, resulting in them to enter quiescence. 

Upon larval feeding, NBs regrow and start proliferating to give rise to 90% of the adult brain. 

Finally, in pupal stages, NBs shrink with each division and ultimately disappear.  

  
 Early after larval hatching, larval feeding starts, which triggers the 

regrowth of NBs and resumes their proliferation (Figure 2). Upon food-uptake, 

the Target of Rapamycin (TOR) pathway is activated in the fat body, a 

mammalian liver-like tissue (Colombani et al., 2003; Sousa-Nunes, Yee, & 
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Gould, 2011). After TOR activation, signals from fat body stimulate glial cells 

in order to initiate insulin-like peptides secretion (Chell & Brand, 2010). 

Meanwhile, food uptake leads to the inactivation of Hippo pathway, 

subsequently resulting in the translocation of Yorkie, a transcriptional 

coactivator leading to neuroblast cell growth and proliferation (Ding et al., 

2016). In contrast to embryonic NBs, post-embryonic NBs re-grow to their 

original size after each division. This allows them to divide multiple times to 

constitute 90% of cells of the adult CNS (Homem & Knoblich, 2012; Truman & 

Bate, 1988).  

 

 
 
Figure 3. Drosophila brain development.  
(A) Neuroblasts delaminate from the neuroepithelium in Drosophila embryo. (B) Larval brain 

consists of two brain lobes including optic lobes (OL) and the ventral nerve cord (VNC). There 

are different types of NBs in the larval brain.  

  
 The larval brain consists of two lobes with optic lobes and a ventral 

nerve cord (VNC) (Figure 3B). In each lobe, there are four mushroom body 

(MB) NBs, optic lobe (OL) NBs, type I and type II NBs exist, whereas there 

are thoracic and abdominal NBs are in the VNC (Figure 3B). Each of these 

distinct NB populations disappear at different developmental stages (Homem 
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et al., 2014; Maurange, Cheng, & Gould, 2008b; Siegrist, Haque, Chen, Hay, 

& Hariharan, 2010).  

 

3.2. Two types of neuroblast lineages in Drosophila larval 
brain 
 
 The larval brain of Drosophila is largely composed of type I and type II 

NBs. As this thesis focuses on these two NBs, their lineage progression will 

be discussed in detail here. 

 

 
 
Figure 4. Neuroblast lineages of the Drosophila larval CNS.  
(A) Type I NB lineage is shown in detail. These NBs divide asymmetrically to give rise to 

GMC, which divides on more time to generate neurons/ glia cells. Asense (Ase), Deadpan 

(Dpn) and Prospero (Pros) were depicted. (B) Type II NB lineage is shown. Unlike type I, 

these lineages have transit amplifying cell population called intermediate neural progenitors 

(INPs), that undergo maturation. 

  
 Type I and type II NBs can be distinguished depending on the marker 

expression patterns, their location in the brain, and their lineage architecture 

(Homem & Knoblich, 2012). Per lobe, around 85 type I NBs per lobe 

constitute the majority of central brain (Ito & Hotta, 1992), while there are only 
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8 type II NBs (Bello, Izergina, Caussinus, & Reichert, 2008; Boone & Doe, 

2008; Bowman et al., 2008). In parallel to embryonic NBs, type I NBs divide 

asymmetrically to produce one larger cell with a self-renewal capacity, and a 

smaller GMC that divides one more time and generates two post-mitotic 

neurons and glia cells (Figure 4A). Type I NBs express key self-renewal 

transcription factors (TFs), such as Deadpan (Dpn), Helix-loop-helix mg 

(HLHmg), and Klumpfuss (Klu) along with Asense (Ase) (Bello et al., 2008; 

Berger et al., 2012; Boone & Doe, 2008; Bowman et al., 2008; San-Juán & 

Baonza, 2011; Xiao, Komori, & Lee, 2012; Zacharioudaki, Magadi, & 

Delidakis, 2012). In addition to these markers, type I NBs also have low levels 

of Prospero present in their cytoplasm (Bello et al., 2008; Boone & Doe, 2008; 

Bowman et al., 2008).  

 In contrast to type I NB, type II NBs have a more complex lineage 

structure (Figure 4B). They divide asymmetrically to generate a transit 

amplifying cell population called intermediate neural progenitors (INPs) (Bello 

et al., 2008; Boone & Doe, 2008; Bowman et al., 2008). At first, these 

immature INPs (imINPs) are in a cell cycle arrest, which later undergo 

maturation program to become mature INPs (mINPs). Post maturation, mINPs 

can asymmetrically divide between 5-6 times giving rise to GMCs, which then 

generate neurons/ glia cells through a final cell divison. While type II NBs are 

generated later in the embryo as in stage 12, their identity is specified via 

EGFR signaling (Álvarez & Díaz-Benjumea, 2018; Walsh & Doe, 2017). The 

progeny from type II NBs is integrated into the adult neuropile structure, called 

central complex (Bayraktar, Boone, Drummond, & Doe, 2010; Izergina, 

Balmer, Bello, & Reichert, 2009; Viktorin, Riebli, Popkova, Giangrande, & 

Reichert, 2011). Similar to type I NBs, type II NBs also express Dpn, HLHmg 

and Klu. In contrast to type I, the Ets TF Pointed is exclusively expressed in 

type II NBs, where it represses the expression of Ase (Zhu, Barshow, 

Wildonger, Jan, & Jan, 2011). During the maturation of INPs, imINPs first turn 

on Ase expression, which is then followed by Dpn expression. In addition, 

INPs also express TF Earmuff (Erm) (Janssens et al., 2017; Weng, Golden, & 

Lee, 2010). In both lineages, GMCs can be identified by nuclear TF Prospero 
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(Pros) and Ase, neurons are characterized by the expression of Pros as well 

as the RNA-binding protein embryonic lethal abnormal vision (elav) 

{Campos:td}. It has been recently shown that the type II NB identity is 

established by the SET1/MLL protein Trithorax via TF buttonhead and Sp1 

(Álvarez & Díaz-Benjumea, 2018; Komori, Xiao, Janssens, Dou, & Lee, 

2014a; Xie et al., 2014), where a NB can generate INPs. Due to the 

combination of all these markers, cell size and the lack of cell migration during 

larval brain development (Dumstrei, Wang, & Hartenstein, 2003), each cell 

type can be identified, which allows for a detailed investigation into stem cell 

biology. 

 In the pupal stages, both NBs undergo a metabolic switch from 

glycolysis to oxidative phosphorylation to uncouple cell growth and cell cycle 

progression. Thus, NBs start to shrink after each cell division (Homem et al., 

2014), This process is mediated by ecdysone hormone and mediator 

complex. Ultimately, these shrunken NBs terminally differentiate because of 

the accumulation of Pros in the nucleus (Maurange, Cheng, & Gould, 2008a). 

It has been recently shown that the levels of two RNA-binding protein, IGF-II 

mRNA-binding protein (Imp) and Syncrip (Syp) play a role in the NB 

decommissioning (Yang et al., 2017). For instance, the levels of Imp in 

mushroom body (MB) NBs decline slower compared to other NBs, which 

results in MB NBs to continue proliferation. It has been also suggested that 

MB NBs can avoid decommissioning via uncoupling proliferation from dietary 

amino acids by expressing Eyeless (ey) (Sipe & Siegrist, 2017), unlike type I 

and type II NBs. 

 

3.3. Temporal patterning in Drosophila neural stem cells and 
progenitors 
 
 How can this seemingly homogenous population of neural stem cells 

produce high levels of neural diversity? Morphogen gradients and their 

signaling cascades provide spatial information to NSCs to generate neural 

diversity (Bhat, 1999; Dessaud, McMahon, & Briscoe, 2008; Xin Li et al., 

2013). However, it has been shown that when progenitors are cultured in 
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vitro, they were still capable of generating diverse neuron types in 

chronological order, suggesting an intrinsic mechanism is involved (Gaspard 

et al., 2008; Naka, Nakamura, Shimazaki, & Okano, 2008). Other than spatial 

information, NSCs employ temporal patterning (also known as ‘temporal 

clock’), a phenomenon where NSCs acquire new features to give rise to 

different types of progeny over time. Drosophila NBs also undergo temporal 

patterning in order to determine their age or temporal identity, which defines 

the fate of the progeny.  

 

 
 
 
 



 17 

Figure 5. Temporal patterning during Drosophila CNS development.  
(A) During embryonic and larval stages, NBs express a set of TFs sequentially, which are 

inherited by their progeny to define neuronal fates. Adapted from Homem et al., 2012.  (B) 
The combination of NB temporal clock, together with INP temporal clock, generates great 

diversity in the progeny. Adapted from (Holguera & Desplan, 2018). 

  
 During embryogenesis, NBs follow a cascade of transcription factors 

(TFs) sequentially to define the competence of NBs: Hunchback (Hb) – 

Kruppel (Kr) – POU domain protein 1 and 2 (Pdm1/2) – Castor (Cas) 

(Baumgardt, Karlsson, Terriente, Díaz-Benjumea, & Thor, 2009; 

Grosskortenhaus, Pearson, Marusich, & Doe, 2005; Grosskortenhaus, 

Robinson, & Doe, 2006; Isshiki, Pearson, Holbrook, & Doe, 2001) (Figure 5A). 

The progenies of the NBs maintain the expression of the TFs that is present 

at the time of their birth. Most of the transitions from one identity to another is 

regulated via feedback and feed-forward loops. However, the first transition 

from Hb to Kr requires cytokinesis, suggesting that the number of NB divisions 

play a role in timing the temporal identity of NBs (Grosskortenhaus et al., 

2005). Meanwhile TF Seven-up (Svp) suppresses Hb further transcriptionally 

(Kanai, Okabe, & Hiromi, 2005; Mettler, Vogler, & Urban, 2006). The 

subsequent transitions are independent of cell cycle, since these transitions 

occur even in G2- arrested NBs (Grosskortenhaus et al., 2005). Recently, it 

has been demonstrated that hb gene is initially transcriptionally 

downregulated, which was followed by the re-localization of hb locus to 

nuclear periphery, silencing it permanently (Kohwi, Lupton, Lai, Miller, & Doe, 

2013). Additionally, another study also demonstrated that the Polycomb 

repressor complex is regulating the competence window to Kr (Touma, 

Weckerle, & Cleary, 2012). These findings together demonstrate that 

temporal patterning is regulated in a more complex manner than mere 

transcriptional on/off switches since chromatin reorganization clearly plays a 

role. 

 In the larval brain, NBs express Cas and Svp in the first 48 hours after 

larval hatching (Bayraktar & Doe, 2013; Homem et al., 2014; Maurange, 

Cheng, & Gould, 2008b). While the early-born neurons express TF Chinmo, 
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the late-born neurons are smaller in size and are positive for Broad-Complex 

(Br-C) (Maurange, Cheng, & Gould, 2008b). Larval NBs also express two 

RNA-binding proteins, IGF-II mRNA-binding protein (Imp) and Syncrip (Syp) 

in an opposing gradient manner (Z. Liu et al., 2015). For mushroom body 

NBs, these two RNA-binding proteins control the expression of Chinmo post-

transcriptionally in order to establish a temporal gradient that specifies 

neuronal fates (Dillard, Narbonne-Reveau, Foppolo, Lanet, & Maurange, 

2018; Z. Liu et al., 2015; Zhu et al., 2006).  

 On top of its complex lineage architecture, type II NBs also have a 

complex temporal patterning, employing the process in a two-dimensional 

manner (Bayraktar & Doe, 2013; Syed, Mark, & Doe, 2017) (Figure 5B). In 

type II NB lineages, younger NBs express Cas, Dichaete (D), Svp, Chinmo, 

Imp and Lin28. While Cas, D and Svp expression lasts up to 48 hours after 

larval hatching (ALH), Imp, Chinmo and Lin28 expression gradually decreases 

48 h post ALH. This is complementary to increasing Syp levels beginnning at 

48 h ALH, followed by the expression of ecdysone receptor (EcR), triggered 

by Svp. Expression of EcR renders NBs susceptible to ecdysone signaling, 

thus, NBs transition from early (Chinmo/ Imp/ Lin28) to late (Broad/ Syp/ 

Ecdysone-induced protein 93F (E93)) states (Syed et al., 2017). In addition to 

NB temporal patterning, transit-amplifying cells in these lineages (INPs) are 

also temporally patterned. INPs express three TFs sequentially: Dichaete (D) 

– Grainyhead (grh) – Eyeless (ey) (Bayraktar & Doe, 2013). Transitions in INP 

temporal patterning has been suggested to work in ‘feedforward activation 

and feedback repression’ mechanism (Bayraktar & Doe, 2013; Doe, 2017). 

However, how these transitions are achieved remain elusive. In conclusion, 

the combination of NB temporal identity, together with INP temporal identity, is 

required to achieve neuronal diversity. For example, ‘young’ (D+) INPs born 

from late temporal state NBs give rise to Brain-specific homeobox (Bsh)+ 

neurons. Meanwhile, ‘old’ (ey+) INPs from early temporal identity NBs produce 

Reversed polarity (Repo)+ glial cells (Bayraktar & Doe, 2013). However, how 

and if these two temporal clocks regulate each other remains unknown. 
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3.4. Asymmetric cell division of neuroblasts 
 
 One of the key features of stem cells is the ability to divide 

asymmetrically in order to generate two daughter cells with different fates. 

While this process can be achieved stochastically, by extrinsic signals or 

intrinsic cues, in vitro live cell imaging experiments of NBs illustrated that 

different cell fates are established via an intrinsic mechanism in NB divisions 

(Broadus & Doe, 1997; Ceron, Tejedor, & Moya, 2006; Homem, Reichardt, 

Berger, Lendl, & Knoblich, 2013). Indeed, NBs rely on the asymmetric 

segregation of cell fate determinants to generate progeny with different cell 

fates. This process is achieved in a stepwise fashion: 1) establishment of axis 

polarity, 2) alignment of mitotic spindle in line with axis polarity, and 3) 

asymmetric localization and differential segregation of cell fate determinants 

(Juergen A Knoblich, 2010) (Figure 6).  

 

 
 



 20 

Figure 6. The asymmetric cell division machinery.  
(A) A cartoon depiction of NB dividing asymmetrically. The Par complex localizes to apical 

side, leading localization of cell fate determinants basally. (B) Orientation of mitotic spindle 

via Gai/ Pins/ Mud complex. (C) The cell fate determinants Numb, Brat and Pros localize 

basally through their adaptor proteins Pon and Mira, respectively. (D) A cartoon depicting the 
dynamics of the Par complex through cell division. (Adapted from Lisa Landskron). 

 

 Early in development, when embryonic NBs delaminate from 

neuroectoderm, they inherit an apical-basal polarity (Rebollo, Roldán, & 

Gonzalez, 2009). Afterwards, centrosomes act as the apical reference for 

subsequent cell divisions (Rebollo et al., 2007; Rusan & Peifer, 2007). 

Molecularly, the Partitioning defective (Par) complex, composed of Par3 

(Bazooka), Par6 and atypical protein kinase (aPKC), establishes polarity by 

localizing to the apical side of the cell (Figure 6A). 

 After axis polarity has been established, mitotic spindle is oriented via 

the adaptor protein Inscuteable (Insc) (Kraut, Chia, Jan, Jan, & Knoblich, 

1996). Insc bridges the Par complex with that of Gai /Partner of Insc (Pins) 

/mushroom body defect (Mud) complex (Kraut et al., 1996; Schaefer, 

Petronczki, Dorner, Forte, & Knoblich, 2001; Schaefer, Shevchenko, & 

Knoblich, 2000). Gai is required to tether the complex to plasma membrane, 

while Pins is required for the localization of Insc. Mud attaches the complex to 

the astral microtubules in order to orient the spindle poles along the axis 

polarity (Bowman, Neumueller, Novatchkova, Du, & Knoblich, 2006; Izumi, 

Ohta, Hisata, Raabe, & Matsuzaki, 2006; Siller, Cabernard, & Doe, 2006) 

(Figure 6B). 

 Finally, cell fate determinants localize and hence segregate 

asymmetrically. During interphase, all three cell fate determinants, Numb, 

Brain tumor (Brat), and Prospero (Pros), are localized uniformly to the cell 

cortex. During mitosis, the Par complex directs cell fate determinants to basal 

pole via an interplay between kinases and phosphatases, particularly via 

serine/threonine kinase aPKC. While in interphase, aPKC is in a complex with 

Par6 along with cytoskeleton protein lethal (2) giant larvae (Lgl), which causes 

a reduced substrate specificity of aPKC (Wirtz-Peitz, Nishimura, & Knoblich, 
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2008). However, once NB enters mitosis, another serine/threonine kinase 

Aurora A (AurA) phosphorylates Par6 triggering conformational changes in 

aPKC, that ultimately phosphorylates Lgl (Figure 6D). Thus, while Lgl is 

released from the complex (Jörg Betschinger, Mechtler, & Knoblich, 2003), 

Par3 takes its place to link Numb to aPKC, subsequently leading to 

phosphorylation of Numb by aPKC (Smith et al., 2007; Wirtz-Peitz et al., 

2008). Phosphorylated Numb is then released from apical side, where it was 

hitherto associated with cell membrane via its positively charged amino-

terminus (J A Knoblich, Jan, & Jan, 1997), and localizes to the basal pole via 

its adapter protein Partner of Numb (Pon) (Haenfler, Kuang, & Lee, 2012; Lu, 

Rothenberg, Jan, & Jan, 1998). Moreover, Polo kinase phosphorylates Pon in 

order to restrict them to basal pole via liquid-liquid phase separation 

mechanism (Shan et al., 2018; Hongyan Wang, Ouyang, Somers, Chia, & Lu, 

2007). Meanwhile, aPKC phosphorylates another direct substrate Miranda 

(Mira), which results in its localization to basal side together with its cargo 

proteins Brat and Pros (Atwood & Prehoda, 2009) (Figure 6C-D). 

 Once the cell division is complete, in order to restore protein 

localization, protein phosphatase 4 (PP4) dephosphorylates Mira (Sousa-

Nunes, Chia, & Somers, 2009) and protein phosphatase 2 (PP2) 

dephosphorylates Par6 to inactivate aPKC (Ogawa, Ohta, Moon, & 

Matsuzaki, 2009). Thus, through this intricate asymmetric cell division 

machinery, two daughter cells with different fates are generated.  

 

3.5. Ensuring lineage progression – cell fate determinants and 
beyond 
 
 Once asymmetric cell division is achieved, the Par complex is inherited 

by the apical larger cell to maintain the neuroblast identity, whereas the cell 

fate determinants are segregated into smaller, basal cell. Nevertheless, the 

question remains - how do these factors, Numb, Brat and Pros, function to 

ensure lineage directionality? 

 In Drosophila sensory organ precursors (SOP), Numb was the first 

identified asymmetrically segregating protein between daughter cells (Rhyu, 
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Jan, & Jan, 1994). Later, it was demonstrated that Numb localizes 

asymmetrically in NBs, too (Jürgen A Knoblich, Jan, & Jan, 1995; Spana, 

Kopczynski, Goodman, & Doe, 1995). In the larval brain, loss of Numb in NBs 

leads to ectopic NB formation and failure to generate differentiating progeny 

(Lee, Andersen, Cabernard, Manning, Tran, Lanskey, et al., 2006a; Hongyan 

Wang et al., 2006). On molecular level, Numb has been shown to act as a 

tissue-specific inhibitor of Notch pathway (Le Borgne, Bardin, & Schweisguth, 

2005; Mummery-Widmer et al., 2009; Rhyu et al., 1994; Skeath & Doe, 1998). 

Numb binds to AP-2 complex via the endocytic protein a - Adaptin (Berdnik, 

Török, González-Gaitán, & Knoblich, 2002; Song & Lu, 2012). This binding 

causes the endocytosis of Notch receptor, culminating in its degradation and 

the pathway is repressed in Numb-inheriting cells (Berdnik et al., 2002; 

Santolini et al., 2000). Another endocytic role of Numb occurs in SOP cells 

where Numb inhibits the recycling of Sanpodo, which is required for Notch 

signaling (Cotton, Benhra, & Le Borgne, 2013; Couturier, Mazouni, & 

Schweisguth, 2013; O’Connor-Giles & Skeath, 2003). In type II NBs, loss of 

Notch signaling diminishes type II lineages completely. In accordance with 

this, loss-of-function of Numb results in imINPs to revert back to 

supernumerary NBs due to the failed repression of Notch (Bowman et al., 

2008; Farnsworth, Bayraktar, & Doe, 2015; Weng et al., 2010; Xiao et al., 

2012; Zacharioudaki et al., 2012).   

 Pros is another cell fate determinant that is a homeodomain TF. This 

TF is in cytoplasm of NBs, where it is inactive. Upon its translocation to the 

nucleus in GMCs via its adaptor protein Miranda, it acts as a transcriptional 

activator and repressor (Ikeshima-Kataoka, Skeath, Nabeshima, Doe, & 

Matsuzaki, 1997; Jürgen A Knoblich et al., 1995; Shen, Jan, & Jan, 1997; 

Spana et al., 1995). GMCs fail to repress NB genes in pros mutant embryos, 

while pros-depleted NBs overproliferate (Bello, Reichert, & Hirth, 2006; Joerg 

Betschinger, Mechtler, & Knoblich, 2006; Bowman et al., 2008; Choksi et al., 

2006; Lee, Wilkinson, Siegrist, Wharton, & Doe, 2006c). Pros binds near self-

renewal and cell cycle progression genes to repress, whereas it binds to 

differentiation genes to activate them. Some of the targets of Pros includes 
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Cyclin E, Mira, Insc, Glial cells missing (gcm) and Twin of eyeless (toy) 

(Choksi et al., 2006).  

 Another cell fate determinant is Brat, belonging to TRM-NHL protein 

family (Tocchini & Ciosk, 2015). It binds to 3’-UTR of mRNAs to act as a 

translational repressor. Brat functions as a growth regulator in many tissues 

via suppressing dMyc and Mad (Joerg Betschinger et al., 2006; Harris, 

Pargett, Sutcliffe, Umulis, & Ashe, 2011). While, in the embryo, Brat regulates 

neuronal differentiation (Joerg Betschinger et al., 2006), in larval brain, Brat-

depletion causes NB overgrowth at the expense of neurons (Arama, Dickman, 

Kimchie, Shearn, & Lev, 2000; Bello et al., 2006; Joerg Betschinger et al., 

2006; Lee, Wilkinson, Siegrist, Wharton, & Doe, 2006c). Interestingly, loss of 

Brat induces tumors only in the CNS {Frank:vb}. Brat acts together with its 

partner proteins, Nanos and Pumilio, during embryogenesis in order to 

suppress the translation of hunchback {Sonoda:2001kb}. In ovaries, Brat 

works with Pumilio to repress dMyc and Mad in order to lower Dpp 

responsiveness to promote differentiation (Harris et al., 2011). In contrast, 

Brat acts independently of Nanos and Pumilio to repress src64B translation in 

axon bundle stabilization (Marchetti, Reichardt, Knoblich, & Besse, 2014). In 

type II NBs, Brat has been shown to inhibit Wnt signaling via Apc2, a 

component of Armadillo degradation complex, in order to specify imINP 

identity (Komori, Xiao, McCartney, & Lee, 2014b). 

 Interestingly, type II NBs do not express Pros, unlike type I NBs.Thus, 

after asymmetric cell division, type II NBs only segregate Numb and Brat, 

whereas type I NBs segregate all three determinants (Bayraktar et al., 2010; 

Bello et al., 2008; Boone & Doe, 2008; Bowman et al., 2008). In type II 

lineages, Pros expression start in INPs, and then segregated into GMCs 

together with Numb and Brat (Figure 7A). Loss-of-function of any of these 

three determinants cause tumor formation. While pros mutant type I NBs 

cannot specify GMC identity, which results in overgrowth, numb or brat 

mutants causes failure in INP-identity specification. Because of mis-specified 

identities, smaller daughter cells fail to repress neuroblast markers, ultimately 

giving rise to supernumerary NBs (Bowman et al., 2008) (Figure 7B). 
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Figure 7. Mechanisms ensuring correct lineage progression in type II 
lineages.  
(A) A cartoon depiction of a wild-type type II NB. NB divides to segregates Brat and Numb to 

INPs. In INPs, a restriction program starts through Osa and Erm.  (B) When Brat is depleted, 

INPs revert back to NB-state to form tumors. (C) When Osa is depleted, restrictive program in 

INPs fail to be initiated. (D) When Erm is depleted, INPs first mature and then dedifferentiate 

into tumor NBs. 
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In addition to these three cell fate determinants, both NBs and their 

newly generated small progeny should maintain and stabilize their identities 

(Figure 7C-D). It has been suggested that a transcriptional network is 

regulating the self-renewal capacity of NBs, including TFs Dpn, HLHmg and 

Klu (Berger et al., 2012; Xiao et al., 2012; Zacharioudaki et al., 2012). 

Interestingly, TF Nervous fingers 1 (Nerfin-1) has been shown to maintain the 

differentiated state, and loss of Nerfin-1 causes neurons to revert back to NB 

state (Froldi et al., 2015; Xu et al., 2017). In type II lineages, after cell division, 

newly born imINPs express Brat and Numb to antagonize this self-renewal 

network (Janssens et al., 2017; 2014). But INPs re-enter proliferation by 

resuming the expression of these three TFs (Berger et al., 2012). But then 

how do INPs have less self-renewal capacity than NBs, if they express the 

same set of self-renewal genes? This suggests that there is a program 

restricting the self-renewal capacity of INPs. For example, TF Earmuff (Erm) 

is required for correct lineage progression (Figure 7C). Erm depleted mINPs 

revert back to the supernumerary type II NB state. Interestingly, these INPs 

can still go through maturation before they become ectopic NBs (Weng et al., 

2010). In a newborn INP, once the self-renewal factors are downregulated, 

Erm is activated rapidly through its poised enhancer. In type II NBs, Rpd3, a 

histone deacetylase, represses erm together with Dpn, HLHmg and Klu. After 

the asymmetric cell division, self-renewal genes are downregulated, which 

leads to alleviation of Rpd3-mediated repression, enabling histone-

acetylation-driven activation of erm (Janssens et al., 2017). In addition, Erm 

has been shown to work together with HDAC3 and SWI/SNF chromatin 

remodeling complex in INPs to limit their self-renewal capacity (Janssens et 

al., 2014; Koe et al., 2014). Furthermore, loss of Osa, a SWI/SNF complex 

subunit, causes INPs to revert back to ectopic NBs (Neumüller et al., 2011) 

(Figure 7D). In INPs, Osa starts a transcriptional program by directly binding 

TSS of a set of TFs, including Hamlet. Hamlet is a Prdm protein that restricts 

the self-renewal capacity of INPs (Eroglu et al., 2014). Furthermore, Mi-

2/NuRD ATP remodeling complex has been shown to act on 



 26 

decommissioning of stem cell enhancers to maintain differentiated state of 

their progeny (Zacharioudaki, Falo Sanjuan, & Bray, 2019).  

 In type II lineages, Notch signaling has been shown to ensure correct 

progression. Notch signaling is active in type II NBs and mINPs, while it is 

shutdown in imINPs. Loss of Notch leads to ectopic Erm expression in NBs 

and loss of type II lineages (Xiaosu Li, Xie, & Zhu, 2016). Recently, Notch has 

been proposed to ensure lineage directionality via an asymmetric 

amplification loop with the Super elongation complex (SEC) (K. Liu et al., 

2017). While Notch induces SEC expression in NBs exclusively, SEC 

promotes the expression of Notch target genes, forming a feedback loop. 

After cell division, asymmetrically segregated Numb in imINPs downregulate 

Notch signaling, enabling Erm activation. In mINPs, Erm is downregulated, 

allowing Notch expression, but this time without SEC expression, which acts 

as an amplifier. Consistently, overexpression of SEC in mINPs causes tumor 

formation (K. Liu et al., 2017). Recently, Integrator complex has also been 

shown to ensure lineage directionality by preventing dedifferentiation of INPs 

via regulating Erm expression (Zhang et al., 2019).  

 

3.6. Drosophila as a brain tumor model 
 
 Drosophila CNS also serves as a great model system to study 

tumorigenesis. Three different types of tumors can occur in the Drosophila 

CNS. These are glia-derived tumors, excess proliferation of neuroepithelial 

cells in the optic lobe, and finally defective asymmetric cell division-originated 

tumors. In larval glial cells, co-activation of PI3K and EGFR-Ras causes 

overproliferation and give rise to glioma-like tumors (Read, 2011; Read, 

Cavenee, Furnari, & Thomas, 2009). Meanwhile, an example of optic lobe 

tumor is lethal (3) malignant brain tumor (l(3)mbt) mutants arising from 

neuroepithelium (Gateff, Löffler, & Wismar, 1993). Finally, defects in 

asymmetric cell division and thus, failure to stabilize restriction of self-renewal 

in the progenitors result in tumor formation. Most of key components of 

asymmetric cell division machinery also identified as tumor suppressors. 

Among these genes are lethal giant larvae (lgl) and discs large (dlg) (Gateff, 
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1994; Watson, Justice, & Bryant, 1994; Wright, 1987) are the first ones to be 

identified. Mutations in other asymmetric cell division genes, such as brat, 

numb, pros, pins, mud or AurA results in brain tumors, and studied 

extensively (Bello et al., 2006; Joerg Betschinger et al., 2006; Bowman et al., 

2006; 2008; Caussinus & Gonzalez, 2005; Lee, Andersen, Cabernard, 

Manning, Tran, Lanskey, et al., 2006a; Lee, Robinson, & Doe, 2006b; 

Hongyan Wang et al., 2006). In addition, it has been shown recently that 

genes downstream of segregating determinants act as potential tumor 

suppressors (Eroglu et al., 2014; Janssens et al., 2014; Koe et al., 2014; 

Weng et al., 2010; Zhu et al., 2011). Recently, it has been shown that long 

non-coding RNA cherub segregates asymmetrically and thus, high levels of it 

accumulates in emerging tumor NBs, which results in transformation of stem 

cells into malignant cells. 

 These tumor models are not merely the overproliferation of NBs, but 

indeed a detailed tumor formation and propagation. For example, brat or 

numb mutant NBs initially produce less progeny compared to wild-type 

counterparts. This is due to cell cycle arrest at G2 phase. After 48 hours of 

tumor induction, tumor NBs overcome this and overproliferate at the expense 

of the neurons (Bowman et al., 2008). Recently, it has been shown that long 

non-coding RNA cherub segregates asymmetrically to accumulate in the 

newly emerging tumor NBs, which results in transformation of stem cells into 

malignant cells, suggesting a critical role in tumor transformation (Landskron 

et al., 2018). Furthermore, the pieces of mutant larval brains can be injected 

into the abdomen of adult host flies, where they grow 100-fold bigger than the 

original tumor and metastasize (Caussinus & Gonzalez, 2005). Thus, 

Drosophila provides an excellent model system to study tumor formation and 

metastasis.   
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3.7. Trithorax- and Polycomb-Group Proteins 
 

 Evolutionary conserved Trithorax group (TrxG) and Polycomb group 

(PcG) genes were first identified in Drosophila as the activator and repressor 

of homeotic gene (HOX) expression, respectively. The first discovered PcG 

gene, Polycomb (Pc) was shown to repress HOX in embryo. Pc loss caused 

anterior embryonic segments to transform into posterior ones (Lewis, 1978). 

In contrast, Trithorax (first TrxG gene) mutants cause the transformation into 

more anterior segments {Ingham:1983fl}. These proteins are suggested to act 

as a cellular memory system, since even after their initial transcriptional 

regulators are gone, both PcG and TrxG proteins are required to maintain 

HOX gene expression (Ingham, 1985). However, studies over the last 

decades proved that PcG and TrxG proteins are more than mere regulators of 

HOX gene expression but they regulate many cellular processes 

(Schuettengruber, Bourbon, Di Croce, & Cavalli, 2017).  

Polycomb response elements (PREs) and Trithorax response elements 

(TREs) target these complexes to chromatin to regulate epigenetic landscape. 

The functional diversity of these complexes relies on the various compositions 

of the complexes. For example, PcG proteins can be found in Polycomb 

repressive complex 1 (PRC1) and Polycomb repressive complex 2 (PRC2) 

(Figure 8). The core component of PRC2 is Enhancer of zeste (E(z)), which is 

a histone methyltransferase. Thus, PRC2 exerts its function via trimethylating 

lysine 27 of histone H3. Other components of PRC2 includes Esc, Su(z)12 

and Caf1-55 (Kassis, Kennison, & Tamkun, 2017). Meanwhile PRC1 

components are Pc, Psc, Ph and Sce. Pc contains a chromodomain that 

allows its binding to methylated histones, while Sce has H2A ubiquitin-ligase 

activity, and required for the H2AK118ub histone mark (Hengbin Wang et al., 

2004a). In addition, Pho repressive complex (PhoRC) acts as the recruiter, 

since it does contain Pho, which binds to PREs (Brown, Mucci, Whiteley, 

Dirksen, & Kassis, 1998). Thus, it has been proposed that PcG-mediated 

repression works in a sequential manner: First Pho binds to PREs and 

recruits PRC2, which exerts its mark on histones (H3K27me3). This mark is 

then recognized via Pc, leading to PRC1 recruitment (L. Wang et al., 2004b). 
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However, recently it has been shown that these complexes can act 

independently as well (Kassis et al., 2017).  

 

       
 

Figure 8. Polycomb group proteins act in complexes.  
PcG proteins act in complexes, such as Polycomb repressive complex 1 and Polycomb 

repressive complex 2. Both complexes have core components, including catalytic enzymes, 
E(z) and Sce. These enzymes can modify histones covalently. 

 
On the other hand, TrxG proteins are a heterogenous group with wide 

array of functions in transcriptional activation. Some of the TrxG complexes 

include ATP-dependent chromatin remodeling while, some functions via 

covalent modifications of histones (Schuettengruber et al., 2017). For 

instance, SWI/SNF complex is an ATP-dependent chromatin remodeler, 

which regulates chromatin structure of genes implicated in proliferation, cell 

signaling, and cell cycle (Kadoch & Crabtree, 2015). Another group of TrxG 

complexes include histone modifying activities, such as histone acetylation 

and methylation. For instance, TrxG gene trx, encodes a protein with a SET 

domain that is required for H3K4me3 mark (Kassis et al., 2017; 

Schuettengruber, Chourrout, Vervoort, Leblanc, & Cavalli, 2007). The 

dynamics of these histone modifications reflect the transcriptional state of the 

genes.  
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4. Aim and structure of this thesis 
 

This thesis is written in the cumulative format based on two 

manuscripts that are presented as chapters of the result part of this thesis. 

 
Chapter 1:  
 Chapter 1 describes a novel mechanism of temporal patterning in 

transit amplifying cell population of Drosophila larval brain, which is composed 

of three proteins in an incoherent feedforward loop (FFL) in order to achieve 

successive expression of temporal identities. 

 
Chapter 2: 
 Chapter 2 describes our efforts to investigate epigenetic landscape of 

distinct neural stem cell (NSC) types and their progenies in Drosophila larval 

brain. 
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5. Chapter 1: The transcription factor odd-paired 
regulates temporal identity in transit-amplifying neural 
progenitors via an incoherent feed-forward loop 
 

5.1. Prologue 
 
 In order to generate vast arrays of diverse neurons, neural progenitors 

undergo temporal patterning. This evolutionarily conserved process is also 

observed in Drosophila transit-amplifying cell population known as 

intermediate neural progenitors (INPs), where successive expression of 

Dichaete (D), Grainyhead (grh), and eyeless (ey) specify neuronal fates. 

However, it remains elusive how the transitions from one temporal state to 

another are achieved. Here, we developed an unbiased method to isolate 

distinct states of temporal identities. Using transcriptomic analysis, we 

identified the factor odd-paired (opa), which is direct target of Osa, as a key 

regulator of D-to-grh transition. We showed that opa is required for repression 

of D expression. Together with D and opa, Osa forms an incoherent feed-

forward loop (FFL), resulting in successive expression of temporal identities.  
 
This manuscript is published in eLife on July 22, 2019. DOI: 

10.7554/eLife.46566 
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6. Chapter 2: Dynamics of activating and repressive 
histone modifications in Drosophila neural stem cell 
lineages and brain tumors 
 

6.1. Prologue 
 
 During central nervous system (CNS) development, spatiotemporal 

gene expression programs mediate specific lineage decisions to generate 

neuronal and glial cell types from neural stem cells (NSCs). However, little is 

known about the epigenetic landscape underlying these highly complex 

developmental events. Here, we perform ChIP-seq on distinct subtypes of 

Drosophila FACS- purified neural stem cells (NSCs) and their differentiated 

progeny to dissect the epigenetic changes accompanying the major lineage 

decisions in vivo. By analyzing active and repressive histone modifications, 

we show that stem cell identity genes are silenced during differentiation by 

loss of their activating marks and not via repressive histone modifications. Our 

analysis also uncovers a new set of genes specifically required for altering 

lineage patterns in type II neuroblasts, one of the two main Drosophila NSC 

identities. Finally, we demonstrate that this subtype specification in NBs, 

unlike NSC differentiation, requires Polycomb-group (PcG)-mediated 

repression. 

 
This manuscript submitted to Development on August 2nd , 2019 (MS ID#: 

DEVELOP/2019/183400). It is also posted on biorxiv (MS ID#: 

BIORXIV/2019/724039, doi: https://doi.org/10.1101/724039, 

https://www.biorxiv.org/content/10.1101/724039v1) 
 
 
Authors: 
Merve Deniz Abdusselamoglu+, Lisa Landskron+, Sarah K. Bowman, Elif 

Eroglu, Thomas Burkard, Robert E. Kingston and Juergen A. Knoblich* 

+ These authors contributed equally to this work 

* Corresponding author 



 73 

 

Author Contributions: 
M.D.A. and L.L. conducted experiments, interpreted data and wrote the 

manuscript under the supervision of J.A.K. E.E. optimized the chromatin 

isolation with S.K.B. who performed ChIP-Seq, under the supervision of 

R.E.K. T.B. performed the analysis on the ChIP-Seq data.  

 

6.2. Introduction 
 

During development of the central nervous system (CNS), neural stem 

cells (NSCs) divide asymmetrically to generate daughter cells with self-

renewing capacity but also complex neurogenic and gliogenic lineages. 

Regulation of this process requires tightly and highly dynamic control of 

multiple cell fate decisions. For cells to commit to their ultimate cell identity, 

spatiotemporal gene expression programs are required. It is assumed that 

activation of lineage-specific genes and silencing of stem cell genes is 

accompanied by changes in chromatin states. How histone modifications 

change over time during neurogenesis in vivo, however, is not very well 

described.  

The Drosophila larval CNS has become a key model for the 

fundamental mechanisms underlying brain development and chromatin states 

(Homem & Knoblich, 2012). The larval CNS is populated by distinct types of 

NSCs (called neuroblasts in Drosophila), which vary in abundance, neuronal 

output and division mode. Together, these NBs give rise to the majority of the 

adult brain’s neurons (Truman & Bate, 1988). The majority of the central brain 

NBs are of Type I (NBIs). Each NBI gives rise to another NBI and a ganglion 

mother cell (GMC), which divides once more to generate two differentiated 

neurons of glia. Type II neuroblasts (NBIIs) instead are a rare subpopulation 

with only 8 NBII per brain lobe (Fig. 1A) (Bello, Izergina, Caussinus, & 

Reichert, 2008; Boone & Doe, 2008; Homem & Knoblich, 2012; Sousa-Nunes, 

Cheng, & Gould, 2010). Unlike NBIs, NBIIs divide into one NBII and one 

transit-amplifying cell called intermediate neural progenitors (INPs). They 

generate many more neurons, because INPs continue to divide 



 74 

asymmetrically for 5-6 times, each time giving rise to a GMC that divides into 

two neurons or glia cells. (Bello et al., 2008; Boone & Doe, 2008; Homem & 

Knoblich, 2012). Other than lineage structure and size, cell markers can also 

be used to differentiate NB subtypes. While NBIs express both Asense (Ase) 

and Deadpan (Dpn) (Bowman et al., 2008), NBIIs only express Dpn (Bello et 

al., 2008). During neurogenesis, both NB subtypes divide asymmetrically to 

give rise to their respective progeny (Kang & Reichert, 2014). Brain tumors 

form if the asymmetric segregation of cell fate determinants during NB cell 

division is disrupted (Betschinger, Mechtler, & Knoblich, 2006; Juergen A 

Knoblich, 2010). Among these determinants are the TRIM-NHL protein Brain 

tumor (Brat) and the Notch inhibitor Numb (Arama, Dickman, Kimchie, 

Shearn, & Lev, 2000; Betschinger et al., 2006; Bowman et al., 2008; Jürgen A 

Knoblich, Jan, & Jan, 1995; Lee et al., 2006a; Lee, Wilkinson, Siegrist, 

Wharton, & Doe, 2006b). While Brat-depletion results in the generation of 

ectopic NBII-like tumor NBs (tNBs) at the expense of differentiated brain cells 

(Bowman et al., 2008), simultaneous loss of Brat and Numb causes the NBI-

like tNBs to overproliferate (see Results). 

In many cell types, transitions in chromatin states are regulated by the 

evolutionary conserved Polycomb (PcG) and Trithorax (TrxG) group proteins. 

PcG and TrxG have emerged as antagonistic regulators that silence or 

activate gene expression, respectively (Kingston & Tamkun, 2014; Levine et 

al., 2002; Schuettengruber, Chourrout, Vervoort, Leblanc, & Cavalli, 2007). 

These multimeric protein complexes regulate the transcriptional state of 

genes by post-translationally modifying amino acid residues of histone tails 

(Kingston & Tamkun, 2014; Levine, King, & Kingston, 2004). PcG proteins 

exert a repressive activity via two main complexes, the Polycomb repressive 

complexes 1 and 2 (PRC1 and PRC2). Although PRC1 and PRC2 can exist in 

various compositions and associate with context-specific accessory proteins, 

both PRC1 and PRC2 have been shown to contain a specific core set of 

proteins including  subunits with catalytic activity (Bracken, Dietrich, Pasini, 

Hansen, & Helin, 2006; Simon & Kingston, 2009). Within PRC2, Enhancer of 

zeste (E(z) in Drosophila, EZH1/2 in mammals) catalyzes the trimethylation of 

lysine 27 on histone 3 (H3K27me3) (Cao & Zhang, 2004). H3K27me3 is 
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recognized by PRC1, which in turn includes the histone 2A 

ubiquityltransferase Sce (RING1A/B in mammals) (de Napoles et al., 2004). 

Histone modifications associated with active transcription are deposited by 

TrxG proteins (Kassis, Kennison, & Tamkun, 2017), which counteract 

repressive histone acetylation or methylation marks, in particular by 

trimethylation of lysine 4 on histone 3 at active promoters (Byrd & Shearn, 

2003; Dou et al., 2005; Petruk et al., 2001) (Kim et al., 2005).  

Although well-known for their role in long-term transcriptional memory, PcG 

and TrxG complexes are highly dynamic during development and thus 

facilitate cellular plasticity (Kwong et al., 2008; Negre et al., 2006). In the last 

decade, it has been shown that PcG and TrxG complexes are crucial to 

ensure correct neurogenesis in mammals (Hirabayashi et al., 2009; Lim et al., 

2009; Pereira et al., 2010) as well as in Drosophila (Bello, Holbro, & Reichert, 

2007; Touma, Weckerle, & Cleary, 2012). Despite the strength of genetic in 

vivo experiments, however, global analysis of the histone modifications 

underlying their function, and therefore target genes, has mainly been 

performed in vitro. This constitutes a real knowledge-gap as recent studies 

demonstrated that the chromatin states may vary significantly between in vivo 

tissues and their related in vitro cell lines, mainly due to culture conditions (R. 

Xie et al., 2013; Zhu et al., 2013). Given also that epigenetic changes are 

highly context – and developmental time-dependent, providing in vivo 

datasets to investigate chromatin states of different cell types in complex 

tissues will increase our understanding of how the epigenetic landscape 

dynamically defines cellular states.  

In recent years, in vivo studies made use of Drosophila to shed light on 

the dynamics of chromatin state changes during embryonic neural 

differentiation (Ye et al., 2016) and during larval stages (Aughey, Estacio-

Gómez, Thomson, Yin, & Southall, 2018; Marshall & Brand, 2017). Profiling 

the binding of chromatin remodelers has highlighted the plasticity of chromatin 

states during differentiation (Marshall & Brand, 2017). Although binding of 

chromatin factors is associated with active or repressive chromatin, binding 

does not necessarily reflect downstream histone modifications. For example, 

the histone marks can change drastically between parasegments of the 
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Drosophila embryo while the occupancy of PcG proteins remains unchanged 

(Bowman et al., 2014). Thus, investigating the dynamics of chromatin states 

based on chromatin marks is crucial for understanding the functional 

specialization of cells during development. Moreover, how PcG/TrxG 

complexes target genes on the chromatin level between different subtypes of 

progenitor cells during neuronal differentiation, or tumorigenic transformation 

has remained elusive. 

Here, we use the Drosophila larval CNS to track in vivo changes of 

histone modifications not only upon differentiation, but also between different 

populations of neural stem cells and their tumorigenic counterparts. We 

developed a FACS-based method to sort different cell types and perform 

ChIP-Seq for the active histone mark, H3K4me3, and the repressive mark, 

H3K27me3. Our FACS-based approach provides an in vivo dataset that 

reveals dynamic histone modifications during neuronal differentiation. In 

particular, we observed that self-renewal and cell division genes are 

repressed independently of H3K27me3 levels. In contrast, we further show 

that H3K27me3-mediated repression is crucial for silencing lineage-specific 

stem cell factors, including known factors as wells as a new set of genes that 

are specific to NBIIs. Finally, we present genetic evidence for the requirement 

of these new NBII-specific factors for self-renewal and demonstrate the role of 

PcG complexes in defining different subtypes of neural stem cells. 

 

6.3. Results 
 
Profiling repressive and active histone modifications of neural stem 
cells and neurons. 

H3K4me3 and H3K27me3 are two major histone modifications 

associated with TrxG-activated and PcG-repressed states, respectively. 

However, these histone modifications have not yet been analyzed 

independently in distinct subtypes of neural stem cells in Drosophila. To 

analyze H3K4me3 and H3K27me3 histone marks in different brain cell types 

by ChIP-Seq, we combined genetic labeling with a protocol for generating 

sequencing libraries from picogram quantities of DNA (Bowman et al., 2014). 
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The NB subtype-specific GAL4 drivers ase-GAL4 (NBI lineage-specific) and 

wor-GAL4, ase-GAL80 (NBII lineage-specific), allowed us to preferentially 

label distinct NB lineages with nuclear-localized fluorophores (stinger::GFP or 

RFP). Indeed, GFP expressed by ase-GAL4 exclusively labeled NBI lineages 

(positive for both Dpn and Ase) and was not expressed in NBIIs (only Dpn+) 

(Fig. 1B). To amplify the production of rare NBIIs and at the same time 

generate tumor NBs (tNBs), RNAi constructs against the cell fate 

determinants brat and numb, were expressed using the mentioned driver 

lines. Depletion of brat in larval brains with a NBII-specific driver resulted in 

the overproliferation of NBII-like tNBs, evident by an increase in Dpn+, Ase- 

cells (Fig. 1C). In contrast, simultaneously depleting numb and brat by an 

NBI-specific driver resulted in overgrowth of (Dpn+, Ase+) NBI-like tNBs (Fig. 

1B). Therefore, this strategy allowed us to generate fluorescently labeled 

distinct NB cell types and neurons. 

Besides central brain NB lineages, the larval brain consists of 

embryonic neurons, mushroom body neuroblasts and cells of the optic lobes. 

To avoid impurities from these structures NBI, neurons and tNBs were 

isolated according to fluorescence intensity and cell size by flow cytometry 

(Berger et al., 2012; Harzer, Berger, Conder, Schmauss, & Knoblich, 2013). 

Purified cell populations were then analyzed by ChIP-seq for H3K27me3 and 

H3K4me3 histone modifications (Fig. 1D). 

The H3K4me3 signal peaked around transcriptional start sites (TSSs), 

whereas the H3K27me3 signal occurred in broad domains covering gene 

bodies. For example, in all cell types the ubiquitously expressed gene RNA 

polymerase II subunit 215kDa contained a H3K4me3 peak at the TSS which 

was devoid of H3K27me3 signal (Fig. S1A). In contrast, the gene caudal 

showed no H3K4me3 peak, but instead high H3K27me3 levels over the gene 

body (Fig. S1B). This is in accordance with the fact that the function of caudal 

is mostly restricted to the larval digestive system. Moreover, caudal is not 

expressed in the larval CNS (modENCODE data and (Berger et al., 2012)) 

and has been shown to inhibit neuroblast specification upon misexpression 

(Birkholz, Vef, Rogulja-Ortmann, Berger, & Technau, 2013).  
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Figure 1. Strategy to investigate histone marks in specific NB lineages.  

(A) Cartoon depicting a larval brain with NBI (blue) and NBII (red) lineages. (A and B) 

Immunostainings with a scalebar = 50µm. (B) The ase-GAL4 driver line marks NBI lineages 
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with nuclear GFP but not NBII lineages (arrowheads). Combined knockdown 

of brat and numb results in ectopic Ase+ Dpn+ tNBs. Dashed line separates optic lobe (OL) 

and central brain. (C) brat depletion with the NBII specific driver line results in 

mainly Ase- Dpn+ tNBs. (D) Cartoon showing an overview of the ChIP-seq strategy.   

 

Self-renewal and cell cycle genes are repressed during differentiation in 
a H3K27me3-independent manner  

To investigate changes in the epigenetic landscape during 

neurogenesis, we collected NBIs and neurons as described above in 

duplicates. We subtracted the individual inputs from their respective samples 

to generate coverage tracks. The read counts for H3K27me3 localization were 

analyzed over the whole gene body, but the reads for H3K4me3 were counted 

500 bp downstream of the TSS. From this data, regions with differential 

signals were identified between different cell types. Finally, we performed 

unsupervised hierarchical clustering analysis on differentially marked genes in 

NBIs and neurons (Fig. 2A) identifying five distinct groups of genes. Three 

clusters were dependent on H3K27me3-mediated repression. Cluster 1 

showed a decreased H3K27me3 signal upon differentiation, while cluster 3 

showed an increased H3K27me3 signal in neurons. These clusters were not 

enriched for genes of a particular pathway or biological process when 

analyzed with gene ontology enrichment analysis. Another example of 

H3K27me3-mediated repression was cluster 5. While cluster 1 and 3 showed 

changes in H3K27 signal and no or mild changes in H3K4me3, genes in 

cluster 5 (22 genes) showed a drastic switch from a H3K4me3+ H3K27me3- 

to a H3K4me3- H3K27me3+ chromatin state upon differentiation. Cluster 5 

included the lncRNAs cherub, pncR002:3R and sphinx and transcription 

factors nab and vvl (Fig. 2B).  

The other two clusters (Cluster 2 and 4) were mainly dependent on 

changes in H3K4me3 signal. Cluster 2 showed an increase in H3K4me3 

levels in neurons, while cluster 4 contained a large number of 318 genes and 

was characterized by a loss of H3K4me3 upon differentiation. These gene loci 

had either a small increase in H3K27me3 or were completely devoid of both 

marks (H3K4me3 and H3K27me3) in neurons (Fig. 2A, C, D). Gene ontology 
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enrichment analysis (Supplement table 1) showed that cluster 4 genes were 

enriched for genes involved in self-renewal (e.g. stem cell proliferation 

p=0,002) and mitosis-related processes (e.g. DNA replication p=3,04E-21), 

which are both processes that cease upon differentiation. In support of this 

finding, protein complexes essential for cell division were enriched in cluster 4 

(Fig. 2E), whereas bona fide NB self-renewal transcription factors such as vfl, 

klu, and dpn as well as asymmetric cell division regulators (G𝛼i, mud, insc, 

bora) appeared in cluster 5. This suggests that during differentiation stem cell-

promoting genes lack a H3K27me3 mark and that their repression could be 

mediated through mechanisms independent of PcG. This result is 

corroborated by previous data indicating that the genes mira, CycE, stg and 

dpn are enriched in HP1-associated chromatin in Drosophila neurons 

(Marshall & Brand, 2017).  

Thus, these data suggest that a small group of genes is controlled by 

H3K27me3-repression upon differentiation, whereas most stem cell–related 

genes are turned off via an additional mechanism, potentially involving HP1 

enrichment. This result is surprising considering H3K27me3 datasets indicate 

spreading of PcG-repressed regions upon neural differentiation in mammals 

(Södersten et al., 2018; Zhu et al., 2013) and suggests that different 

strategies of epigenetic control of neurogenesis have been established across 

evolution. 
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Figure 2. Changes of active and repressive histone modifications upon differentiation.  
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(A) Unsupervised hierarchical clustering analysis of gene log2 foldchange between NBIs and 

neurons. NB-related genes of cluster 4 according to literature are indicated blue. (B) ChIP-

seq tracks of representative examples for genes of cluster 5. ChIP-seq tracks of representative 

examples for cell-cycle-related genes (C) and self-renewal-related genes (D). (E) Examples of 
mitosis related protein complexes. Blue indicates genes found in cluster 4.  

 

Subtype-specific neuroblast genes are controlled by TrxG and PcG 

          Next, we wanted to address whether alterations of histone modifications 

can be observed between different types of NB lineages. To this end, we 

made use of tNBs which are of a different origin. RNAi of both brat and numb 

induced tumors made of NBIs while the depletion brat alone initiates tumors 

consisting of NBIIs (Fig. 1B-C). We reasoned that features occurring in NBII-

like tNBs but absent in NBI-like tNBs would likely be specific to NBII lineages 

rather than due to tumorigenesis. We performed hierarchical clustering 

analysis between NBIs, NBI-like tNBs and NBII-like tNBs as described above 

and identified two NBII-specific sets of genes (Fig. 3A and Fig. S2). The first 

cluster of genes showed a decrease in H3K4me3 in NBII-like tNBIIs 

compared to NBIs and no or only mild changes when compared to NBI-like 

tNBIs (NBII cluster1). Moreover, these loci showed no or only modest 

increases in H3K27me3. As a key example, among this set of genes, we 

found the NBI-specific transcription factor asense, which showed clear 

H3K4me3 signals in NBI and brat numb depleted NBI-like tNBs but no signal 

in NBII-like tNBs (Fig. S3A).  

          In the second gene cluster (NBII cluster 2), NBII-like tNBIIs showed 

increased H3K4me3 signal and lower H3K27me3 occupancy. Interestingly, 

previous genetic evidence has suggested a role of trithorax in maintaining 

different subtypes of neuroblast lineages. In particular, the two loci buttonhead 

and Sp1 are required to specify NBII from neuroectoderm (Álvarez & Díaz-

Benjumea, 2018) and to maintain NBII lineages (Komori, Xiao, Janssens, 

Dou, & Lee, 2014; Y. Xie et al., 2014). Indeed, both genes are H3K4me3 

positive in NBII-like tNBIIs and have reduced intensity of H3K27me3 signal in 

NBI-derived numb tumors as well as NBIs (Fig. 3B). Our clustering identified 

additional genes with a similar pattern (Fig. 3A). Two of these H3K4me3 
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positive NBII-like NBII-specific genes were the homeodomain transcription 

factor Distal-less (Dll) and the transcriptional coactivator eyes absent (eya). 

We decided to further focus on and characterize the contribution of these two 

genes in NBII specification as previous work showed that Dll enhancer was 

active in NBII lineages (Izergina, Balmer, Bello, & Reichert, 2009) and eya 

was mainly expressed in NBIIs (which we confirmed by immunostaining (Fig. 

3D)). Dll-or eya-depleted brains resulted in smaller NBII cells (Fig. 3E and Fig. 

S2B) with a reduced number of INPs (Fig. 3F), which indicates reduced 

stemness (Song & Lu, 2011; Wissel et al., 2018).  In contrast, NBI lineages 

showed normal NB growth and unaffected GMC numbers (Fig. 3G and Fig. 

S2C). Thus, our data indicate that these two genes are required to maintain 

NBII lineages. This would further suggest that NB subtype-specific genes are 

regulated by PcG and TrxG. 

          Finally, tNB-specific changes were mostly H3K4me3 changes 

(reduction in tNB cluster 1 and gain in tNB cluster 2+3) (Fig. 3A and Fig. S2) 

while only minor changes were observed for H3K27me3. This suggests that 

tumor specific changes are mediated by TrxG proteins rather than PcG.  
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Figure 3. Comparison of different NB subtypes identifies PcG and TrxG-dependent 
NBII-specific factors.   

(A) Unsupervised hierarchical clustering analysis of gene log2 foldchange between NBI, NBI-

like tNB and NBII-like tNB (relevant section is shown, for full heatmap see Fig. S5.). ChIP-
seq tracks of the known NBII factors Sp1 and btd (B) and novel NBII-specific 

factors Dll and eya (C). (D) Eya immunostaining in type I and type II neuroblasts. Scale bar 
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50 µm. Driver line used was UAS-dicer2; insc-Gal4, UAS-CD8::GFP. (E) Immunostainings 

of larval brains expressing RNAi against of Dll or eya show smaller NBIIs (blow-up). Scale 

bar is 50 µm. Quantification of immediate progenies of NBIIs (F) and NBIs (G). Driver line 

used was UAS-dicer2; insc-Gal4, UAS-CD8::GFP. Mean ± SD is shown. (for INPs (F) n=11, 
control = 33±1.61, Dll = 25.09±1.97 and eya  = 26.64±1.43, and for GMCs (G) control = 

3.25±0.57 (n=16), Dll  = 3.23± 0.75 (n=17) and eya  = 3.05±0.65 (n=17)). One-way ANOVA 

test was used and ****p < 0.0001, ns = not significant. n numbers are lineages quantified. 

 

PRC 1 and 2 are required for neuroblast maintenance 

Our data suggest that both TrxG and PcG complexes play an important 

role in maintaining NBI and NBII identities. TrxG-dependent maintenance of 

NBII identity was shown to rely on the target genes buttonhead and Sp1 

(Álvarez & Díaz-Benjumea, 2018; Komori et al., 2014). By contrast, the role of 

PcG in NB-subtype specification, besides HOX gene repression, remains 

largely unexplored. During brain development, loss of PcG repression leads to 

ectopic expression of HOX genes, which in turn induces apoptosis and 

depletion of both type I and type II NBs (Bello et al., 2007). In accordance with 

these previous findings, our ChIP-seq data revealed high levels of H3K27me3 

at the two HOX gene clusters Antennapedia and Bithorax complex in both 

NBIs and NBIIs (Fig. S4A). 

To investigate whether PRC-mediated repression is only required to 

prevent HOX gene-induced apoptosis or plays a broader role in neurogenesis, 

we blocked apoptosis by expressing the baculovirus caspase inhibitor gene 

P35. To this end, RNAi constructs against components of PRC2 (E(z), 

Su(z)12) or PRC1 (Sce) were expressed in NBs using the general NB driver 

line insc-GAL4, which resulted in a great decrease in NBI and NBII cell 

numbers (Fig. 4A). Upon p35 expression in a PcG-depleted background, 

GFP+ NB lineages could be restored (Fig. 4B) as previously reported (Bello et 

al., 2007). 

Although RNAi constructs were expressed with the same driver line in 

NBIs and NBIIs, blocking apoptosis in PRC2-depleted lineages restored NBI 

but not NBII cell numbers (Fig. 4C, D). In contrast, the number of NBs in 

PRC1-depleted brains was restored, suggesting PRC1, unlike PRC2, seem to 

only target the HOX genes and therefore prevent apoptosis of NBs (Fig. 4D). 
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However, these restored NBIIs still exhibited a smaller cell size (Fig. 4F) than 

their control NBIIs. These results indicate that in addition to its function as 

anti-apoptotic in both type I and type II NB, that NBIIs require PRC2 is 

required specifically in NBIIs to maintain self-renewal potential. These data 

therefore suggest that PcG-dependent repression targets more genes in 

addition to the HOX genes to maintain NBII.  

 

PcG proteins prevent premature NB differentiation 

Although the number of NBIs was restored in apoptosis-inhibited PcG-

depleted conditions, the NBI cell size was reduced (Fig. 4E). NBs must 

maintain a certain growth rate to maintain their self-renewal potential and 

prevent differentiation (Song & Lu, 2011). We therefore analyzed these 

apoptosis-inhibited NBIs and their self-renewal potential. RNAi constructs 

against PRC1 and PRC2 components were expressed together with P35, and 

NBs were analyzed at 6h after pupal formation (APF), timepoint at which NB 

start to exit proliferation (Fig. S4B). While the number of NBI in both PRC1- 

and PRC2-depleted brains were restored in third instar larval brains upon P35 

expression, NB numbers were significantly decreased at 6h APF along with 

the fact that the diameter of the remaining ones was significantly lower 

compared to control (Fig. S4C, D). Altogether, these data show that even 

though the number of NBs were restored in apoptosis-inhibited, PRC-depleted 

lineages, these NBs fail to maintain their self-renewal potential as reported by 

their smaller size and early differentiation compared to their wild-type 

counterparts. These results altogether indicate that PcG proteins are required 

to maintain stemness both in type I and type II NBs but with different 

sensitivities.  

To address the physiological consequences of premature NB 

differentiation, we analyzed the viability of PcG-depleted flies. RNAi-mediated 

knockdown of PcG proteins with and without p35 expression using insc-GAL4, 

led to lethality during development (data not shown). This observation further 

confirms our previous results that neurogenesis of NBI lineages is not fully 

restored. However, this approach suffers from the caveat that the insc 

promotor is active in some cells of the larval gut and salivary glands. To 
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exclude that lethality could originate from abnormal development of other 

tissues, we next used a brain-restricted NBI lineage-specific driver line ase-

GAL4. Similar to insc-Gal4, ase-Gal4-mediated loss of PcG proteins led to a 

decline in NBI numbers and size, which could be rescued by blocking 

apoptosis (Fig. S5A, B). These phenotypes were nonetheless weaker, which 

we could explain by the strength of insc-Gal4, is higher expressed than ase in 

NBIs (Berger et al., 2012). However, immunostainings could confirm that PcG 

RNAi upon p35 rescue NBI lineages using ase-GAL4 still showed a significant 

decrease in H3K27me3 signal (Fig. S5C). Therefore, these results further 

confirm that PcG promotes self-renewal beyond preventing apoptosis also in 

NBI. 

When PcG proteins were depleted with ase-GAL4 driven RNAi during 

NBI development, the majority of eggs failed to develop into adult flies (Fig. 

S5D). Between 3-18% of laid eggs hatched, but flies showed neurological 

abnormalities, and became stuck in the fly food leading to death. Similarly, 

preventing apoptosis in these PcG knockdown backgrounds did not rescue 

the number of viable flies (Fig. S5D). Therefore, NBIs and NBIIs depend on 

PcG proteins for proper neuron production, although at different sensitivities. 

In summary, these results suggest that PRC1 and 2 maintain NB 

neurogenesis by silencing genes that induce apoptosis and genes whose 

expression leads to differentiation.  

 



 88 

 

  

 

 



 89 

Figure 4. PRC 1 and 2 are required for NB maintenance 

(A) Loss of PRC1 and 2 causes a significant decrease in NB numbers. Larval brain lobes 

expressing RNAi against mCherry, E(z), Su(z)12 and Sce. Lobes are outlined in yellow 

dashed lines. Scale bar 50 µm. Driver line used was UAS-dicer2; insc-Gal4, UAS-CD8::GFP. 
(B) Larval brains expressing apoptosis inhibitor P35 together with PRC RNAi constructs in 

(A). Lobes are outlined in yellow dashed lines. Scale bar 50 µm. Driver line used was UAS-

dicer2; insc-Gal4, UAS-CD8::GFP. (C) Quantification of NBI numbers in mCherry, E(z), 

Su(z)12, and Sce-depleted larval brains with and without P35 expression. n= 5 brain lobes. 

Mean ± SD (mCherry = 80.2±3.11, mCherry+P35 = 83.6±3.46, E(z) = 0.2±0.44, E(z)+P35 = 

39.8±7.66, Su(z)12 = 7.4±2.96, Su(z)12+P35 = 51±5.61, Sce = 31.2±6.83 and Sce+P35 = 

65.75±6.7). Two-way ANOVA test was used and ****p < 0.0001. (D) Quantification of NBI 

diameter in mCherry, E(z), Su(z)12, and Sce-depleted larval brains with and without P35 
expression. Mean ± SD (mCherry = 10.64±1.6 (n=50), mCherry+P35 = 11.61±1.93 (n=50), 

E(z) = NA, E(z)+P35 = 6.05±0.9 (n=50), Su(z)12 = 6.01±1.14 (n=34), Su(z)12+P35 = 

6.76±1.3 (n=50), Sce = 7.21±1.22 (n=50), and Sce+P35 = 9.31±1.54 (n=50)). Two-way 

ANOVA test was used and ****p < 0.0001. n = NBI numbers quantified. (E) Quantification of 

NBII numbers in mCherry, E(z), Su(z)12, and Sce-depleted larval brains with and without P35 

expression. n= 5 brain lobes. Mean ± SD (mCherry = 8, mCherry+P35 = 8, E(z) = NA, 

E(z)+P35 = NA, Su(z)12 = NA, Su(z)12+P35 = NA, Sce = 2.8±1.92 and Sce+P35 = 8). Two-

way ANOVA test was used and ****p < 0.0001. (F) Quantification of NBII diameter in mCherry, 
E(z), Su(z)12, and Sce-depleted larval brains with and without P35 expression. Mean ± SD 

(mCherry = 13.96±2.19 (n=40), mCherry+P35 = 13.91±2 (n=40), E(z) = NA, E(z)+P35 = NA, 

Su(z)12 = NA, Su(z)12+P35 = NA, Sce = 8.85±1.56 (n=12) and Sce+P35 = 10.5±1.7 (n=32)). 

Two-way ANOVA test was used and ****p < 0.0001. n = NBII numbers quantified. 

 

6.4. Discussion 
 

We provide a resource of histone modification datasets for different 

types of neural stem cells and their differentiated progeny. In combination with 

chromatin accessibility (Aughey et al., 2018) and binding maps of chromatin 

remodelers (Marshall & Brand, 2017) of Drosophila brain cells, we hope that 

our dataset will serve as an useful community resource. We show that during 

differentiation, stem cell identity genes are silenced in a PcG-independent 

manner, which supports previous findings showing that these genes are 

silenced through HP1 enriched chromatin (Marshall & Brand, 2017). 

Additionally, PcG-mediated silencing is unlikely to instruct the stepwise 
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inactivation of stem cell genes during differentiation as loss of H3K27me3 did 

not induce ectopic NBs.  

Here, we take advantage of in vivo genetic labeling to investigate 

chromatin dynamics of different NB subtypes. As the type II NBs are very 

lowly abundant, we used tumor NBs of type I and type II origins as a proxy in 

order to obtain enough material to be able to compare these two cell types. 

We further validated each change observed by comparing tumor to healthy 

type I NBs and excluded artifacts due to the tumorigenic state of the cells. Our 

data show that both TrxG and PcG are required to establish NBII identity. We 

identify a set of NBII-specific genes, including previously identified btd 

(Komori et al., 2014) and Sp1 (Álvarez & Díaz-Benjumea, 2018). We further 

identified Dll and eya which are specifically required for NBII maintenance. It 

has been previously described that btd acts as an activator of Dll in the 

development of the ventral imaginal discs (Estella, Rieckhof, Calleja, & 

Morata, 2003). This suggests that in NBII-identity specification the Trithorax-

target btd could act together with Dll and eya. Such a mechanism would 

explain why the loss of btd causes a distinct phenotype compared to the loss 

of Dll and eya. Interestingly, a NBI to NBII conversion is observed only in 18% 

of NBIs ectopically over-expressing btd indicating that either cofactors are 

missing or that the chromatin of btd targets is inaccessible (Komori et al., 

2014). Our data of NB subtype-specific genes being characterized by 

H3K27me3 repressive chromatin favor the latter. Therefore, as opposed to 

TrxG-activated stem cell and mitosis genes, the repression of NBII-specific 

genes is ensured by PcG-mediated H3K27me3 histone modifications 

suggesting that Polycomb plays a role in defining the diversity of neural stem 

cell lineages. Moreover, our data indicates that PcG repression is required not 

only for the silencing of HOX genes but also for the self-renewal capacity of 

NBs. Unlike TrxG (Komori et al., 2014), the loss of catalytic subunits of PcG 

complexes did not convert NBIIs to NBIs or vice versa. This suggests that NB 

subtype-specification cannot be explained solely by an absence of repression 

but requires a further activation mechanism. Strikingly, loss of PcG complexes 

caused a significant decrease in the numbers of NBs. Interestingly, across all 

the cell types, developmental genes such as cad, eve, peb, scr, and slp1, as 
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well as genes involved in embryonic NB temporal patterning (hb, kr, pdm, cas 

and grh), are heavily marked with H3K27me3. It is therefore possible that 

PcG-mediated repression is required to silence these developmentally crucial 

genes in addition to the HOX genes. Thus, the observed reduction in NB 

stemness might be caused by the de-repression of these genes.  

Besides an overall decreased NB maintenance, we observed 

increased sensitivity of NBII lineages upon reduction of PRC2 activity. 

Interestingly, opa and ham, two previously described temporal switch genes in 

NBII lineages (Abdusselamoglu, Eroglu, Burkard, & Knoblich, 2019), are also 

enriched with H3K27me3 in NBs. Ectopic expression of these genes limits 

self-renewal of NBs and causes NBs to disappear (Abdusselamoglu et al., 

2019; Eroglu et al., 2014). In the future, investigating the downstream targets 

of PcG in different NB subtypes could reveal the underlying mechanisms of 

subtype-specification. In conclusion, our data provide a useful resource to 

investigate how chromatin state dynamics orchestrate the diversity and 

correct progression of neural stem cell lineages. 

 

6.5. Materials and Methods 
 

Fly strains 
UAS-Su(z)12 RNAi (BL 31191), UAS-E(z) RNAi (BL36068), UAS-Sce RNAi 

(VDRC 106328), UAS-p35 (BL5072, BL5073, both were tested for 

functionality), UAS-Dll RNAi (VDRC 101750), UAS-eya RNAi (VDRC 108071). 

 

Immunofluorescence 
Brains were dissected and fixed for 20 min in PBS with 5% PFA with 0.1% 

TritonX-100. After three washes with 1XPBS with 0.1% TritonX-100 (PBST), 

brains were incubated for 1 hour in blocking solution (PBST with 3% Normal 

goat serum), incubated with blockings solution with primary antibodies and 

washed again three times with PBST. Secondary antibodies (1:500, goat 

Alexa Fluor®, Invitrogen) were added for one to two hours and then removed 

with three PBST washes. Brains were mounted in Vectashield Antifade 

Mounting Medium (Vector Labs). Primary antibodies used were: rat anti-
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Asense (1:500, (Eroglu et al., 2014)), guinea pig anti-Deadpan (1:1000, 

(Eroglu et al., 2014)), H3K27me3 (1:500, Active Motif 39155). 

 

Microscopy 
Images were recorded on Zeiss Confocal 780. Images of different conditions 

in one panel were recorded using the same settings. 

 

Isolation of NBs using FACS 
NB-sized cells were sorted from third instar larval brains according to 

GFP/RFP signal and cell size as previous described (Berger et al., 2012; 

Harzer et al., 2013). Briefly, brains were collected in 1X Rinaldini solution and 

then enzymatically and mechanically dissociated in Schneider’s medium 

supplemented with FBS (10%), PenStrep (2%), Insulin (20 µl/ml), L-Glutamine 

(20mM), L-Glutathione (40 µg/ml), 20-Hydroxyecdyson (5 µg/ml). 

 

Statistics 
Statistical analyses were performed with GraphPad Prism 7. Experiments 

were not randomized. Sample sizes were estimated depending on the 

previous experiences with similar setups and the investigator wasn’t blinded. 

Two-way ANOVA was used to assess statistical significance between multiple 

samples, while unpaired two-tailed Student’s t-test was used between two 

samples.  

 

ChIP-Seq 
Preparation of soluble chromatin 
50000 sorted cells of interest were pelleted by centrifuging at 3000 rpm for 10 

min. The cell pellet was resuspended in complete media. Fixation was 

performed with formaldehyde (final concentration 1%) for 5 min at room 

temperature. After quenching with glycine (final concentration 125 mM) for 3 

min at room temperature, cells were centrifuged at 3000 rpm for 10 min and 

the supernatant was discarded. Cells then were resuspended in 100 µl 1X 

PBS with CaCl2 (final concentration: 1mM) and TritonX100 (final 
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concentration: 0.1%) and incubated with 5 Units micrococcal nuclease 

(Worthington Biochemical, LS004798) at 37°C for 3 min. After incubation, the 

sample was immediately transferred on ice and 2.5 µl 0.5 M EDTA, 6.25 µl 0.2 

M EGTA and 1.25 µl 1X PBS were added in order to stop the reaction. After 

adjusting the sample volume to 300 µl with 1X PBS and sonication was 

performed with a microtip sonicator (OmniZRuptor 250, Omni International; 

microtip, power output: 20) for 20 seconds in a prechilled metal. Once 

sonication was over, the sample was snap frozen in liquid nitrogen. Fragment 

size was assessed using the Agilent High Sensitivity DNA Assay. 

Chromatin Immunoprecipitation 
The volume of thawed chromatin samples was adjusted to 500 µl with 50 µl 

10X lysis buffer (1 mM EDTA, 10 mM Tris-HCl pH8, 0.1% Na-Deoxycholate, 

0.5% N-lauroylsarcosine, 1% TritonX100), 140 µl water and 10 µl of 50X 

complete protease inhibitor. After 5min incubation on ice, samples were spun 

down at maximum speed for 10 min at 4°C. While supernatant was 

transferred to fresh tubes, 5 µl was saved as input sample (1%) at 4°C. 

Samples were incubated with primary antibodies overnight at 4°C. And then, 

incubated with 10 µl Dynabeads Protein A for 1 hour at 4°C. After 6 washes 

with lysis buffer containing 100 mM NaCl and 1% TritonX100, ChIP DNA was 

eluted twice with 125 µl fresh elution buffer (0.2% SDS, 0.1M NaHCO3, 5 mM 

DTT) at 65°C for 10 min. The input DNA volume was adjusted to 250 µl with 

elution buffer. To achieve reversal of crosslinking, 1 M Tris-HCl (10 mM final 

concentration) and 500 mM EDTA (2 mM final concentration) were added to 

samples. Antibodies used for ChIP were: H3K27me3 (Active Motif, 39155) 

and H3K4me3 (Millipore 07-473). 

Library construction 
Library construction was performed as previously described (Bowman et al., 

2013). In short, after the ChIP sample volume was adjusted to 37.5 µl, end 

polishing reaction (50 µl) was performed by incubating the sample with 1X T4 

ligase buffer (NEB, Ipswich, MA, USA), 0.4 mM dNTPs, 7.5U T4 Polymerase 

(NEB), 2.5U Klenow polymerase (NEB), 25U polynucleotide kinase for 30 min 

at 20°C in a thermocycler. To clean-up the samples, Solid Phase Reversible 
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Immobilization (SPRI) beads (Agencourt AMPure XP, Beckman Coulter) were 

used at a 1.8X beads ratio. Once, DNA was eluted with 16.5 µl water, A-tailing 

reaction (25 µl) was performed. To do so, 16 µl sample with 1X NEB buffer 2, 

0.2 mM dATP, 7.5U Klenow 3’-5’ exo minus (NEB) were incubated for 30 min 

at 37°C. SPRI cleanup was performed with 1.8X beads ratio and DNA was 

eluted with 9.5 µl of water. Adapter ligation reaction (25 µl) was performed by 

incubating 9 µl of sample with 1X rapid T4 ligase buffer (Enzymatics, Beverly, 

MA, USA), 0.01 uM annealed universal adapter, 150 U T4 rapid ligase 

(Enzymatics) for 15 min at room temperature. SPRI cleanup was performed 

once again with 1.6X beads ratio and DNA was eluted with 10.5 µl water. 

Finally, library amplification was performed by setting up a PCR reaction (50 

µl) with 1X Phusion HF master mix (NEB), 0.2 uM universal primer, 0.2 uM 

barcoded primer, 1X SYBR Green I (Invitrogen), and 0.5 µl Rox (USB). Then, 

PCR reaction was performed using an Applied Biosystems 7500 Fast Real-

Time PCR System. Program used was as followed: an initial denaturing for 30 

seconds at 98°C, followed by multiple cycles of 10 seconds denaturation at 

98°C, 20 seconds annealing at 64°C, and 45 seconds extension at 72°C. 

Reactions were terminated at the end of the extension phase, after SYBR 

green reported reaction kinetics in the log phase for several cycles. 

 

Bioinformatics 
Reads are aligned to dm3 with bowtie2 (v2.2.4) (Langmead & Salzberg, 

2012). Coverage tracks are produced with deeptools2 (v2.5.0.1) (Ramirez et 

al., 2016) by subtracting the respective input (--ratio subract --normalizeTo1x 

121400000 -bs 1). Reads of ChIP alignments are counted with multiBamCov 

of bedtools (v2.25.0)  (Quinlan & Hall, 2010). H3K4me3 reads are counted in 

a 500bp region downstream of the first TSS. H3K27me3 reads are counted 

over the genebody. Flybase 5.44 is used as annotation. Differential regions 

are called with DESeq2 (v1.22.2)  (Love, Huber, & Anders, 2014). Heatmaps 

of differential regions are generated with ComplexHeatmaps (v2.1.0)  (Gu, 

Eils, & Schlesner, 2016). The hierarchical tree is based on 
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log2FC (DEseq2) with method complete and euclidean distance. In addition, 

log2TPMs are shown. 

 
Accession numbers 
The Gene Expression Omnibus accession number for the ChIP-sequencing 

data reported in this paper is GSE134509. 

 
Enrichment analysis 
Gene Ontology (GO) enrichment analysis were performed on 

www.flymine.org/ with Holm-Bonferroni correction with max p-value 0.05. For 

analysis of protein complexes the Compleat website 

(https://www.flyrnai.org/compleat/) was used (Vinayagam et al., 2013). 
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6.7. Supplementary Files 
 

 

Supplement Figure 1. Examples of H3K4me3 and H3K27me3-dependent gene loci.  

H3K4me3 and H3K27me3 distribution of RpLL215 (A), caudal (B).   
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Supplement Figure 2. Full heatmap of H3K4me3 and H3K27me3 changes between NB 
samples. 

Comprehensive hierarchical clustering analysis for NB samples presented in Figure 3. 

 

 

Supplement Figure 3. Dll and eya knockdown affect NBII but not NBI size.  

(A) H3K4me3 and H3K27me3 distribution at the Asense locus. Measurements of NBII (B) and 
NBI (C) diameter. Driver line used was UAS-dicer2; insc-Gal4, UAS-CD8::GFP. Mean ± SD is 

shown. (for NBII diameter (B) control = 13.09±1.66 (n = 48), Dll = 9.29±1.21 (n = 45) and eya  

= 9.34±1.02 (n = 37), and for NBI diameter (C) control = 10.61±1.48 (n=60), Dll  = 10.17± 

1.07 (n=60) and eya  = 10.28±1.33 (n=52)). One-way ANOVA test was used and ****p < 

0.0001, ns = not significant. n numbers are lineages quantified. 
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Supplement Figure 4. NBI and NBII neurogenesis depend on PcG with different 
sensitivity 

(A) ChIP-seq tracks of the HOX gene clusters; Antennapedia and Bithorax. (B) Pupal brains 

expressing apoptosis inhibitor P35 together with mCherry, E(z), Su(z) and Sce RNAi 
constructs. PcG loss causes smaller NBI (blow-ups). Scale bar 50 µm. Driver line used was 

UAS-dicer2; insc-Gal4, UAS-CD8::GFP. (C) Quantification of NBI and NBII numbers in (B). 

Mean ± SD is shown (for NBI, mCherry+P35 = 59.43±4.93 (n=7), E(z)+P35 = 0.62±0.91 

(n=8), Su(z)12+P35 = 5.85±3.62 (n=8) and Sce+P35 = 16.38±4.98 (n=8) and for NBII, 

mCherry+P35 = 8 (n=7), E(z)+P35 = NA, Su(z)12+P35 = NA and Sce+P35 = 1.12±1.24 

(n=8)). One-way ANOVA test was used and ****p < 0.0001. (D) Quantification of NBI and NBII 

diameter in (B). Mean ± SD (for NBI, mCherry+P35 = 7.74±0.76 (n=60), E(z)+P35 = 
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5.19±0.37 (n=5), Su(z)12+P35 = 5.15±0.92 (n=41) and Sce+P35 = 5.74±0.82 (n=80) and for 

NBII, mCherry+P35 = 10.12±1.2 (n=43), E(z)+P35 = NA, Su(z)12+P35 = NA and Sce+P35 = 

7.88±0.73 (n=9)) One-way ANOVA test was used and ****p < 0.0001. 

 

 

Supplement Figure 5. Blocking apoptosis in PcG depleted NB lineages does not 
restore neurogenesis. 

 (A) Number of NBI in L3 larval brains upon RNAi-depletion of PcG genes with and without 
blocking apoptosis with p35. Mean ± SD. ANOVA test and * p<0.05, ** p<0.005, *** p<0.0005, 

ns not significant. n= 5 brain lobes, except for E(z) RNAi and Su(z)12 RNAi n=4 brain lobes. 

Driver line UAS-dicer2; ase-GAL4, UAS-CD8::GFP was used. (B) Quantification of the NBI 

cell size of apoptosis-blocked mCherry (n=38), E(z) (n=37), Su(z)12 (n=34), Sce (n=41) 
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RNAi-depleted NBIs. n numbers are NBI numbers, each time from 3 different brain lobes. 

Driver line used was UAS-dicer2; ase-GAL4, UAS-CD8::GFP. Mean ± SD. ANOVA test and ** 

p<0.005, **** p<0.00005. (C) H3K27me3 levels upon the knockdown of PcG genes. 

Exemplarily NBI lineages are outlined. Driver line used was UAS-dicer2; ase-GAL4, UAS-
CD8::GFP. Scale bar 10µm.  (D) Quantification of adult flies that are alive, hatched but dead 

and did not hatch. For all conditions n=3 independent viability assays. UAS-dicer2; ase-GAL4. 

Mean ± SD. 

 

GO-term p-value matches 

DNA replication [GO:0006260] 3.05E-21 36 
DNA-dependent DNA replication [GO:0006261] 2.49E-19 32 
DNA metabolic process [GO:0006259] 2.02E-13 46 
cell cycle [GO:0007049] 3.55E-11 69 
cell cycle process [GO:0022402] 5.42E-10 59 
DNA replication initiation [GO:0006270] 9.46E-08 14 
mitotic cell cycle [GO:0000278] 1.36E-07 50 
mitotic cell cycle process [GO:1903047] 2.17E-05 39 
DNA repair [GO:0006281] 3.23E-03 26 
regulation of cell cycle [GO:0051726] 1.90E-02 33 
cellular response to DNA damage stimulus [GO:0006974] 1.16E-01 27 
regulation of cell cycle process [GO:0010564] 1.57E-01 24 
regulation of mitotic cell cycle [GO:0007346] 3.49E+00 23 
DNA conformation change [GO:0071103] 4.82E+00 23 
DNA recombination [GO:0006310] 6.97E+00 17 
DNA-dependent DNA replication maintenance of fidelity 
[GO:0045005] 

8.10E+00 8 

positive regulation of cell cycle [GO:0045787] 1.02E+01 14 
DNA packaging [GO:0006323] 1.36E+01 21 
cellular aromatic compound metabolic process [GO:0006725] 1.63E+01 108 
heterocycle metabolic process [GO:0046483] 1.79E+01 106 
nuclear division [GO:0000280] 2.81E+01 29 
nucleobase-containing compound metabolic process 
[GO:0006139] 

5.94E+01 102 

organic cyclic compound metabolic process [GO:1901360] 6.43E+01 108 
positive regulation of cell cycle process [GO:0090068] 8.34E+01 11 
organelle fission [GO:0048285] 9.15E+01 29 
cell cycle DNA replication [GO:0044786] 1.75E+02 10 
positive regulation of mitotic cell cycle [GO:0045931] 3.04E+02 10 
cell population proliferation [GO:0008283] 6.07E+02 29 
chromosome organization [GO:0051276] 6.49E+02 44 
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meiosis I cell cycle process [GO:0061982] 0.001276 15 
organelle organization [GO:0006996] 0.001479 85 
microtubule cytoskeleton organization [GO:0000226] 0.001894 27 
nucleic acid metabolic process [GO:0090304] 0.002222 89 
stem cell proliferation [GO:0072089] 0.002577 15 
DNA strand elongation involved in DNA replication [GO:0006271] 0.003373 6 
DNA strand elongation [GO:0022616] 0.003373 6 
nucleosome assembly [GO:0006334] 0.005838 13 
spindle organization [GO:0007051] 0.010199 15 
nuclear chromosome segregation [GO:0098813] 0.010349 18 
positive regulation of G1/S transition of mitotic cell cycle 
[GO:1900087] 

0.010396 5 

microtubule-based process [GO:0007017] 0.011679 31 
neuroblast proliferation [GO:0007405] 0.012103 13 
positive regulation of mitotic cell cycle phase transition 
[GO:1901992] 

0.013766 7 

regulation of cell cycle phase transition [GO:1901987] 0.019088 13 
double-strand break repair [GO:0006302] 0.020510 12 
cell division [GO:0051301] 0.022294 22 
neural precursor cell proliferation [GO:0061351] 0.029439 13 
meiotic cell cycle [GO:0051321] 0.030725 20 
protein-DNA complex assembly [GO:0065004] 0.031200 15 
positive regulation of cell cycle phase transition [GO:1901989] 0.033009 7 
microtubule cytoskeleton organization involved in mitosis 
[GO:1902850] 

0.033019 12 

meiosis I [GO:0007127] 0.035216 10 
cell cycle phase transition [GO:0044770] 0.036278 14 
chromosome segregation [GO:0007059] 0.039454 18 
chromatin assembly [GO:0031497] 0.040166 13 

 

Supplement Table 1: GO-term analysis of genes with decreased H3K4me3 in neurons 
compared to NBIs. 

GO-term enrichment analysis for genes of cluster 4 (related to Fig. 2). 
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7. Discussion 
 
 Here, in this thesis, we used Drosophila neuroblasts as a model 

system to study different aspects of regulation of stem cell lineages. In 

chapter 1, we dissected the mechanisms underlying temporal patterning. We 

proposed a new model for the regulation of temporal patterning. In chapter 2, 

we have provided a powerful resource and new candidates for NB subtype-

specification.  

 In the future, studying the underlying mechanisms of how these gene 

networks regulate the neuronal fate decisions would allow us to understand 

the complexity of brain and its functions. For instance, the incoherent feed-

forward loop that we proposed for INP temporal patterning can be 

investigated in mammalian CNS development. The two-dimensional nature of 

temporal patterning in type II lineages implicates that fate decisions require 

different steps of regulation, where each step is more complicated than turn 

on/off switch system of TFs. With recent advances in single-cell analysis and 

development of advanced cell culture system as cerebral cortex organoids, 

one can investigate how the temporal patterning progress in mammalian CNS 

development.  

 By studying chromatin states, we can uncover how the cell fate 

decisions are primed. With investigation of dynamic changes of histone 

modifications, we can understand how gene expression programs have been 

initiated and maintained. Understanding how these fate decisions are made 

will improve our understanding of lineage progression. 

 In summary, these studies have proven that Drosophila is an excellent 

model system to understand CNS development in depth. 
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