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Abstract 

The central nervous system (CNS) is a hallmark feature of animals with a bilateral symmetry: bilateria 

and can be sub-divided into the brain and nerve cord. One of the prominent properties of the CNS 

across bilateria is the discernible expansion of its anterior part (brain) compared with the posterior one 

(nerve cord). This evolutionarily conserved feature could be attributed to four major developmental 

agencies: First, the existence of more anterior progenitors. Second, anterior progenitors are more 

proliferative. Third, anterior daughter cells, generated by the progenitors, are more proliferative. 

Forth, fewer cells are removed by programmed cell death (PCD) anteriorly. My thesis has addressed 

these issues, and uncovered both biological principles and genetic regulatory networks that promote 

these A-P differences. I have used the Drosophila and mouse embryonic CNSs as model systems. 

Regarding the 1st issue, while the brain indeed contains more progenitors, my studies demonstrate that 

this only partly explains the anterior expansion. Indeed, with regard to the 2nd issue, my studies, on 

both the Drosophila and mouse CNS, demonstrate that anterior progenitors divide more extensively. 

Concerning the 3rd issue, in Drosophila we identified a gradient of daughter proliferation along the A-

P axis of the developing CNS with brain daughter cells being more proliferative. Specifically, in the 

brain, progenitors divide to generate a series of daughter cells that divide once (Type I), to generate 

two neurons or glia. In contrast, in the nerve cord, progenitors switch during later stages, from first 

generating dividing daughters to subsequently generating daughters that directly differentiate (Type 

0). Hence, nerve cord progenitors undergo a programmed Type I->0 proliferation switch. In the 

Drosophila posterior CNS, this switch occurs earlier and is more prevalent, contributing to the 

generation of smaller lineages in the posterior regions. Similar to Drosophila, in the mouse brain we 

also found that progenitor and daughter cell proliferation was elevated and extended into later 

developmental stages, when compared to the spinal cord. DNA-labeling experiments revealed faster 

cycling cells in the brain when compared to the nerve cord, in both Drosophila and mouse. In both 

Drosophila and mouse, we found that the suppression of progenitor and daughter proliferation in the 

nerve cord is controlled by the Hox homeotic gene family. Hence, the absence of Hox gene 

expression in the brain provides a logical explanation for the extended progenitor proliferation and 

lack of Type I->0 switch. The repression of Hox genes in the brain is mediated by the histone-

modifying Polycomb Group complex (PcG), which thereby is responsible for the anterior expansion. 

With respect to the 4th issue, we found no effect of PCD on anterior expansion in Drosophila, while 

this cannot be asserted for the mouse embryonic neurodevelopment as there are no genetic tools to 

abolish PCD effectively in mammals. Taken together, the studies presented in this thesis identified 

global and evolutionarily-conserved genetic programs that promote anterior CNS expansion, and pave 

the way for understanding the evolution of size along the anterior-posterior CNS axis.  

 



 

 

Populärvetenskaplig sammanfattning 

Det centrala nervsystemet (CNS) är oerhört komplext, med väldigt många celler och enorm 

mångfald av celltyper. En annan slående egenskap hos CNS är dess främre expansion, dvs att 

hjärnan är mycket större än ryggmärgen. Denna främre expansion är uppenbar hos de flesta, 

kanske samtliga djur som har ett CNS, och verkar bli alltmer uttalad under evolutionens gång. 

Även om denna främre expansion är ett framträdande inslag i CNS, har vi mycket begränsad 

förståelse av den bakomliggande mekanismen. CNS hos primater, inklusive människor, är för 

komplexa och tidskrävande för att användas som modeller för att ta itu med denna fråga. 

Biologer utnyttjar istället mindre komplexa och mer lätthanterliga djur som modeller för att 

studera utvecklingen av CNS, såsom fruktflugan (Drosophila) och musen. Båda dessa arter är 

lämpliga biologiska modellsystem för att hjälpa oss att förstå även människans biologi, 

eftersom många aspekter av den genetiska kontrollen av CNS utveckling är mycket lika i hela 

djurriket. 

Mina studier, som presenteras i denna doktorsavhandling, ledde till upptäckten av nya 

genetiska kontrollsystem vilka reglerar hur stamceller tillväxer i olika delar av CNS. Jag har 

funnit att stamceller växer snabbare och under en längre period i hjärnan, jämfört med 

ryggmärgen, och att detta förklarar varför CNS alltid är mer expanderat framtill. Mina studier 

ledde också till upptäckten att celldöd inte verkar bidra till skillnaden i storlek mellan hjärna 

och ryggmärg. Genom att manipulera dessa genetiska kontrollsystem på ett kontrollerat sätt 

kunde vi bl.a. sakta ner stamcellerna och därigenom minska hjärnans tillväxt. Förståelse av 

dessa genetiska kontrollsystem kommer sannolikt att påverka vår inblick i sjukdomar såsom 

mikrocefali och hjärntumörer. De genetiska mekanismerna som identifieras i denna 

avhandling hjälper oss dessutom att bättre förstå utvecklingen av CNS-storlek och 

komplexitet i dess främre del dvs hjärnan.  
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Introduction 

Early embryonic development 

The two most defining features of multicellular organisms are reproduction and development 

[1]. Development, in its ontogenetic sense, consists of self-construction and self-organization 

which, in the matter of sexual reproduction, begins with a seemingly simple cell called zygote 

i.e., the fertilized egg, and continues to give rise to a full-grown organism. The building blocks 

for self-construction are provided via mitosis i.e., cells dividing with diminishing competence 

and increasing specification over developmental time. This progresses from totipotency to 

pluripotency, onward to multipotency, which is around late gastrulation i.e., during the 

formation of the three germ layers, and finally to fully-differentiated, committed cells. Self-

organization is achieved via cell migration, tissue orientation and body axes formation. In 

bilateria (animals with a bilateral symmetry), the body axes include anterior-posterior (A-P), 

dorsal-ventral (D-V) and medial-lateral (right-left). Development, for each and every cell, is a 

journey through developmental time with changes in its competence, culminating as the cell 

becomes committed to a given fate via differentiation. After every cell cycle, or even in post-

mitotic cells over time, there are switch points of cellular fate trajectories coupled to changes 

in developmental competence and plasticity of cells (Waddington’s concept of the epigenetic 

landscape [2]).   

 

Organization of the body plan/patterning 

Morphogens are signaling proteins that act in a dosage-dependent manner over a distance to 

induce specific cell fates [3]. Embryonic body patterning and the establishment of A-P and D-

V axes span blastula, gastrula and somitogenesis stages of embryonic development. Since A-P 

and D-V axes are not established all at once, the precise spatio-temporal regulation of 

morphogens’ signaling and distributions are also critical for proper 3D patterning of embryonic 

body [4].  

 

Drosophila 

The nucleus of the fertilized egg divides several times rapidly in a shared cytoplasm without 

cytokinesis/cleavage, which creates a syncytium. Nuclei move to the surface of the zygote to 
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from the syncytial blastoderm. This takes about two hours and involves13 rounds of division. 

After about three hours, cell membranes are formed around the nuclei to give rise to the cellular 

blastoderm. The pole cells at the posterior end of the egg will constitute the germline while 

cellular blastoderm will give rise to the somatic cells of the embryo. A specific group of mid-

ventral cells of the blastoderm invaginate to initiate gastrulation. The cells remaining at the egg 

surface will become the ectoderm, while the invaginating cells form the mesoderm and the 

endoderm [5]. The early processes of development are controlled by maternally-deposited 

factors (proteins and mRNAs) such as Bicoid (Bcd), Caudal (Cad) and Nanos (Nos), which 

form gradients along the A-P axis to drive segmentation of the early embryo. The anteriorly-

localized Bcd is a homeodomain (HD) transcription factor (TF),which controls the formation 

of anterior segments e.g., head and thorax, while Nanos, an RNA-binding protein, controls the 

formation of the abdominal segments [6]. These maternal factors control a hierarchy of 

downstream factors including gap genes, pair-rule genes, segment polarity genes and homeotic 

genes which further sub-divide the embryo into segments along the A-P axis [7] (Fig. 1).  

 

                    

Figure 1: A-P Body patterning 
in Drosophila embryo. 
Hierarchical gene activation 
from maternally-deposited 
morphogens to segments 
polarity and Hox genes 
sequentially divide and identify 
body segments during 
embryogenesis. (adapted from 
Sanson, 2001).  
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D-V patterning of the Drosophila embryo involves gradients of nuclear localization of Dorsal 

(Dl) protein (vertebrate NF-κB), which is mediated by gurken (grk), pipe (pip) and spatzle 

(spz). The local translation of grk mRNA and the localized secretion of Grk and its binding to 

the receptor Torpedo (EGFR) of the adjacent follicle cells define the dorsal side of the oocyte. 

Therefore the opposite side of the egg will be the ventral side. Pipe is secreted by the ventral 

follicle cells into the ventral perivitelline space which, in turn, activates Spz enzymatically. 

Activated Spz, present only ventrally, binds to the Toll receptor, resulting in the separation of 

Cactus from Dl and the nuclear localization of Dl in the ventral embryo (Fig. 2). Nuclearized 

Dl functions as the transcriptional activator of twist (twi) and snail (sna), which are mesodermal 

determinants, as well as rhomboid (rho), which is involved in neuroectoderm specification. Dl 

also functions as a transcriptional repressor of genes necessary for dorsal ectoderm 

development such as, zerknult (zen) and decapentaplegic (dpp) [8].  

  

      

 

 

 

The antagonistic effects of Dl and Dpp define the expression domains of another group of 

HD TFs denoted columnar genes that subdivide the neuroectoderm into three columns along 

the medial-lateral axis. These genes include ventral neuroblast defective (vnd), intermediate 

neuroblast defective (ind) and muscle specific homeobox (msh) [9], which are expressed in 

that order along the D-V axis. The short gastrulation (sog) gene is also an antagonist of Dpp. 

Figure 2: Gradient of nuclearized Dorsal transcription factor as a result of ventral activation of 
ligand; Spatzle. Dl is relieved from its cytoplasmic inhibitor Cactus via binding of Spz to the 
Toll receptor. Relieved Dl is then nuclearized and functions as a transcription factor (adapted 
from Wolpert & Martinez Arias, Principles of Development. 5 ed. 2015).  
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It is expressed in the lateral neuroepithelium and function non-autonomously to block Dpp 

signaling pathway dorsally [10] [11] (Fig. 3).  

 

             

 

 

 

 

 

Vertebrates 

Similar mechanisms of controlling body patterning seem to be at work in more derived 

organisms. Wnt, FGF, Nodal and Retinoic acid specify posterior regions while the graded 

repression of these morphogens define anterior regions. For example, zygotic Wnt, a 

cysteine-rich glycoprotein, activates genes needed for posterior identification via binding to 

the receptor Frizzled (Fz), with the assistance of co-receptors such as low-density lipoprotein-

related receptors (LRPs) and heparin-sulfate proteoglycans (HSPGs). Wnt-Fz recruits 

Disheveled (Dvl) and Axin1 to the β-catenin destruction complex. The disrupted destruction 

complex then cannot phosphorylate β-catenin for degradation, so β-catenin accumulates, 

enters the nucleus and binds TCF or LEF and triggers expression of target genes [12, 13]. At 

early blastula, maternal Wnt is involved in the establishment of the dorsal organizer (the 

Spemann organizer in amphibians; generally called the gastrula organizer) which coordinates 

Figure 3: The gradient of the maternal TF Dorsal and its antagonistic interaction with Dpp define 
the expression patterns of other genes that confer axial D-V identities such as mesodermal 
determinants (twist and snail), rho, sog and columnar genes in neuroepithelium and the ectodermal 
determinants zen and dpp itself. These interactions define mesoderm, neurogenic ectoderm 
(neuroepithelium) and epidermis (ectoderm) (adapted from Perrimon et al., 2012). 
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cellular movements during gastrulation, formation of notochord, formation of the A-P and D-

V body axes, via graded levels of different bone morphogenetic proteins (BMPs). Wnt 

antagonists such as secreted Frizzled-related proteins (sFRPs) and Dickkopf (Dkk) are 

localized anteriorly. sFRPs can bind Wnt to prevent its binding to the receptor Fz and Dkk, 

which are localized in the membrane, bind the LRP co-receptors [4, 14] (Fig. 5).  

Fibroblast Growth Factor (FGF) binds and activates its receptors (FGFRs) which are receptor 

tyrosine kinases (RTKs). Upon FGF binding, RTKs dimerize and trans-phosphorylate. The 

activated FGFRs then activate MAPK (mitogen-activated protein kinase) via Grb2, Ras 

(small GTPase) and Raf (a MAP3K) sequentially ([4, 15-17]). The FGF antagonist Sprouty 

(Spry), which is believed to disrupt MAPK activation via interfering with Ras-mediated 

activation of Raf1or by the direct inhibition of Raf1, inhibits FGF signaling [18]. Since all 

Spry proteins from Drosophila to mouse have a C-terminal, highly conserved Raf1-binding 

domain (RBD), the interference at the Raf level is highly plausible as a general mode of 

antagonism. Wnt signaling is also believed to activate Spry expression, indicating a fine-

tuning mechanism between Wnt and FGF expression domains. Spry is either membrane-

bound or in the cytoplasm, and its tissue-specific localization may also control its 

spatiotemporal repression of FGF (Fig. 5).  

Nodal is another important morphogen in early body patterning. Nodal is a secreted ligand (a 

member of TGFβ superfamily) which binds type I (activin-like kinase4; ALK4) and type II 

(activin-receptor II; ActR II) Ser/Thr kinase receptors, together with EGF-CFC co-receptor. 

Activated receptors then phosphorylate transcription factors Smad2 and Smad3 which are 

thereby nuclearized and bind their target genes [4, 19]. Nodal activity is antagonized by 

soluble extracellular proteins such as Lefty and Cerberus, which can bind both Nodal and 

EGF-CFC co-receptor, or only Nodal respectively [19]. Similar to FGF, Nodal expression in 

the dorsal organizer is triggered by the maternal Wnt at early blastula. However, during 

gastrulation, Nodal is important for mesendoderm patterning and delineation in Xenopus and 

zebrafish embryos i.e., higher levels of Nodal confers endodermal identity while lower levels 

confer mesodermal identity. Along the anteroposterior axis, Nodal promotes posterior cell 

fates such as trunk and tail and also induces Wnt and FGF expression which in turn confer 

posterior specificity (Fig. 5). So Nodal acts as a morphogen i.e., concentration-dependent, in 

mesendoderm patterning but also acts in A-P patterning simultaneously. Whether these two 

distinct roles are independent or cooperative is yet not clear [4].  
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Retinoic Acid (RA) is another important player in early body patterning, particularly in the 

CNS. RA is the product of sequential oxidation of retinol (vitamin A) or β-carotene into 

retinaldehyde and then into RA [20]. In a paracrine mode, RA modulates the expression of a 

wide range of target genes such as Hox genes, TGFβ1, FGF8, Pax6, Olig2, Drd2, Cdx1, 

Pdx1, Epo and many more [17, 21]. Once taken up by the responding cell, the RA,  which in 

some cells is bound by a cellular RA binding protein (CRABP) to improve its uptake, binds 

its nuclear receptors (RARs) which in turn dimerize with retinoid X receptors (RXRs) to form 

a complex which can bind RA response elements (RAREs) in DNA to regulate target gene 

expression. The RA-RAR-RXR complex recruits co-activator proteins with histone 

acetyltransferase activity (HAT). When RA is absent, RAR-RXR heterodimer recruits a co-

repressor complex with histone deacetylase activity (HDAC) (Fig. 4). RA also plays an 

important role in establishing the left-right (L-R) bilateral symmetry of somites. RA 

antagonists are cytochrome P450 enzymes (e.g., Cyp26 a1/b1/c1) which degrade RA. 

Therefore, the levels of cytochromeP450 enzymes create a gradient for RA-mediated gene 

regulation [22]. This is all the more interesting in light of the fact that the RA and FGF 

pathways interact to cross-regulate each other during the patterning of neural tube. RA 

represses FGF8 and interferes with MAPK signaling downstream of FGF while conversely, 

FGF induces Cyp26 expression in developing somites and inhibits Raldh2 and RAR in 

developing limb buds [17, 22] (Fig. 5).  

 

               

 

 

D-V patterning is achieved by a gradient of another group of morphogens called bone 

morphogenetic proteins (BMPs). BMPs belong to TGFβ super family of growth factors and 

Figure 4: Retinoic acid (RA)-mediated gene regulation in development (adapted 
from Cunningham & Duester 2015).  
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the more important ones involved in D-V patterning are BMP2/4 and BMP7 (BMP4; 

Drosophila Dpp orthologue). BMPs form either homodimers or heterodimers and after 

secretion bind a Ser/Thr kinase receptor complex on the responding cell membrane which 

includes two Type I (BMPR1/ACVR1) and two Type II (BPMR2/ACVR2) receptors. Upon 

binding of BMP, Type II receptors phosphorylate Type I receptors which, in turn, 

phosphorylate Smad 1/5. pSmad 1/5 then bind the common-partner Smad4 and this 

heterodimer complex is then nuclearized and function as a TF [4, 23, 24]. The BMP gradient 

along the D-V axis is achieved mainly via extracellular interactions of BMPs with their 

dorsally-secreted antagonists such as Noggin (Nog), Follistatin (Flst) and Chordin (Chd; 

Drosophila Short gastrulation (Sog)). Chd itself is subject to regulation via BMP1 (a 

metalloprotease) and Tolloid (Tld), which can cleave and inactivate Chordin. Sizzled (Szl), 

inhibits Chd cleavage by blocking the protease activity of Tld and BMP1. Twisted 

gastrulation (Tsg), in combination with Tld promotes cleavage of Chd but in the absence of 

Tld, plays an inhibitory role on BMP signaling. BMP binding endothelial regulator (BMPER) 

which is also known as Crossveinless-2 (CV-2) can also inhibit Chd activity (Fig. 5). This 

vast repertoire of Chordin regulators suggests the importance of BMPs versus Chordin 

interactions as major antagonists in D-V patterning [25].  

 

                  
Figure5: Zebrafish gastrula fate map with Anteroposterior (A-P) and Dorsoventral (D-V) axes being 
defined via the cross-regulation and interaction of different morphogens and signaling pathways 
(adapted from Tuazon & Mullins 2015). 
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Chromatin landscape and development 

Multicellularity is achieved by the ability of different cell types to express a unique 

combination of genes. This complexity is not only the result of a myriad combination of 

signaling pathways and a vast repertoire of TFs, but also how they interact with different 

modification and packing states of the genomic DNA, often referred to as the chromatin 

landscape. Chromatin is defined as a macromolecule of packaged genomic DNA and 

proteins, in particular histones, though which the DNA structure, as well as its biochemistry 

is regulated [26]. Genomic DNA is modified, “painted”, in several ways, including 

methylation of the DNA itself, as well as modification of the various histones. These covalent 

modifications act as “homing” signals for the vast array of DNA and histone-modifying 

proteins and TFs, and can furthermore trigger various structural changes (packaging) of the 

DNA. 

During development, as well as throughout life, the chromatin state could be viewed as a cell 

type-specific mediator of gene expression, hence a determinant of cell specification and 

embryonic developmental program. Chromosome Conformation Capture-based techniques 

have shed light on how different regions of the DNA are brought into proximity, which can 

explain many aspects of gene regulation e.g., looping via which distant enhancers can 

regulate their target genes, the3D structural memory of DNA and how the nucleus is 

compartmentalized into distinct chromosome territories [27]. The identification of Active 

Chromatin Hubs (ACHs) in the erythroid-specific mouseβ‑globin gene, and its distant (50 

kb) locus control region (LCR), which is only expressed in fetal liver cells not for example in 

fetal brain cells [28] due to tissue-specific looping and ACH formation, emphasizes the 

organization of active gene-containing chromosomal regions in the interphase nucleus and its 

role in spatio-temporal control of gene expression. LCRs seem to have a tendency to form 

ACHs. LCRs could be defined as transcription activating sequences that can override 

chromatin position effect when randomly inserted into the genome [27]. The genome is 

compartmentalized into topologically associating domains (TADs) i.e., a region with 

increased interactions within itself but no or little interactions with neighboring regions. Each 

TAD has several loops to provide interactions between regulatory loci and promotors for 

precise gene regulation. These interactions are facilitated by cohesion protein complex and 

the transcription factor CTCF (CCCTC-binding factor). These two factors may also delineate 

neighboring TADs [27]. For example when the mouse TAD including Wnt6/Hhi/Epha4/Pax3 
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locus is disrupted via CRISPR/Cas9 targeted at CTCF sites, the genes are miss-regulated and 

the obtained phenotype resembles human limb malformation syndromes [29]. Nucleosome 

composition, density and position determine the chromatin structure within each TAD. The 

density and positioning of nucleosomes near regulatory loci modulate gene expression. There 

are different histone variants and depending on which types the nucleosome is composed of, 

its interaction with the DNA differs, resulting in differential chromatin compactness and 

accessibility. Typical examples are X-chromosome inactivation (variant macro H2A) and 

packaging of chromatin in the sperm (variant H3.4) [26]. The epigenetic control of 

development is also manifested during maternal-zygotic transition (MZT) when the control of 

developmental program is passed form the maternally-deposited factors (proteins and RNA) 

on to the zygotic genome by zygotic genome activation (ZGA). In the mouse embryo, for 

instance, ZGA occurs right after fertilization as is the case for many viviparous animals [30]. 

Sperm DNA is wrapped with paternal nucleosomes/protamines, but some, not all, are 

replaced by maternal nucleosomes that contain the H3.3 variant. Deposition of the maternal 

H3.3 requires the Hira chaperone complex, which triggers rRNA transcription form zygotic 

genome, nuclear pore formation and the very first cell division [31]. For the ZGA to occur, 

H3.3 needs to be methylated at K4 as well [32]. However, some paternal histone modification 

are inherited from the sperm. ZGA is also marked by the recruitment of CBP/p300 

coactivator to enhancers of de novo, zygotically transcribed genes, but this occurs at different 

time points for different genes. Another indicator of ZGA is the altered nucleosome 

occupancy at the transcription start sites. ZGA is also marked by onset of TFs expression, 

since zygotic transcription requires TFs. In Drosophila a zinc-finger protein, Zelda, is 

expressed prior to ZGA and prevents nucleosome formation on its target DNA sequences, to 

keep them poised for transcription. Zelda does not have an orthologue in vertebrates, but 

Oct4 (NF-A3; POU family of TFs), which is a pluripotency TF and maternally loaded, has 

been demonstrated to play a very similar role in vertebrate development. Oct4 binding is 

facilitated by another TF complex denoted nuclear transcription factor Y (a trimer; NF-

YA/B/C). The binding motif of the NF-Y complex (CCAAT) is enriched in accessible 

promoters that are active at early stages of development [26]. In a study of two-cell stage 

mouse embryos knocked-down, via siRNA, for NF-Y, the expression of many key genes was 

reduced, underscoring the role of this transcription factor for mouse ZGA [33]. Overall, MZT 

is a prolonged process that requires erasing and redecoration of DNA with different histone 

types and modification marks, as well as changes in chromatin state for proper activation and 

repression of genes over the course of development. 
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Chromatin remodeling via ATP-dependent enzymatic complexes 

It is not only DNA methylation and histone post-translational modification (PTMs) that 

determine the chromatin state and its informative architecture, but also the ATP-dependent 

enzymatic chromatin remodeling complexes, which contribute greatly to chromatin dynamics 

throughout development [34]. In mammals, the ATPase subunits of these remodelers are 

encoded by around 30 genes that, in most cases, do not show redundancy but rather are 

haploinsufficient, demonstrating the connection of their biological functions to their level of 

expression. Chromatin remodelers are large protein complexes, some of which are more 

ubiquitous while others are specific to cell types and/or developmental stages. This 

complexity is reflected in the evolution of these protein families from yeast to vertebrates. 

The complexity of vertebrate multicellularity, especially with regard to mammals, is not 

proportionate to an increase in the number of genes. However, vertebrate genomes have more 

regulatory loci compared to those of the fly or worm. Perhaps, in parallel to an increase in 

regulatory loci, combinatorial assembly of chromatin remodelers has evolved in more derived 

multicellular organism to meet the increasing demand for spatio-temporal gene regulation. As 

a result, while the SWI/SNF complex in yeast is monomorphic, the similar complexes in 

Drosophila (BAP complexes) are dimorphic and the mammalian counterparts (e.g. mouse 

BAF complexes) are polymorphic, meaning that there are several possible ways of assembly 

via several alternative subunits for such remodelers depending on the cell type and 

developmental time. These remodeling complexes are crucial for the establishment and 

maintenance of pluripotency in embryonic stem cells and can be categorized into four main 

families based on the sequence and structure of their ATPase subunits: SWI/SNF, ISWI, 

CHD and INO80 [35]. In Drosophila, the core components of Brahma-associated proteins 

complex (BAP) are Brahma (Brm), Moira (Mor) and Osa with Osa being replaced by 

BAP170 and the addition of Polybromo(BAF180) to form the polybromo-containing PAB 

complex (PBAP); the other orthologue of the SWI/SNF in Drosophila. In mammals, Brm and 

Brg1 (brahma-related gene1) genes code for the ATPase subunit of the SWI/SNF complex, 

and the two proteins are mutually exclusive in SWI/SNF complexes which is another 

example of combinatorial assembly [35] (Fig. 6). This temporally dynamic exchange of 

subunits is crucial for the transition from pluripotency to multipotency and to a differentiated 

state. Mouse ESCs in the ICM of the pre-implanted embryo express a unique SWI/SNF 

complex (esBAF), containing Brg1, not Brm, and BAF155, not BAF170 [36]. As pluripotent 
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cells differentiate into neural progenitors they incorporate Brm and replace BAF60B with 

BAF60C [37]. This, with other subunit exchanges, creates a neural progenitor-specific 

npBAF complex. During the post-mitotic differentiation of neural progenitors npBAF is 

transformed into neuron-specific BAF (nBAF) via other subunit exchanges such as BAF45B 

and BAF53B instead of BAF45A and BAF53A respectively [37].  

 

       

 

The other family of ATP-dependent chromatin remodelers is ISWI, which in the fly, consists 

of three types of complexes; NURF (nucleosome remodeling factor), ACF (chromatin 

assembly factor) and CHRAC (chromatin accessibility complex). They all have a single 

ATPase subunit as their core component [35]. They are involved in higher-order chromatin 

structure and incorporation of the H1 linker histone [38]. The core ATPase subunit in 

mammals is either SNF2L or SNF2H. They have distinct roles and are incorporated into 

different ISWI complexes with SNF2L being part of NURF and CERF (CECR2-containing 

remodeling factor) while SNF2H being part of NoRC (nucleolar remodeling complex), 

WICH (Williams-Beuren syndrome transcription factor (WSTF) ISWI chromatin 

remodeling), ACF and CHRAC. However, the functions of these complexes partly overlap; 

NURF and NoRC are involved in gene activation and repression while ACF, CHRAC and 

WICH play roles in determining chromatin structure, DNA replication and chromosomal 

Figure6: Evolutionary diversity of SWI/SNF complexes and their cell-specific combinatorial 
assembly to achieve functional diversity (adapted from Ho & Crabtree 2010). 
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segregation [39]. The Chromo domain containing ATPase (CHD) family of remodelers has 

three sub-families, which combined include nine members; CHD1-9. CHD1 in Drosophila is 

needed for the maternal H3.3 variant to be integrated into the male pronucleus in the zygote; 

otherwise the paternal genome is not properly structured and fails to take part in mitosis, 

resulting in lethality due to the formation of haploid embryos [40]. The mammalian NURD 

(nucleosome remolding and histone deacetylase) complexes have either CHD3 or CHD4 as 

their core component and work as repressors of transcription. The Drosophila Chd7 

orthologue, kismet, might be needed for transcription elongation by RNA Pol II, and there is 

evidence to support its role in opposing repression of target genes via the recruitment of the 

histone methyltransferases ASH1 and Trx [41]. The fourth family of ATP-dependent 

remodelers is INO80. This family is represented by the complexes: INO80 andSWR1 in S. 

cerevisiae; INO80, Snf2-related CBP activator protein (SRCAP) and p400 in mammals; 

INO80 and p400 in Drosophila. This family is mainly responsible for the replacement of 

H2A with H2AZ (in mammals) or yeast Htz1 which is important for embryonic development. 

They also contain RuvB-like helicases (Drosophila Reptin and Pontin) which implies their 

roles in responses to DNA damage [42].  

 

Covalent Modifications of DNA and Histones 

One of the most studied forms of covalent DNA modifications is DNA methylation. All 

vertebrate and many invertebrate genomes feature DNA methylation. However, Drosophila 

genomic DNA is not methylated, except for at the very early stages of development [43]. 

Most of vertebrate DNA-methylation occurs on CG dinucleotides, often located in clusters, 

so-called CpG islands. The CpG islands (regions with high content of CG dinucleotides) 

correspond to regulatory sequences, and when methylated usually act to repress gene 

expression. In addition, heavy methylation of CpG islands can results in repressive 

condensation of DNA into heterochromatin [26]. DNA methylation is carried out by several 

enzymes, denoted DNA methyltransferases (DNMTs) including DNMT1, DNMT3A/B and 

the cofactor DNMT3L. The methyl group is usually provided by S-adenosyl methionine 

(SAM). The Ten Eleven Translocation enzymes (TETs) also oxidize 5-methyl-cytosine to 5-

hydroxymethylcytosine. Further oxidization by the same group of enzymes result in 5-

formylcytosine and 5-carboxycytosine [44].  
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Post translational modifications (PTMs) of histone proteins are also very important 

determinants of the chromatin state and of the regulation of gene expression. PTMs usually 

occur on the exposed histone protein tails of the nucleosome octamer (2 proteins each of 

H2A, H2B, H3 and H4), as well as on the linker histone H1 [45-48]. A vast and growing 

number of histone PTMs has been identified. However, for many of the histone PTMs the 

functional relevance is less clear. Of the histone PTMs with well-documented functions, 

acetylation, methylation, ubiquitination, and phosphorylation stand out.  

Methylation of lysine residues is amongst the most prominent histone PTMs. Particular 

emphasis has been placed upon H3K4me3, which marks active, relaxed and therefore 

accessible chromatin, and H3K9me3 and H3K27me3, which are repressive marks [46]. 

Histone methylation is catalyzed by histone lysine methyl-transferases (HMTs), most of 

which contain the SET catalytic domain, and is dynamically reversed by histone lysine 

demethylases (HDMTs) [48]. 

Acetylation of Lys (K) residues is often associated with transcriptional activation and 

relaxation of chromatin as the acetylated Lys is no longer positively charged. This reaction is 

mediated by a large group of histone acetyl transferases (HATs) and reversed by histone 

deacetylases (HDACs). The most studied modification is H3K27ac, which is mediated by 

CBP/p300 and is tightly associated with transcriptional activation [45]. 

Another type of histone PTM is phosphorylation of serine and threonine residues. Two well-

known examples are H3S10ph and H3S28ph by Aurora-B kinase, which are involved in 

chromosome condensation and marks mitosis [49].  

Histone ubiquitination is also important for gene regulation and DNA packaging, and is 

mediated by ubiquitin-ligases and removed by deubiquitinases [49].  

 

The Polycomb Complex (PcG) in development 

Drosophila 

The Polycomb group (PcG) and its antagonist, the Trithorax group (TrxG), were first 

identified in Drosophila by their opposing effects on Hox homeotic gene expression and 

function in determining segment identity [50, 51]. It should be noted that PcG and TrxG are 

much more than mere epigenetic regulators of Hox genes. They are involved in many other 
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processes such as X chromosome inactivation, cell cycle control, genomic imprinting, 

establishment and maintenance of pluripotency and its transition to multipotency and cell 

specification and cancer. They modify chromatin either via PTM of histones or chromatin 

remodeling in a context-dependent manner [52].  

Although PcG is generally considered a repressive complex, it is actually represented by 

several different protein complexes, with different functions. The most studied complexes are 

Polycomb Repressor Complex 1 and 2 (PRC1 and -2), Pho-repressive complex (PhoRC), and 

Polycomb repressive deubiquitinase complex (PR-DUB) [52-54]. 

PRC1, first isolated from Drosophila embryos [55], consists of the core components dRING1 

(Sce) and Psc (posterior sex comb)/Su(z)2 (suppressor of zeste 2) which are RING finger 

domain proteins and ubiquitylate H2AK118. The canonical PRC1 also includes Polycomb 

(Pc; a chromodomain, H3K24me3 binding protein), Polyhomeotic (Ph) and Scm (Sex comb 

on midleg) which are both SAM domain proteins. The non-canonical PRC1 consists of 

dRybp (RING finger and YY1 binding protein), dKDM2 (H3K36 demethylase) and other 

scaffolding factors (WD40 domain containing proteins). PRC1 recognizes histone 

methylation marks and silences the target genes (Fig. 7).  

PRC2 core components include E(z) (enhancer of zeste, SET domain, H3K27 

methyltransferase), Su(z)12 (zinc finger, DNA/RNA binding), Esc/Escl (extra sex combs, 

WD40 domain, H3K27me binding) and Caf1-55 (chromatin assembly factor1, p55 subunit, 

aka Nurf55) which together deposits trimethylation marks on Lys 27 of histone H3. The 

associated components of PRC2 are Pcl (Polycomb-like, PHD finger domain, H3k36me3 

binding), Jing and Jarid2, both of which are zinc finger proteins with H2Aub binding ability 

[52, 56, 57].  

(PhoRC) is composed of the zinc finger protein Pleiohomeotic (Pho) and dSfmbt protein 

(Scm-related gene containing four MBT domains). PhoRC can bind H3K9me1 and 

H4K20me2, and is the only PcG complex with sequence specificity due to its Pho component 

[58] (Fig. 7). There is recent evidence suggesting that Scm interacts closely with PRC1, 

PRC2, and PhoRC, and is necessary for the connection of these three complexes [59]. 

PR-DUB has the core components Calypso (ubiquitin C-terminal hydrolase) and Asx 

(additional sex combs), which provides binding to chromatin. PR-DUB deubiquitinases H2A 

which is necessary for PcG-mediated repressive function and implies that PcG function might 

depend on or be further fine-tuned via a delicate balance between H2A ubiquitination and de- 
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ubiquitination. The other components are FoxK (Forkhead box domain), Sxc (Ogt) (super sex 

combs, aka O-linked N-acetyl glucosamine transferase), dLsd1 aka, Su(Var)3-3 which is a 

histone lysine demethylase and Sba (six banded), a methyl-CpG DNA binding domain 

protein [52].  

The “docking down” of the various PcG complexes onto target DNA is still a poorly 

understood and intensively studies area. One insight into this issue from Drosophila revolves 

around Polycomb Response elements (PREs), which are specific DNA sequences to which 

PcG can be recruited. PREs are enriched for several TFs binding motifs such as Pho, Phol, 

Pipsqueak (Psq), Dorsal switch protein (DSP1), Zeste (Z), Grainyhead (Gh), Spps (KLF 

family), Combgap (Cg) and GAGA factor (GAF or Trl) [60].  

 

Vertebrates 

In vertebrates, especially mammals, PcG complexes are much more diverse, indicating yet 

again the importance of combinatorial assembly in a context-dependent manner for proper 

gene regulation in more complex organisms. With the exception of fungi and filasterea, 

almost all the core components of the PRC1 and PRC2 are conserved within animals and 

plants [52].  

The core PRC1 components include RING1A/B and one of the six Polycomb group ring 

finger domain proteins (PCGF1-6; Drosophila Psc/Su(z)2 orthologue) for H2AK119 

ubiquitination. The canonical PRC1 complexes also include the chromobox proteins 

(CBX2/4/6/7/8; Drosophila Pc orthologues), Polyhomeotic orthologues (PHC1-3) and 

SCMH1 and SCML2 (Drosophila Scm) (Fig. 7).  

Non-canonical PRC1 complexes include RING1A/B, RYBP/YAF2 (Drosophila dRybp 

orthologue), KDM2B (H3K36 demethylase) and other WD40 domain proteins for scaffolding 

and functional conformation. RING1B can either bind a CBX or RYBP/YAF as they dock 

into the same site on RING1B. PCGF proteins are key components as they determine the E3 

ligase enzymatic activity of the complex and its canonicity i.e., canonical PRC1 complexes 

include PCGF2/4 whereas ncPRC1 complexes can incorporate all PCGFs [61].  

The mammalian core PRC2 components include EZH1/2 (Drosophila E(z)), SUZ12, EED 

(embryonic ectoderm development, Drosophila Esc) and Caf1 histone binding proteins 

RBBP4/7 (retinoblastoma binding protein 4/7). PRC2 has other accessory proteins which 
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modulate its context-dependent activity including PCL1-3 (Drosophila Pcl), JARID2, 

AEBP2 (Adipocyte P2 Enhancer Binding Protein, Drosophila Jing) (Fig. 7). 

Core PR-DUB is composed of BAP1 (breast cancer1-associated protein1; Drosophila 

Calypso) and Asxl 1/2 (Asx-like 1/2) with accessory proteins being Foxk1/2, Ogt1, KDM1B 

(Drosophila dLsd1) and MBD5/6 (methyl-CpG binding domain proteins 5/6).  

In vertebrates, there are no identified PREs but unmethylated CpG-rich DNA sequences close 

to transcription start sites can recruit PcG complexes, either via KDM2B (PRC1) or JARID2 

(PRC2) [62-64]. It is commonly believed that PRC1, via the zinc finger domain of it KDM2B 

component, can bind CpG islands and then ubiquitinateH2A, which is later recognized by 

PRC2, leading to PRC2 recruitment and H3K27 trimethylation (reversed hierarchical model) 

[65, 66]. However, since most KDM2B-bound CpG islands are not bound by PcG, it could be 

the transcriptional activity of the region that also determines PcG recruitment. In the 

Chromatin Sampling model, PcG is believed to bind weakly and transiently to CpG islands, 

and if the region is transcriptionally active, stabilized PcG binding is blocked [54, 67]. In 

addition, similar to Drosophila, some TFs such as Rest [68], Runx1[69], E2F6 [70] and Snail 

[71] could be involved in PcG recruitment, even though such involvement is not global [72]. 

Moreover, YY1 (Yin-Yang1), the orthologue for Drosophila Pho, can recruit PcG to a sub-

set of its target genes [73] (Fig. 7). In some cases non-coding RNAs (ncRNAs) are required 

to recruit PcG onto target loci in mammals [74, 75]. The existence of different PcG 

recruitment strategies may go hand in hand with the context-specific combinatorial assembly 

and the choice between canonical versus noncanonical complexes, but it awaits confirmation 

by further studies.  

    



 

- 17 - 
 

 

 

 

 

Hox homeotic genes in development 

William Bateson defined “Homeosis” as the transformation of a feature of segmentally 

repeated structures into another [76]. The group of genes responsible for such transformations 

are called homeotic selector genes (Hox genes). Hox homeotic genes are evolutionarily-

conserved genes which code for Homeodomain (HD)-containing TF. These TFs are 

important for controlling A-P patterning and segmental identification, as well as cell type 

diversity in the embryonic development of invertebrates and vertebrates alike. Hox genes are 

hypothesized to have originated from the duplication of an ancient bilaterian Hox cluster [76, 

77] (Fig. 8). Gain and loss of function studies in Drosophila and mice result in altered axial 

segment identities or loss of body structures. Hox genes are also crucial for proper limb 

development [78]. The precise regulation of Hox genes occurs at both the transcriptional and 

translational levels. The transcriptional control is dictated, in part, by their array in the gene 

cluster, known as the Hox gene spatial collinearity [79, 80]. Studies in mammals have shown 

that the translational control can be achieved via ribosomal proteins, such as RPL38, and their 

interaction with unique regulons in the 5’UTRs of Hox mRNAs, which resembles viral 

internal ribosome entry sites (IRESs) and can confer cis spatio-temporal regulation of Hox 

mRNA translation [81, 82]. 

            

      

Figure 7: Compositional diversity of Polycomb Group Complex, the main histone modifications 
and binding in Drosophila and vertebrates (adapted from Entrevan et al., 2016 and Basu et al., 
2014). 
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Drosophila 

Hox homeotic genes are located on the 3rd chromosome and organized into two clusters; the 

Antennapedia complex (ANT-C), including labial (lab), proboscipedia (pb), Deformed (Dfd), 

Sex combs reduced (Scr) and Antennapedia (Antp), and the Bithorax complex (BX-C), 

including Ultrabithorax (Ubx), abdominal-A (abd-A) and Abdominal-B (Abd-B). Early in 

development, the expression of Hox genes is established by gap and pair-rule genes, but later 

their spatio-temporal expression is controlled by the opposing actions of PcG (repressive) and 

TrxG (activating) genes [76]. In all bilateria there is no Hox gene expression in the anterior-

most region of the embryo, including the CNS [83, 84], and this is largely attributed to the 

repressive function of PcG [85-90] (Fig. 9). 

           

 

 

 

Vertebrates 

In vertebrates, Hox homeotic genes are organized into 4 clusters denoted A, B, C and D, 

which have originated presumably via two successive duplications of the ancestral cluster. 

The numerous Hox genes of these four clusters are categorized into 13 paralogous groups 

Figure 8: Hox genes in Drosophila, Cephalochordates and mammals and a possible mode of 
evolution from the ancestral Bilaterian cluster. In Drosophila, ftz (fushitarazu), bcd (biciod) and zen 
(zerknullt) are Hox-like or para-Hox genes. (adapted from Parker & Krumlauf, 2017).  

Figure 9: Hox genes expression domains along the A-P axis in embryonic Drosophila CNS 
and PcG function to repress them anteriorly (Yaghmaeian at al., 2018). 
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depending on their position within the cluster [76, 78, 91]. A few studies have shown that the 

collinear model has temporal implications as well, meaning that the timing for the expression 

onset of a Hox gene is determined by its position in the cluster, with the ones near the 3’ end 

being expressed earlier than the ones towards the 5’ end of the cluster [92-95]. Temporal 

collinearity has not been reported in Drosophila. The older, classic spatial collinearity states 

that there is a correlation between a Hox gene’s position within its cluster and its expression 

domain along the A-P axis in a developing embryo i.e., 3’ end of the cluster is more 

anteriorly expressed while 5’ end of the cluster is more posteriorly expressed. However, there 

are many exceptions or violations to these general models [79, 80]. Much less is known about 

the mechanism of early Hox gene activation and regulation in vertebrates but RA-mediated 

regulation seems to be important. RA is a known morphogen in vertebrate embryonic 

development and there are RAREs in proximity of many Hox genes supporting their role in 

Hox gene regulation and early patterning [96] (Fig. 10).   

 

    

 

 

 

 

 

 

 

 

 

 

 

Figure 10: Spatio-temporal collinearity of Hox genes in mammals. (A) Members of the 3’ end 
paralogy groups are activated earlier and more anteriorly in development while 5’ located 
Hox genes are expressed later and more posteriorly. The opposing actins of RA and FGF8 are 
also important for spatio-temporal regulation of Hox genes, axis extension, neurogenesis and 
somitogenesis. (B) Spatial collinearity and chromatin structure. In the forebrain Hox clusters 
are compact and silent (H3K27me3), in the mid-axial levels Hox genes segregate into active, 
relaxed (H3K4me3) chromatin compartments as well as compact, repressed ones. In posterior 
regions the majority of Hox genes are in active accessible chromatin compartments (adapted 
from Parker & Krumlauf, 2017; Montavon & Soshnikova, 2014).  
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Asymmetric versus symmetric proliferation of neural progenitors 

The defining feature of stem cells is their ability to multiply in numbers, thereby expanding 

the progenitor pool (symmetric division),and also to self-renew, while generating progeny 

with more limited competence that can finally differentiate. Self-renewal of stem cells could 

be intrinsic or extrinsic i.e., induced by the stem cell niche. Either way the polarity cues must 

be received by or bestowed upon the stem cell to establish its own polarity before the division 

[97].  

 

Drosophila 

In the case of Drosophila NBs, the polarity cue comes from the already polarized 

neuroectoderm, with its apical-basal polarity, by which Par (partitioning-defective) proteins 

are apically localized [97]. Drosophila NBs are stem cell-like i.e., they are multipotent cells 

with an intrinsic mode of asymmetric cell division. NB asymmetric cell divisions has three 

essential features: (1) factors that are needed for differentiation and fate determination are 

asymmetrically sequestered cortically during mitosis; (2) the mitotic spindle is perpendicular 

to the cortically sequestered determinants to ensure they are only received by the daughter 

cell; (3) the mitotic spindle is also asymmetric, and thereby cytokinesis results in two sister 

cells that are different in size; the larger, self-renewed NB and the smaller daughter cell [98, 

99].  

The apically-localized complexes include Par proteins (Par3/Bazooka, Par6 and aPKC) and 

the Gαi-Pins-Loco complex. The adaptor protein Inscuteable (Insc) connects the two 

complexes via binding Pins and Par3 (Fig. 11). The basal localization of cell fate 

determinants such as Miranda and Numb, is largely mediated by the Par complex, especially 

via the phosphorylation activity of aPKC (atypical protein kinase C) which, itself, is activated 

by Par6 [100]. aPKC works via Lethal giant larvae (Lgl; a tumor suppressor) to exclude basal 

determinants from the apical pole of the cell. The Gαi-Pins-Loco is believed to control proper 

mitotic spindle orientation, perpendicular to the apical-basal polarity axis via a receptor-

independent heterotrimeric G protein signaling. Pins (partner of inscrutable) and Loco 

(locomotion defects) are guanine nucleotide dissociation inhibitors (GDIs), and Ric8 is a 

cytoplasmic guanine nucleotide exchange factor which is also involved in the function of this 

complex. As seen in (Fig. 11), the spindle is asymmetric, being longer on the apical side with 
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more astral microtubules. Pins is in contact with the protein Mushroom body defective (Mud) 

which is important for spindle orientation as it is a microtubule and dynein binding protein 

(vertebrate NuMa) and Disc-large (Dlg) as well as Khc-73 which is an astral microtubule + 

end protein.  

There are two basal protein complexes. One consists of Miranda, an adaptor protein, which 

binds Brat (Brain tumor; a translational repressor), Prospero (Pros), a HD transcription factor 

and the dsRNA-binding protein called Staufen, which binds pros mRNA. The second basal 

complex includes Numb (Notch antagonist which binds NICD) and Pon (partner of Numb). 

After division, in the daughter cell, Mira is degraded, Pros is released and nuclearized to, in 

concert with Brat and Numb, promote cell differentiation and repress self-renewal. Mutations 

of several components of asymmetric cell division machinery have been linked to 

tumorigenesis [101]. Interestingly, other studies have demonstrated a link between factors 

involved with cell cycle progression, such as Aurora kinase A and Polo kinase and the 

asymmetric cell division machinery. These two kinases have been shown to regulate cell 

cycle progression partly via orientation of mitotic spindle as well as Numb asymmetry, which 

in turn affects Notch pathway. Polo regulates Numb asymmetry via phosphorylation of a key 

serine residue of Pon [102-104].  

 

           

Figure 11: Neuroblast apical 
and basal complexes in 
asymmetric division. 
Asymmetric segregation of 
these components determine 
either the self-renewing NB 
fate or that of the daughter cell 
(adapted from Chia et al., 
2008).  
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Vertebrates 

Vertebrate neural progenitors also undergo both symmetric and asymmetric cell division. 

Preceding neurogenesis, neuroepithelial cells (NECs) in the neural tube divide symmetrically 

to expand the progenitor pool. In the ventricular zone (VZ) of the developing cortex during 

later stages of neurogenesis, radial glial cells (RGCs), another type of neural progenitors 

derived from NECs, divide symmetrically to give rise to either two neurons or two glial cells. 

This type of late symmetric division is called self-consuming. Early in neural development, 

RGCs in VZ divide asymmetrically to self-renew and produce a neuron. RGCs can also self-

renew and produce an intermediate progenitor (IP) via asymmetric division. The IP, in the 

sub-ventricular zone (SVZ), divides symmetrically to generate two neurons. In mammalian 

neocortex, RGCs can divide asymmetrically to produce an IP and a basal radial glial 

cell/basal progenitor (bRG/bNP). Basal progenitors lose their apical connections but retain 

their basal podia connection to the basal lamina of the outer cortical plate. bRGCs, in turn, 

can divide asymmetrically to self-renew and produce an IP. These mammalian-specific 

divisions can partly underlie the boosted cortical expansion of cell types and numbers in 

more-derived organisms [105]. Neural progenitors (NECs & RGCs) are polarized cells with 

their apical pole close to the ventricle of the developing cortex or spinal cord and their basal 

pole connected to the pial-basal membrane. The have adherence junctions consisting of 

cadherins and catenins in their apical membrane which is connected to the cellular actins. The 

Par complex is also sequestered in the apical pole. The centrosome is also located at the 

apical pole in these cells, and functions as a basal body for the nucleation of the primary 

cilium. Primary cilium is formed during the transition of NECs to RGCs, and is crucial for 

the apical-basal polarity in RGCs. Symmetric division of neural progenitors (NECs & RGCs) 

early in development is tightly connected to the positioning of LGN-Gαi-NuMa complex in 

the lateral membranes of the cell, and its connection to astral microtubules by Dynein 

binding. The astral microtubules anchor the mitotic spindle to the lateral membranes and their 

positioning, together with that of the centrosomes, is pivotal for the symmetric division. LGN 

is the vertebrate orthologue for Drosophila Pins. It is a G-protein signaling modulator. In this 

mode of symmetric division the Par complex seems to be inherited equally by the two sister 

cells. The fates of the sister cells arising from the asymmetric division of RGCs depend on 

the orientation of the mitotic spindle relative to the epithelium plane and how the apical and 

basal processes are inherited by the two sister cells. The basal process can be inherited by 

both sister cells or only one. The ability of the cell to grow is connected to inheritance of the 
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basal process, and hence determines self-renewing RGC versus IP/neuron fate. It furthermore 

seems as if the inheritance of both apical and basal processes is necessary for the sister cell 

which is to maintain RGC identity [105, 106]. Resent evidence suggests that the different 

fates of sister cells following cell division is determined by asymmetric centrosomes 

positions and ciliogenesis. The older, larger, mother centrosome is usually inherited by the 

cell that is to retain RGC/stem cell identity [107]. The mother centrosome can reform the 

primary cilium much faster than the daughter centrosome inherited by the other sister cell. 

Besides, the ciliary membrane which is anchored to the mother centrosome, is endocytosed 

during mitosis and is coinherited with the mother centrosome by the self-renewing sister cell 

[108]. The other sister cell which has inherited the daughter centrosome also regrows the 

cilium but on its basolateral membrane, not the apical one, which marks the cell for 

differentiation and later detachment from the apical belt and migration [109] (Fig. 12). This 

temporal difference that results from asymmetric centrosome inheritance causes the cell with 

the mother centrosome and apically-located primary cilium to respond differently to signals 

and cues from the cerebrospinal fluid (CSF) such as Shh and IGF-1 [110]. Staufen, a dsRNA-

binding protein, is also asymmetrically inherited by the differentiating sister cell. Staufen 

binds a number of mRNA transcripts for cell cycle exit and differentiation including Trim32 

(Drosophila Brat1). Hence, many aspects of asymmetric division machinery is conserved 

from invertebrates (Drosophila) to mammals (mouse) yet, there are differences in the detailed 

molecular and structural mechanisms utilized by different species.  
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Drosophila CNS development 

The central nervous system (CNS) in Drosophila is generated from the neuroectoderm. The 

neuroectoderm is the neurogenic region of ectoderm (neuroepithelium), which is formed 

during gastrulation when mesoderm invaginates connecting the two lateral parts of 

neuroepithelium [111] (Fig. 13).  

         

 

 

 

The brain and the ventral nerve cord (VNC) comprise the CNS, and are generally considered 

to correspond to the vertebrate brain and spinal cord, respectively. The brain is subdivided 

along the A-P axis into three segments i.e., the protocerebrum (PC/B1), deutocerebrum 

(DC/B2) and tritocerebrum (TC/B3). The VNC is divided into three sub-esophageal segments 

(S1-S3), three thoracic segments (T1-T3) and 10 abdominal segments (A1-A10). Since the 

CNS has bilateral symmetry, each segment can be further subdivided into two hemisegments. 

Each VNC hemisegment is generated by delamination of around 30 NBs, by average, and 

they divide to form their lineages, which differentiate for become nervous tissue cells i.e., 

neuron and glia. In the brain hemisegments combined (B1-B3) about 106 NBs delaminate 

from the anterior neuroectoderm. Recently, another 8 NBs which divide in Type II mode (see 

Figure 12: Symmetric and asymmetric cell divisions of neural progenitors (NECs/RGCs) in vertebrate 
neurogenesis, determined by spindle orientation, inheritance of cell fate determinants and inheritance 
of mother centrosome together with the ciliary membrane (adapted from Paridaen & Huttner, 2014).  

Figure 13: Gastrulation of Drosophila embryo. Invagination of ventral mesoderm connects the 
two lateral neuroepithelial regions to form the neuroectoderm from which the future NBs 
delaminate (adapted from Mieko Mizutani & Bier, 2008).  



 

- 25 - 
 

below for division modes) have been identified in the embryonic brain [112, 113], so in total 

there are 114 NBs in the B1-B3 hemisegments.  

In the Drosophila CNS, NBs delaminate in five sequential waves from embryonic stage 8 

until stage 11, with the exception of Type II NBs which presumably delaminate later, to 

divide asymmetrically and form their specific lineages. NB delamination, in both the brain 

and VNC involves the interactions of Delta and Notch in a process called "lateral inhibition" 

[114]. Each NB has a unique identity based on its position (row and column; a Cartesian-like 

coordinate system) and expresses a unique combination of markers. For instance, NB5-6T is 

located in row 5, column 6 in a thoracic segment, while NB4-2A is in row 4, column 2 in an 

abdominal segment. By the end of neurogenesis, some 1,200 NB have generated the 

Drosophila CNS, which consists of about 5000 cells in the brain and about 10,000 cells in 

VNC (Fig. 14).  

      

 

 

 

 

 

 

 

 

 

 

Figure 14: (A) Drosophila embryonic CNS, subdivided into the brain and ventral nerve 
cord (VNC). The VNC is further subdivided into 3 sub-esophageal, 3 thoracic and 10 
abdominal segments along the A-P axis. Each segment at the midline can be divided 
into 2 hemisegments. The brain contains about 5,000 cells and the VNC around 10,000 
cells. (B) One hemisegment, showing the position (row-column) of the NBs. In red is 
the NB3-5 and in green is the NB5-6 (adapted from Monedero et al., 2017 and from 
http://uoneuro.uoregon.edu/doelab/nbmap.html). 
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Since the CNS is of ectodermal origin, the same hierarchy of factors that regulate the entire 

body plan along the A-P axis are also at work here. Maternal morphogens (bicoid, nanos and 

caudal) first regulate the expression of the gap genes, including oskar (osk), hunchback (hb), 

Kruppel (Kr), knirps (kni), giant (gt), tailless (tll), unpaired (upd) and hopscotch (hop). The 

spatially-defined expression of gap genes along the AP axis and their cross-regulation is 

followed by the onset the pair rule genes including even-skipped (eve), hairy (h), runt (run), 

fushi-tarazu (ftz), paired (prd), odd-paired (opa), odd-skipped (odd) and sloppy-paired (slp 

1/2). Expression of the gap genes and pair rule genes is transient and is down-regulated 

during gastrulation, thus considered as pre-patterning. Upon gastrulation another group of 

genes, the segment polarity genes, are expressed within the segmented regions along the A-P 

axis to determine intra-segment identities. The segment polarity genes include engrailed (en), 

gooseberry (gsb), wingless (wg), armadillo (arm), cubitus-interruptus (ci), fused (fu), 

hedgehog (hh), naked (nkd), patched(ptc) and dishevelled (dsh) [115, 116]. The graded and 

spatially-defined expression of the Hox genes along the AP axis, which is initially established 

by the gap and pair-rule genes, also acts to define segment identity [117].  

 

Modes of daughter cell division 

There are three types of division modes identified in the Drosophila embryonic CNS. Type I, 

by which an NB divides asymmetrically to bud off one daughter cell that divides only once to 

generate two neurons or glia. Type 0, by which the NB divides asymmetrically to self-renew 

and generate a daughter cell which does not divide but differentiates into a neuron. Type II, 

by which the NB divides to self-renew and bud off a daughter cell that divides multiple times 

[118-122] (Fig. 15). Embryonic Type II NBs have been recently identified in the brain and 

have been shown to contribute tremendously to the adult CNS [112, 113]. 
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Temporal progression of neuro-development  

As neural progenitors (NBs in fly) divide to generate the CNS, their developmental 

competence and that of their daughter cells change over time. The temporality of 

development is pivotal in the cell fate specification and neural diversity. Studies in 

Drosophila have identified a hierarchy of transcription factors, expressed sequentially in NBs 

which, with other factors such as Hox genes, determine their temporal identities and the fate 

of their progeny [123]. These factors include; Hunchback (Hb), Kruppel (Kr), Pdm 

(Nubbin/Pdm1 and Pdm2), Castor (Cas) and Grainy head (Grh) [124]. Depending on the 

temporal window in which a daughter cell (GMC or neuron/glia) is born, its terminal cell fate 

is specified. How is this temporal transition achieved? The answer is that the temporal factors 

cross-regulate each other i.e., each temporal factor activates the next one in line and represses 

the previous one. It also, in most cases, represses the factor next to the one it has activated. 

This transition is also observed in vitro for isolated, cultured NBs [125, 126]. There are sub-

temporal factors which delineate a competence window into smaller windows. In NB5-6T, 

Cas activates Grh, but also a sub-temporal cascade including squeeze (sqz) a Kruppel C2H2-

type zinc-finger protein, and its co-factor nab, a NGFI-A-binding protein and Seven up (Svp) 

an orphan nuclear hormone receptor TF. Towards the end of its lineage, NB5-6T switches 

from the Type I division mode to Type 0, and generates four Apterous (Ap) neurons [127]. 

The sub-temporal cascade together with Kr, ensure the proper identities of these four 

neurons. Two of these four neurons; Ap1 and Ap4 are neuropeptidergic (Nplp1 and FMRFa 

respectively), in which Svp is not expressed. The late expression of Kr, via Cas, represses 

Svp to ensure the commitment of the last born Ap cell to the neuropeptidergic cell fate [128] 

(Fig. 16). 

 

 

Figure 15: Cartoons demonstrating different modes of daughter cell division and the Type I>0 
switch. Daughter cell proliferation mode has an important impact on lineage size, total cell number 
and anterior expansion of Drosophila embryonic CNS. NB: neuroblast; GMC: ganglion mother 
cell, aka, daughter cell; INP: intermediate neural progenitor; N: neuron/glia.  
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The NB lineage progression comes to an end via one of three mechanisms: 1) Cell cycle exit 

followed by quiescence e.g., NB3-3T. 2) Cell cycle exit followed by programmed cell death 

(PCD) e.g., NB5-6T. 3) PCD e.g., NB7-3 [122, 123, 127, 129, 130] (Fig. 17). 

                      

 

Lineage trees and markers  

The time of NB delamination from the neuroectoderm, its position with regard to the row and 

column it is assigned to, and the unique profile of gene expression determine its identity, 

lineage size and the types of progeny it will generate with regard to cell specification and 

terminal fate selection. Delamination occurs in five consecutive waves denoted S1 to S5 from 

Figure 16: The temporal progression in NB5-6T lineage. Interactions of the temporal factors determine 
the cellular identities. In the Type 0 window, sub-temporal factors with the late onset of Kr ensure 
proper identification of the Ap cluster cells (adapted from Baumgardt et al., 2014 and Stratmann et al., 
2016).  

Figure 17: Cartoons for different modes 
of termination of NB progression. In more 
anterior CNS, many NBs undergo 
quiescence by the end of embryonic 
neurogenesis. Exit: cell cycle exit; PCD: 
programmed cell death; Q: quiescence.   
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stage 8 to stage 11 [5, 131]. Early delaminating NBs generally produce larger lineages (10 to 

more than 20 cells) than late delaminating ones (2 to 10 cells).  

One of the advantages of using Drosophila as a model for neural development is the 

resolution that its vast genetic tool kit provides, such that in many cases, especially in VNC, 

one single NB and all its progeny can be traced and studied. There are restricted reporter 

transgenic constructs that label single or multiple NBs and their progeny e.g., lbe(K)-

GFP/lacZ for NB5-6, [127, 132], eagle-GAL4 (eg) for NB3-3 and NB7-3 [133, 134] and 

ham-GFP or ham-GAL4 for NB3-5 [130] (Fig. 18).  

                           

 

 

 

 

Vertebrate CNS development 

How exactly the neural plate in vertebrates gives rise to the CNS is much less understood, but 

early in vertebrate development, the notochord induces the ectoderm to obtain neural fate 

which becomes the neural plate. Subsequently, the neural plate is patterned, and following 

Figure 18: Transgenic reporter lines to identify different lineages in 
Drosophila embryonic VNC.  
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neurulation, it develops into the neural tube [105]. The notochord is of mesodermal origin 

and is a structure in the middle of the D-V and L-R axes, which is common to the Chordata 

phylum. The notochord secretes factors important for fate determination (neural fate in 

ectoderm), as well as pancreatic fates, artery versus vein fates and other cell types in somites. 

Additionally, it provides a scaffold structure and functions as an axial skeleton until it is 

replaced by vertebrae. In higher vertebrates it is then degraded, but in primitive fish and 

lampreys it is maintained throughout life [135] (Fig. 19).  

 

     

 

The hall mark of neurogenesis in vertebrates is the transition of neuroepithelial cells (NECs) 

into radial glial cells (RGCs), which is accompanied by the loss of tight junctions and 

appearance of adherence junctions on their apical membrane. RGCs express GLAST 

(glutamate-aspartate transporter) and BLBP (brain lipid-binding protein). In the mouse 

embryo this transition occurs around E9-E10 and the first neurons are born between E9 and 

E10 [136] (Fig. 20). The interactions of dorsally-secreted morphogens, such as Wnt and 

BMPs with the ventrally-secreted morphogens, such as Shh control D-V patterning of the 

developing CNS. Shh induces Gsh1/2(Drosophila ind) expression in ventral telencephalon, 

and Nkx2.1 (Drosophila vnd) in the medial-ventral regions (Drosophila vnd). Nkx2.1, in 

turn, activates the expression of LIM homeobox Lhx6, which is involved in terminal 

differentiation. Gsh1/2, in turn, activates the expression of the bHLH TF Ascl1 and the 

homeodomain proteins Dlx1/2, which are all necessary for neuronal differentiation in ventral 

telencephalon. Shh also opposes the repressive activity of Gli3. Gli3, when acting as a 

repressor, is required for dorsalization, and thus Shh and Gli3 interaction defines D-V 

Figure 19: Gastrulation, followed by neurulation in vertebrate embryonic development. The 
invaginated mesoderm becomes the notochord and somites. The neural tube gives rise to the CNS 
(adapted from Mieko Mizutani & Bier, 2008).    
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identities. Dorsally, Wnt activates Pax6 and Ngn1 (Neurogenin1) expression, which together 

with Ngn2 are the main drivers of neurogenesis in the cerebral cortex. The dorsal proneural 

genes (Ngn1/2) and the ventral proneural gene (Ascl1) both trigger neurogenesis and progeny 

migration, but also suppress gliogenesis. However, being spatially distinct implies their roles 

in induction of spatially distinct identities. Ngn1/2 together with Pax6 are involved in 

specification of glutamatergic neurons of cerebral cortex, while Ascl1 together with Dlx1/2 

contribute to GABAergic neuron specification in ventral telencephalon, including basal 

ganglion neurons and cortical interneurons [136].  

Notch signaling is also crucial for vertebrate neurogenesis. Delta or Jagged which are Notch 

ligands, bind the Notch receptor on neighboring cells. Activated Notch receptor is then 

cleaved and the cytoplasmic domain is released (NICD). NICD is nuclearized and activates 

HES gene transcription. HES genes (Drosophila hairy and Enhancer of split (E(slp)) code for 

bHLH transcription factors that repress proneural genes such as Ascl (Achaete-scute-like) and 

Ngn (Neurogenin), thereby keeping the cell in a proliferative, self-renewal state. Hence, 

following RGC division, the asymmetric inheritance of Notch pathway components between 

the two sister cells, renders one with higher Notch signaling, which is the cell that maintains 

RG cell fate, while the other cell, with high Delta expression, shows high levels of proneural 

genes and differentiate [137, 138]. In the mouse developing neocortex, differentiating cells 

and IP cells express Delta, Jagged and Mindbomb (Mib), an E3 ubiquitin ligase necessary for 

ligand maturation and turn-over, signal back to RGCs to maintain their Notch activity.    

Along the A-P axis, opposing gradients of morphogens such as RA and FGF8 help to 

determine the spatial identities of neural progenitors and their progeny during neural 

development. RA, which is mainly produced by trunk mesoderm, has a two-tailed gradient, 

with its peak levels around the thoracic segments, gradually diminishing anteriorly towards 

the hindbrain and posteriorly towards the posterior abdominal or caudal segments. RA is kept 

out of the brain and the most-posterior regions via the antagonistic effects of Cyp26, a 

cytochrome P450 enzyme. Graded levels of RA is believed to modulate Hox gene expression 

along the A-P axis which are also pivotal in cell fate determination and proliferation control 

[136]. 
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Temporal progression of neuro-development  

There is a strong correlation between cell type specification and its time of birth. For example 

neurons in the deep layers of cortex are born first while neurons in upper layers are born later 

with the outer-most neurons being born latest [139]. This strategy is employed in other parts 

of the vertebrate CNS such as the spinal cord [140]. The molecular details of temporal 

progression for neural progenitors and how this affects their competence and progeny 

overtime, is intensively and extensively studied in Drosophila [141, 142], but such profound 

understanding in vertebrate model systems requires higher lineage resolution and better 

marker combinations. Yet, the inside-out mode of neurogenesis in vertebrates, with 

progenitors dividing in VZ or SVZ and the layered organization of the developing neocortex 

and later the adult cortex, combined with identification of certain transcription factors as 

layer-specific determinants, has helped resolve the temporality of neurogenesis for some 

neuronal populations. While all cortical progenitors are Sox2+ and Pax6+, layer VI neurons 

Figure 20: Neurogenesis and different division modes of neural progenitors (arrows) in 
vertebrate embryonic CNS. (1) NEC->2NECs; symmetric divisions to expand progenitor 
pool, which occur very early in neurogenesis. (2) RGC->RGC+ neuron. (3) RGC-> RGC+ 
IP. (4) IP-> 2 neurons. (5) RGC-> bNP + IP. (6) bNP->bNP + IP. (7) RGC-> 2neurons. (8) 
RGC-> 2macroglia. Divisions 7 and 8 are symmetric, self-consuming and occur at the end of 
neurogenesis. Division modes involving IPs and bNPs usually occur in mammalian 
neocortex. VZ: ventricular zone; SVZ: sub ventricular zone. (adapted from Paridaen & 
Huttner, 2014).   
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are Sox5+/Tbr1+, layer V neurons are Fezf2+/Ctip2+ and layer II/III neurons are SatB2+ 

[143]. It is noteworthy though that the Sox2+/Pax6+ progenitors that give rise to these 

neurons are themselves subject to temporal progression and change, and the mere co-

expression of two markers does not render them static. Interestingly, the layer-specific 

determinants cross-repress each other to ensure the proper spatio-temporal identification of 

neurons in each layer [136]. Additionally, the switch from the neurogenic phase to gliogenic 

phase is temporally controlled, whereby in early neurodevelopment neural progenitors such 

as RGCs, directly or indirectly via IPs, generate neurons while toward the end of 

neurodevelopment they give rise to macroglia (oligodendrocytes & astrocytes) via 

symmetric, self-consuming divisions [105].  

 

Cell cycle control in CNS development 

The eukaryotic somatic cell cycle is a process through which a cell grows, duplicates its 

genetic material (DNA) and then divides. The cell cycle consists of five phases including 

synthesis of DNA (S), Mitosis (M), two Gap phases (G1 & G2) between S and M and the 

quiescence phase (G0). The key components of the cell cycle machinery are heterodimeric 

proteins which include a Cyclin and a Cyclin-dependent kinase (Cdk). Cyclins are usually 

expressed periodically, and the binding of the specific Cdk makes the complex active and 

functional [144]. In Drosophila, Cdk1 and Cdk2 are essential genes. Cdk2 acts with CycE to 

promote S phase, while Cdk1 acts with either CycA or CycB for mitosis [145-148]. Another 

major Cyclin-Cdk dimer is CycD-Cdk4, which in mammals gates the early steps of G1, while 

in Drosophila it appears to control cell size.  

To further regulate the kinase activity of the Cyclin/Cdk dimer, these heterodimers are 

normally kept inactive in the cell by binding of an inhibitory protein (CKI) such as Dacapo 

(mammalian p21/p27/p57) and Rux in Drosophila, or via phosphorylation by Wee1/Myt1 

kinases. The inhibitory phosphorylation of Wee1/Myt1 could be reversed by Cdc25 

phosphatase family members such as Drosophila String (Stg). The G1/S transition requires 

the active E2f/Dp transcription factor heterodimer which induces transcription of CycE and 

CycA among other target genes. The tumor suppressor retinoblastoma-family protein (Rbf) 

binds E2f/Dp and renders it inactive. In order for E2f/Dp to be released and activated, Rbf 

needs to be phosphorylated by CycD/Cdk4 as well as CycE/Cdk2. Each transition along the 

cell cycle is monitored and regulated by different checkpoints. The G2/M checkpoint ensures 
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that the DNA is properly duplicated and is intact. CycA and CycB active heterodimerism 

with respective Cdks is key for mitosis entry [149] (Fig. 21).  

Many studies have demonstrated the link between cell cycle and development regarding fate 

determination and differentiation. The cell cycle also comes in different flavors throughout 

embryonic development. Early in development the cell cycle is merely S and M phases but as 

mid-blastula transition is reached, G2 is incorporated. Towards the end of the development 

G1 is also added. Accumulating evidence has shed light on the role that cell cycle regulators 

play in striking the balance between neural progenitor self-renewal and differentiation, thus 

connecting the cell fate decisions to cell cycle. The p73 protein, which is a tumor suppressor, 

not only acts as a cell cycle factor by transcriptional activation of p21Cip1 and therefore 

attenuation of proliferation but also works as a cell fate determinant for Cajal-Retzius 

neurons of hippocampus [150]. Rb has also been implied to function as a differentiation 

factor as well in mouse neural development [151]. Another example is the role of Xenopus 

p27Xic1 in retinal glial cell differentiation [152]. This is a cross-regulation though and 

developmental morphogens including Shh, Notch and EGF can also affect the cell cycle.  

        

      

 

 

 

 

Apoptosis/Programmed Cell Death (PCD) 

Cells die during development and later in life through homeostasis, spontaneously or for 

physiological reasons. This coordinated cell removal is pivotal to morphogenesis during 

development and is termed programed cell death (PCD). PCD is genetically regulated and is 

evolutionarily conserved in all metazoan, and it ensures generation of proper cell numbers 

and removal of harmful or misspecified cells. The removal of larval tissues during insect 

metamorphosis, and the process of digit formation in vertebrates, are other typical examples 

Figure 21: Schematic model for Drosophila Cell cycle regulation (Baumgardt et al., 2014).   
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of PCD-mediated developmental processes [129]. The genes involved in PCD were first 

discovered in C. elegans, and surprisingly, nematodes defective for PCD are still viable. 

However, flies and mice mutant for apoptosis genes are lethal and show severe CNS 

anomalies [153], showing the importance of PCD for neurodevelopment. As other studies 

demonstrate, the intrinsic developmental cues for each neural lineage determine if and when 

PCD should occur. In Drosophila CNS lineages, an NB can exit cell cycle by death, or first 

exit cell cycle and then die. Both modes are employed to trim the lineage and ensure the 

generation of the right numbers and types of cells [122, 130]. Caspases are a conserved 

family of cysteine proteases which cleave a wide range of substrates. Caspase 3/7 are 

activated by both intrinsic (developmental, DNA damage) and extrinsic cues, and are the 

main executioners of PCD. The core pro-apoptotic genes in Drosophila are grim, reaper 

(rpr), hid and sickle (skl), all of which are antagonists of apoptosis inhibitors (IAPs). So when 

these antagonists are inactive, IAPs inhibit caspase9 (Drosophila Nedd2-like caspase; Dronc) 

and Apaf1 (apoptosis protease activating factor1) (Drosophila apaf1-related killer; Dark) by 

binding and polyubiquitylating them. In addition, Dronc and Dark negatively regulate each 

other to ensure that the apoptosome is not formed in living cells. Upon activation of the IAP-

antagonists, they inhibit IAPs by marking it for degradation for example via ubiquitylation, 

thereby allowing the formation of apoptosome and the activation of executioner caspases 3/7 

(Fig. 22). Phagocytosis often follows apoptosis, and in the CNS glial cells are responsible for 

this process. The apoptotic cell is recognized by the phagocytic cell via its membrane 

proteins Draper and Simu [154, 155]. In vertebrates, apoptosome is formed when 

mitochondrial cytochrome C is released into the cytoplasm, which is a Bcl-2-mediated 

process. This constitutes one major difference in the caspase-mediated apoptosis between 

vertebrates and Drosophila.  

                              

Figure 22: A simplified model 
for apoptosis in Drosophila 
(adapted from Kornbluth & 
White, 2005).  
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CNS evolution; from the fruit fly to mammals 

A characteristic feature of all bilaterally symmetric animals (bilateria) is the existence of a 

centralized nervous system (CNS). Strikingly, upon formation of the CNS during evolution it 

immediately displayed an anterior expansion. This anterior expansion of the brain relative to 

the nerve cord is present in all bilateria, getting more pronounced in vertebrates to peak in 

mammals. The evolutionary origin of the modern bilaterian CNS is still fervently debated and 

studied, with experts adhering to two major schools of thought based on whether the ancestral 

urbilaterian had a centralized nervous system or a nerve net [156-162]. This debate is, 

principally, out of the scope of this book as none of my research projects addressed the 

evolution of the CNS directly. Nonetheless, it is briefly discussed here as it adds a very 

interesting perspective to several key topics of this dissertation, namely the antero-posterior 

differences in neurodevelopment and the comparison of the embryonic CNS in Drosophila 

and mouse. The existence of orthologous, D-V opposing morphogens such as Dpp/BMP vs 

chordin/sog in a both protostomes i.e., Drosophila, and deuterostomes i.e., vertebrates, lent 

support to the theory of a “urbilaterian with a CNS”, since it implies that the CNS in 

protostomes and deuterostomes must have evolved from a common ancestor with a ventral 

nerve cord. This would have been followed by a D-V inversion either early in the 

deuterostome lineage or in the chordate lineage. On the other hand, functional and gene 

expression data from an enteropneust (acorn worm) which belongs to hemichordates; a sister 

phylum to Chordata and intermediate between protostomes and chordates, has been 

interpreted as evidence for the existence of an ancestral deuterostome with a nerve net and by 

extension for the “urbilaterian with a nerve net” theory. This theory implies that the 

centralized nervous systems in protostomes and deuterostomic chordates evolved 

independently as two separate events from nerve cords or ectodermal nerve nets of the 

ancestral urbilaterian (Fig. 23).  
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Irrespective of its origin and evolution, the differences between the brain and the nerve cord 

with regard to the anterior expansion of the nervous tissue in all extant bilaterally symmetric 

organisms could be logically attributed to four main developmental causes: 1) more 

progenitors anteriorly; 2) progenitors divide more anteriorly; 3) daughter cells divide more 

anteriorly; 4) there is less PCD anteriorly.  

Regarding the first issue of more progenitors, the neural plate is indeed larger anteriorly in 

vertebrates and there are more NBs delaminating in the brain segments of the Drosophila 

embryo. Hence, this is a likely contributing factor to anterior CNS expansion, but begs the 

question of why there are such A-P differences in progenitor numbers in the first place? This 

question then leads us to the A-P differences in the neurogenic ectoderm (neuroectoderm or 

neuroepithelium) and how very early in development, the cross-talk between different 

maternal morphogens and signaling pathways set the stage in favor of anterior generation of 

more progenitors or how in vertebrates, the A-P differences in notochord/prechordal plate 

induction of the underlying ectoderm result in more elaborate anterior neural plate.  

Regarding the 2nd and 3rd issues, that progenitors and daughters divide more anteriorly, while 

a number of studies have analyzed proliferation in the brain and nerve cord/spinal cord, in 

both Drosophila and vertebrates, prior to this thesis there were few if any comparative studies 

published. However, intriguingly, there are indications that the massive brain expansion in 

higher mammals and the transition from rodent-like lissencephalic cortex into primate-like 

gyrencephalic cortex may be, at least in part, driven by increase of daughter cell proliferation 

[163]. 

Similarly, regarding the 4th issue, less PCD anteriorly, prior to this thesis no studies to date 

had addressed the impact of PCD on cell numbers in the entire CNS in Drosophila. 

Moreover, in mammals, the lack of genes that can abolish all PCD have made such studies 

impossible to date.  

Figure 23: Different scenarios for the evolution of bilaterian CNSs. (A) the urbilaterian ancestor 
had multiple nerve cords or a nerve net in which case the CNS of protostomes and chordates 
evolved independently. (B) The urbilaterian had a centralized ventral nerve cord and the D/V 
inversion occurred in deuterostome lineage so hemichordate’s dorsal nerve cord is homologous 
to protostome VNC and chordate CNS. (B’) The inversion occurred in the chordate lineage so 
hemichordate’s ventral nerve cord is homologous to chordates and protostome CNSs (adapted 
from Holland L Z. et al., 2013).  
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Irrespective of the driving mechanisms of anterior expansion, many of which have been 

resolved in this thesis, the evolutionarily-conserved features of anterior CNS development 

and expansion are even more intriguing in light of the theories suggesting that the two parts 

of the CNS; brain and the nerve cord, might have existed separately in the common ancestor 

of bilateria and annelids as ANS (apical nervous system) and BNS (basal nervous system) 

and have merged together throughout evolution to form the modern CNS [159, 161, 164, 

165].   
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Methods 

GAL4/UAS transgenic expression system 

This transgenic expression system was borrowed from the yeast Saccharomyces cerevisiae, in 

which GAL4 codes for a transcription factor which binds specific sites of its target genes. 

These sites are similar to enhancer elements in multicellular organisms and are called 

Upstream Activating Sequences (UAS). This system was adapted for spatial and temporal 

ectopic expression of desired genes in Drosophila and several other systems. By selecting a 

specific regulatory element to drive GAL4 expression (enhancer-promoter sequence; the 

driver), the spatial and temporal onset of GAL4 can be precisely controlled, so the ectopic 

expression is allowed to occur in a specific tissue or cell type at a particular time, all 

determined by the driver. When the two transgenic lines, one with the driver-GAL4 and the 

other with UAS-gene-of-interest are crossed together, the progeny with both constructs 

expresses the gene of interest in a spatio-temporal pattern dictated by the driver. The 

GAL4/UAS system can be used for misexpression of genes, rescue and cross-rescue 

experiments to determine the effect of a cDNA, or the genetic relevance of different factors in 

a biological process. It could also be used to express reporter constructs such as GFP/RFP or 

to knockdown certain genes of interest by misexpressing targeted RNAi against them [166].  

 

Transgenic mice  

To circumvent early embryonic lethality, it is desirable to use conditional alleles. The most 

commonly used set-up in the mouse system is the Cre-lox system, adapted from 

bacteriophage P1. In this system, the targeted gene (the whole gene or key exons) is flanked 

by loxP sites; short 34-bp DNA sequences. The insertion of loxP sites typically does not 

affect the function of the targeted gene. The loxP sites are recognized by the Cre 

recombinase, which creates a DNA loop, and either excises or inverts the looped segment, 

depending upon the orientation of the loxP sites (directed against each other = inversion; 

directed in the same direction = deletion). Cre is expressed from a transgenic construct, either 

a Cre knock-in into another gene or as a transgenic construct, and is usually referred to as a 

Cre deleter strain [167].  

The CNS-specific knockout for Eed was generated by crossing a floxed allele of Eed with the 

loxP sites flanking exons 3 to 6 of the Eed locus [168] to Sox1-Cre, which is expressed from 
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E8.5 onwards in the entire CNS (denoted Eed-cKO). Embryos were identified by PCR 

genotyping using specific primers for Cre and floxed Eed. Limb buds of embryos were 

harvested and DNA was extracted (NaOH DNA extraction) followed by PCR and gel 

electrophoresis. 

   

Immunohistochemistry (IHC) 

IHC is the use of monoclonal or polyclonal antibodies, specific to a protein which we want to 

detect, and visualize for quantitative or qualitative analyses. To preserve the cell morphology 

and tissue integrity 4% paraformaldehyde (PFA) is used. PFA fixes the tissue mainly by 

cross-linking proteins. Then the cells should be permeabilized with a detergent such as 

Triton-X to enhance antibody diffusion into cells. After that the blocking agent e.g., horse 

serum is added to minimize non-specific binding of antibodies and reduce the background 

staining. Primary antibodies are then applied, which have specific non-covalent affinity to 

epitopes of the studied proteins. Then secondary antibodies, which have affinity for the 

species-specific domain of the primary antibodies, are added. Secondary antibodies are 

conjugated with fluorophores that are excitable at certain wavelengths, and upon excitation 

emit light at certain (lower) wavelengths, which is detected by the microscope. Alternatively, 

secondary antibodies can be conjugated to an enzyme, such as HRP (horseradish peroxidase), 

AP (alkaline phosphatase) or β-gal (beta-galactosidase). Upon exposure to the appropriate 

substrate, the enzymatic reaction produces a product with a detectable color.  

 

Confocal scanning and image analysis 

Please see papers I, II and III for information.  

 

Electroporation in chicken embryos 

Please see paper III for information.  
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Statistics 

The statistical approach or practice is determined by the types of samples that are being 

compared and the nature of variables being considered in the study. It should be considered if 

they are numerical (quantitative) or categorical (qualitative), or if the groups or data sets are 

paired or unpaired i.e., if the values in one group could be affected by values in another or 

not, respectively. Since data sets in our studies are all considered unpaired, here I focus on 

this type of data. For quantitative variables, we first have to determine if the population is 

normally distributed, which means if they follow the Gaussian curve, in order to decide 

between parametric or non-parametric tests. If the distribution is normal, parametric tests, 

which requires the assumption of the sample being from a normally distributed population, 

should be used, such as unpaired t test for two groups and ANOVA for multiple groups. If the 

distribution is not normal, non-parametric tests are applicable, such as Mann-Whitney U test 

for two groups and Kruskal-Wallis test for multiple groups. The test of normality which I 

have used in my statistical analyses is either Kolmogorov-Smirnov or Shapiro-Wilk, 

depending on the sample size. These two analyses test the null hypothesis that the samples 

are normally distributed and depending on the returned values the hypothesis is either 

accepted or rejected.  

In comparison of multiple groups, when either ANOVA or Kruskal-Wallis test is statistically 

significant, a post-hoc test is required to see which groups are meaningfully different. For 

normally distributed data sets, the choice of the appropriate post hoc test depends on the 

assumption of equal variance or the assumption of homogeneity of variance i.e., all groups 

have equal variances. To determine this, Levene’s test is used. If this test yields a significant 

p value, the equal variance is not assumed and the common post-hoc tests used in our study 

were Tamhane’s T2 or Dunnett’s T3 tests, based on degrees of freedom and sample size. If 

Levene’s test returns a non-significant p value, the homogeneity of variance is assumed and 

then Bonferroni test is used. For non-parametric comparison of multiple groups, pair-wise 

application of Mann-Whitney U test or Dunn’s test are commonly used. For categorical 

(qualitative) dada sets, we used Chi-square (χ2) test or Fisher’s exact test depending on the 

sample size.  
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Results & discussion  

Paper I: Global Programmed Switch in Neural Daughter Cell Proliferation 

Mode Triggered by a Temporal Gene Cascade.  

Background and Aims 

The Drosophila CNS consists of brain and the ventral nerve cord (VNC), generated by some 

1,200 NBs formed during embryogenesis [97, 169-172]. Each NB delaminates from the 

neuroectoderm via lateral inhibition [114], and as an effect of early patterning mechanisms 

(outlined above) has a unique competence and identity, therefore giving rise to a unique 

lineage by repetitive asymmetric divisions. As outlined above, NB progression is temporally 

controlled by a series of transcription factors and co-factors (temporal factors), and hence 

every daughter cell is born in a unique temporal window. As NBs divide they self-renew and 

also generate a daughter cell. The daughter cell was historically believed to always divide 

once, to generate two neurons or glia. However, three papers in 2008 pointed to the existence 

of a different division mode [119-121], whereby the NB generates daughter cells that can 

divide multiple times. This was denoted Type II, and at the same time the historically well-

known division mode was referred to as Type I. Studies from Chris Doe’s and Stefan Thor’s 

labs [118, 127] had identified a third division mode, whereby NBs budded off daughter that 

directly differentiated. Type II division mode was only described in the embryonic and larval 

brain, while the extent and genetic control of the other two division modes was not known. 

The aims of the first study in my thesis were to: 

-Characterize the extent and nature of alternate division modes in the embryonic VNC.  

-Determine whether or not NBs switch between such different division modes.  

-Identify genetic factors and mechanisms underpinning the different daughter cell division 

modes. 

I aimed to address these issues at high resolution, using discrete lineage markers as well as on 

a global scale, to figure out whether such mechanisms exist and if yes whether they are 

extendable into a general regulatory strategy.  
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Main Findings 

All three lineages studied in this paper (NB5-6T, NB3-3A and NB7-3A) show a distinct, 

temporally controlled daughter cell proliferation switch. The direct division mode was coined 

Type 0 in this study, and hence we found that these three NBs undergo a programmed Type I-

>0 switch. Global analysis of NB and daughter cell proliferation at fixed intervals during 

neurogenesis from stage 10 until stage 17, using antibodies against well-defined markers such 

as Pros, Dpn and PH3 to help us discriminate between mitotic NBs and mitotic daughter cells 

as well as cell cycle length considerations for NBs and daughter cells demonstrated that the 

Type I->0 switch occurs in the entire VNC for the majority of lineages. It is therefore a 

general, programmed switch to control cell type and number. Using NB5-6T and the thoracic 

VNC as a readout for Ap neuron numbers (Eya/FMRFa/Nplp1 positive cells) or mitotic index 

respectively, we identified E2f, CycE (G1 regulators), dap (G1 inhibitor), as well as CycA, 

Cdk1, CycB, CycB3 and stg (G2 regulators) as important effectors of proliferation and the 

division mode switch. In particular, we demonstrated a critical role for the onset of Dap 

expression as key for the Type I->0 switch, for all the three lineages studied, as well as 

globally in the thoracic VNC. The robust Dap expression in NBs is detected before they enter 

Type 0 window, but is absent in Type I window which agrees with the data showing absence 

of Dap in early VNC [173, 174]. Type I-born daughters also express average levels of Dap 

before division and it is maintained in their progeny. Type 0 daughter cells show robust Dap 

expression. Interestingly, the ratio of Dap+/- NBs over time agrees with the inferred Type 0 

divisions in the VNC. Misexpression experiments, using the early, pan-neural driver pros-

GAL4 [141] showed that E2f-Dp or CycE-Cdk2 could increase NB division, while only CycE-

Cdk2 or the quadruple misexpressions (CycE-Cdk2-E2f-Dp) could extend daughter cell 

division and override Type I->0 switch. Misexpression of dap only attenuated daughter cell 

proliferation, underscoring its selective role in the Type I->0 switch. Mutant analysis in NB5-

6T and globally in thoracic VNC revealed the role of the temporal factor cas and the Hox 

gene Antp in control of both the Type I->0 switch and NB cell cycle exit, as evident by 

aberrant and supernumerary proliferation of both NBs and daughter cells. The late temporal 

factor grh mainly controls NB cell cycle exit in NB5-6T lineage and globally, but also had a 

minor global effect in the Type I->0 switch. Measuring candidate cell cycle protein levels in 

Antp, cas and grh mutants revealed increased E2f levels in all three mutants, increased CycE 

levels in cas and grh mutants and decreased Dap levels in Antp and cas mutants. 

Misexpression of Antp-cas resulted in proliferation reduction of both NBs and daughter cells 
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globally and daughter cells in NB5-6T, which in indicative of a premature Type I->0 switch 

and NB exit. The premature switch, induced by Antp-cas misexpression was accompanied by 

the premature onset of Dap expression in NB5-6T and its daughter cells. The cross-rescue of 

cas mutants with regard to loss of Type I->0 switch and NB exit with dap re-expression 

demonstrate the role of dap in cas mutant effects and genetically places dap downstream of 

cas (Fig. 24).  

      

 

 

Paper II: Anterior-Posterior Gradient in Neural Stem and Daughter Cell 

Proliferation Governed by Spatial and Temporal Hox Control.  

Background and Aim 

A common feature of the CNS in all vertebrates and many invertebrates is that the CNS is 

larger anteriorly, which is manifested in the “wedge-like” shape of the CNS. As outlined in 

the Evo-Devo section above, this noticeable appearance could be logically attributed to four 

major issues: A-P differences in progenitor numbers, progenitor proliferation extent, modes 

of daughter cells proliferation, and PCD.  

Regarding the Drosophila VNC, systematic mapping of cell numbers in each segment of the 

VNC had not previously been done, and hence cell number differences were not known. 

Regarding progenitors, it was known that a repetitive array of some 30 NBs delaminate in 

most segments of the embryonic VNC (T1-T3—A1-A7), with the exception of the posterior-

most segments (A8-A10), in which fewer NBs delaminate [175, 176]. Having identified the 

Type I->0 switch, and precise NB proliferation stop, as well as some of the genetic 

Figure 24: (Left) Model of E2f, CycE and Dap regulation by Antp, cas and grh. (Middle) 
Mechanisms of Type I and 0 proliferation modes. (Right) Mechanisms behind the Type I>0 
switch and NB exit in thoracic VNC (Baumgardt et al., 2014).  
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mechanisms controlling this, we wanted to address how these events are modified along the 

A-P axis of the VNC. This study had several goals: 

-Map cell numbers in all VNC segments. 

-Map NB and daughter proliferation in all VNC segments. 

-Determine the input of PCD on proliferation and cell numbers 

-Identify genetic cues that may act to modify these issues along the A-P axis 

 

Main Findings 

Our global as well as lineages analyses (NB5-6, NB3-5) demonstrated an A-P gradient in cell 

numbers, with anterior segments having more cells. We also demonstrated the occurrence of 

Type I->0 switch in daughter cell proliferation mode which corresponds to lineage size and 

cell numbers for both lineages studied, with NB3-5 showing a generally delayed switch 

compared to NB5-6 resulting in an extended Type I window. The A-P gradient of 

proliferation for both NBs and daughter cells, observed over several developmental stages, 

could be interpreted as an earlier Type I->0 switch and NB cell cycle exit for posterior 

segments. Proliferation analysis of ED225 mutants (a mutant that abolishes PCD) revealed 

minor effects on NBs due to a subset of lineages in which NB exit is mediated by PCD, but 

no effects on daughter cells. The A-P gradient of cell numbers was further maintained in 

ED225 mutants. However, PCD proved to be an important player in controlling cell numbers 

in the entire VNC, as all segments showed increases cell numbers in PCD mutant 

background, with a more prominent increase in A8-A10. This is attributed to PCD role in NB 

and post-mitotic cell removal.  

One suitable candidate gene family for these A-P differences are the Hox homeotic genes, 

which are expressed in defined domains in the VNC along the A-P axis. We did not observe 

any BX-C Hox proteins expression early in NBs (st 11), while they started to be robustly 

expressed later in NBs around stage 13. This temporally coincides with the Type I->0 switch 

globally. Proliferation analysis of abdominal segments in Ubx and abd-A mutants showed 

increased division only for daughter cells in A1 and A5 respectively while Abd-B mutant 

showed increased NB proliferation in A9-A10, and for daughter cells in A8-A10. These 

findings point to Abd-B having a role in the switch and the NB exit, but these effects are not 
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PCD-mediated as we found no increase in proliferation in PCD mutants in A9-A10. 

Proliferation analysis in double abd-A, Abd-B and triple BX-C mutants did not show additive 

effects, presumably due to posterior prevalence effect. Misexpression of BX-C genes resulted 

in premature switch and, albeit to a lesser degree, NB exit, and these effects are not PCD-

mediated. In comparison to single BX-C gene misexpression, the triple misexpression did not 

result in additive effects. We demonstrated that the proliferative effects of the BX-C Hox 

genes is mediated mostly via control of the key cell cycle genes and their balanced 

expression. Measurement of CycE, E2f, Stg and Dap protein levels in mitotic and non-mitotic 

NBs, in single mutant and misexpression of BX-C genes, revealed their involvement in 

control of at least one these four cell cycle factors. This study revealed that there is a gradient 

of cell numbers along the VNC. This is driven by a 1) gradient of NB numbers, at least with 

regard to A8-A10, 2) a gradient of NB proliferation, 3) a gradient of the Type I->0 switch. It 

is however, not driven by PCD. We also found that Hox genes, with their region-specific, 

overlapping expression domains along the A-P axis and late temporal onset in NBs during 

neurogenesis, are important contributors to the A-P differences of the Type I->0 switch, NB 

exit and lineage size, which all finally culminate in the formation of a wedge-like VNC (Fig. 

25).  

                      

 

 

 

Figure 25: How the spatio-temporal Hox gene expression along the A-P axis in the developing 
VNC, determine the gradients of Type I>0 switch, NB exit and thereby the lineage size. PCD is 
important for the proper neurodevelopment but these A-P differences are not PCD-mediated 
(Monedero et al., 2017).  
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Paper III: Evolutionarily Conserved Anterior Expansion of the Central 

Nervous System Promoted by a Common PcG-Hox Program. 

Background and Aim 

The existence of a centralized nervous system (CNS) is a characteristic feature of all 

bilaterally-symmetric organisms. Irrespective of its evolutionary origin and trajectory, a 

common yet unquestioned feature of the CNS is its anterior expansion. This feature is 

evolutionarily conserved, from annelids and arthropods to vertebrates and culminates in 

mammals. Following the same logic as for the VNC, the anterior expansion of the CNS could 

be attributed to four major features of the developing embryo and their differences along the 

A-P axis: the number of progenitors, the extent of progenitor proliferation, the extent and 

mode of daughter cell proliferation and PCD. The aim of this study was to build upon our 

results in Paper I and II, and address the existence and extend to which each of these four 

features contribute to the anterior expansion of the CNS in Drosophila and mouse embryos. 

In Drosophila embryos we focused on representative segments along the A-P axis; the B1-B2 

brain segments as the most anterior part, the T2-T3 segments and the A8-A10 as the most 

posterior parts. In mouse embryos the focus was on the telencephalon and the spinal cord at 

the lumbo-sacral axial level.  

 

Main Findings 

In the Drosophila CNS we found a gradient of cell numbers and average lineage sizes along 

the A-P axis, with the brain NBs generating lineages that are, on average, almost twice as 

large as the ones in the thorax, and with thoracic lineages being, on  average, twice as large as 

the abdominal ones (Fig. 26). These A-P differences were even more pronounced in PCD 

mutants, showing the PCD-mediated removal of considerable numbers of progenitors, 

daughter cells and post-mitotic cells in the brain. Surprisingly, this study systematically 

demonstrated that reduced PCD in the brain is not a driving factor for anterior expansion of 

CNS. 

Interestingly, we also found extended and elevated NB and daughter cell proliferations in the 

brain compared to the VNC and no evidence for a general Type I->0 switch in the brain. EdU 

pulse-labeling experiments further demonstrated that brain daughter cells cycle faster than the 

ones in the VNC.                          
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The protein levels of the cell cycle drivers CycE, E2f and Stg were also higher in the brain 

NBs than the VNC segments, while Dap levels were not different.  

The brain in most, if not all, bilateria is void of Hox gene expression. Given our findings in 

Paper II of the involvement of Hox genes in controlling NB proliferation and the Type I->0 

switch, we misexpressed them in the brain. Indeed, we found that triple misexpression of the 

BX-C genes reduced NB and daughter proliferation in the brain. These effects were 

maintained in PCD mutants, even though the mere misexpression of the BX-C genes reduced 

the number of NBs in B1-B2. This demonstrates the direct effect of the studied Hox genes in 

proliferation control of NBs and daughter cells as well as their indirect effect via PCD-

mediated removal of NBs and possibly daughter cells. BX-C misexpression also lowered the 

protein levels of CycE, Stg and Dap while Ef2 was not affected. We found that BX-C 

misexpression also reduced the total number of cells in B1-B2 and the average brain lineage 

size, irrespective of PCD as the experiments were done in a PCD mutant background.  

The absence of Hox gene expression in the brain, the role of Hox genes in the VNC, and the 

effects of Hox gene misexpression, demonstrates that anterior CNS expansion is, at least in 

Figure 26: Schematic lineage trees based on the calculated average lineage sizes in different 
segments of the Drosophila CNS.  NB: neuroblast; GMC: ganglion mother cell; N/G: 
neuron/glia; Q: quiescence; PCD: programmed cell death (Yaghmaeian et al., 2018).  
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part, controlled by preventing Hox gene expression anteriorly. What controls this? A complex 

known to control Hox gene expression is the Polycomb group (PcG) complex. PRC1 and 

PRC2 carry out post-translational modifications of key residues on histone tails. PRC1 

ubiquitylates H2A and PRC2 methylates H3K27 which results in the repression of their target 

genes including Hox genes. Both PcG and Hox gene groups are highly conserved. PcG is 

already found in the budding yeast [177, 178], while Hox genes presumably showed up in the 

cnidaria-bilateria common ancestor [84, 179].  

To address the role of PcG in controlling Hox gene expression, and participate in anterior 

expansion, we addressed extra sex comb (esc) maternal-zygotic mutants, a core component of 

PRC2. We found that H3K27me3 marks were lost form the entire CNS and that Antp, Ubx, 

abd-A and Abd-B were expressed in the brain. In these mutants, proliferation of NBs and 

daughter cells in the brain and posterior VNC were not affected early in development (stage 

11) when Hox genes are not yet robustly expressed in the NBs. However, at stage 13, NB and 

daughter cell proliferation were reduced in the brain, while the VNC was not affected. Total 

cell numbers and average lineage sizes were also reduced in the brain and not in A8-A10. 

These effects were maintained in PCD mutants. CycE, Stg, and E2f protein levels were 

reduced in esc mutant in brain NBs while Dap was upregulated. EdU pulse-labeling also 

revealed slower daughter cells in esc mutant only in the brain, while A8-A10 was not 

affected.  

To address if these A-P differences and the role of PcG and Hox genes is evolutionary 

conserved, we analyzed mouse embryos. Proliferation analysis in the mouse embryo from 

E10.5 until E18.5 demonstrated more mitotic activity in telencephalon (Tel) compared to 

spinal cord (SC) from E13.5 onwards. EdU pulse-labeling at two different stages resulted in 

identification of faster cycling cells in Tel compared with SC. Due to the lack of distinct 

markers to discriminate progenitors from daughter cells across different axial levels in mouse 

embryo, we used the well-established "distance to lumen" as a criterion for mitotic 

progenitors versus daughter cells, with cells dividing further than 20 µm form the lumen 

categorized as daughter cells since neural progenitors in mammals are known to divide very 

close to lumen. This revealed an increase in daughter proliferation in Tel compared to SC 

from E13.5 onwards. Transcriptome (RNA-seq) analysis of the forebrain versus the entire SC 

at E13.5 showed upregulation for several cell cycle genes such as Ccne1/2 (CycE), 

Cdc25a/b/c (stg), Cdkn1a/b (dap), E2f1/2/3 (Ef21), Ccna2 (CycA) and Ccnd2 (CycD). We 

generated a CNS-specific knockout for Eed, a core PRC2 component and esc orthologue, via 
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the cross of a floxed allele of Eed to Sox1-Cre, which is expressed from E8.5 onwards in the 

entire CNS (denoted Eed-cKO). Eed-cKO mice displayed loss of H3K27me3 from the entire 

CNS from E11.5 onward, and were microcephalic, most obvious at E15.5 and E18.5. 

Proliferation in Tel is reduced in Eed-cKO embryos at E15.5 and E18.5 compared with 

control, while SC was unaffected at all examined stages. The ratio of progenitors (Sox2+) to 

all cells was also reduced in Tel but not in SC. Transcriptome (RNA-seq) analysis of Eed-

cKO versus control forebrains at E15.5 showed extensive upregulation of all Hox genes and 

posterior-specific genes. In contrast, brain-specific and core pro-proliferative cell cycle genes 

were downregulated, while cell cycle inhibitor genes such as Cdkn1a and Cdkn1c were 

upregulated. Staining for p27 (Drosophila Dap), cleaved caspase 3 and Sox2, together with 

EdU pulse-labeling in control and Eed-cKO embryos demonstrated that in the knockout Tel, 

the developmental program is truncated, as evident by the reduced Sox+ ratio and Edu 

incorporation, fewer PH3+ cells, increased p27 expression and premature occurrence of PCD 

while none of these markers were affected in the SC.  

Together, data from mouse and Drosophila indicates a gradient of proliferation of both 

progenitors and daughter cells in the developing CNS, with elevated and extended 

proliferation in the brain. Genetic and transcriptome studies in these two systems reveal a 

conserved role of PcG-Hox program to promote anterior expansion. In this scenario, the 

repressive function of PcG to shut down Hox gene expression anteriorly is pivotal in keeping 

the brain more proliferative either directly by activating brain-specific genes or cell cycle 

genes or indirectly by keeping Hox genes repressed (Fig. 27). 

       

Figure 27: PcG-Hox 
interactions directly 
and indirectly 
promotes anterior 
CNS expansion. 
PcG-mediated Hox 
repression becomes 
more important for 
anterior expansion as 
neurogenesis 
progresses 
(Yaghmaeian et al., 
2018).  
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Concluding Remarks 

The three research projects presented in this dissertation have uncovered intricate genetic 

regulatory networks that underlie embryonic CNS development, in particular with regard to 

the proliferation control. Many features of development including neurogenesis are 

determined very early in developmental time via the interactions of maternally-loaded 

morphogens and early zygotically transcribed genes to set the stage for later developmental 

programs. However, thus far, little is known about how neurogenesis is controlled once the 

neurogenic ectoderm is established i.e., after the delamination of NBs from neuroectoderm or 

after neural plate formation. Valuable studies have clarified the molecular machinery of 

asymmetric cell division which is the cornerstone of neurogenesis or the temporality of 

neural progression and its tight connection to fate determination. Despite all these advances, 

much has been left to explore with regard to the control of proliferation extent and mode, in 

particular, of daughter cells. Another very interesting question was how these developmental 

regulations are adjusted along the A-P axis.  

In paper I, we discovered that the Type I->0 daughter cell proliferation mode switch is a 

global phenomenon in Drosophila. We also found that the key factor in regulating the Type I-

>0 switch is the dacapo KIP-family inhibitor. We found that a temporal program involving 

cas and Antp controls dacapo. This control confers spatio-temporality to the switch which 

makes it adjustable for different parts of the CNS along the A-P axis. This aspect was 

highlighted in paper II in which the universality of the switch and NB exit is demonstrated in 

an axial context. We also linked the late onset of Hox expression in NBs to the switch.  

One common finding in all my studies is that proliferation control, irrespective of its axial 

position in the CNS, is always mediated via key cell cycle factors. My studies, per se, do not 

address whether this mediation is direct or not. Other studies have demonstrated the direct 

link between some of these regulators such the HD transcription factor prospero and cell 

cycle genes such as CycE, E2f and stg [180]. Irrespective of that, the proliferation control by 

Hox genes, PcG genes or temporal factors is evidently always mediated via cell cycle factors. 

Should the former be the modulating "hands", the latter are the "knobs" of the proliferation 

machinery.  

One important finding of my work was to show that the A-P gradient of proliferation and cell 

number is independent of the PCD. Despite the pivotal role of PCD in embryogenesis 

including neurogenesis, the A-P differences in cell number, average lineage size and 
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proliferation are not mainly, if at all, regulated by PCD. In paper III, we demonstrated that 

PCD is even more prevalent in the brain than the VNC of Drosophila.  

In paper III, a very interesting evolutionary perspective was given to the A-P specific control 

of proliferation. Here we strived to address the same questions not only in the brain but also 

in another model system, the mouse. The distinction is twofold; the brain in almost all 

bilateria is Hox free, and the gradient of cell number and proliferation is much steeper in the 

brain, as if it has come from a different "world". The Hox-free brain is attributed to the PcG-

mediated repression of Hox genes in the brain and our studies in both the fly and the mouse 

point towards an evolutionarily and developmentally important interaction between PcG and 

Hox genes to promote and maintain the brain expansion throughout development (Fig. 28). 

So, if PcG components are globally expressed in the entire CNS and are functional, as 

evident by H3K27me3 marks in the control CNS, why do they repress Hox genes only in the 

brain? This very interesting, yet fundamental question takes us back to what has been 

discussed briefly in the introduction. The function of PcG, like other chromatin remodelers is 

context dependent and combinatorial. PRC2 which is responsible for trimethylation of 

H3K27, like any other competent writer, should be able to read first! PcG's main role is 

transcriptional repression indeed, but the choice of the targets is a different matter. It could be 

that in more posterior parts of the CNS Hox regulatory loci are not repressed due to a 

different permissive chromatin landscape. Other pioneer transcription factors could override 

PcG-mediated repression and trigger transcription. The combinatorial assembly of PcG 

complexes could be different such that Hox loci are kept transcriptionally active. Besides, 

PRC2 recruitment could be affected by different degrees of ubiquitination. Last but not least, 

chromatin architecture, in many cases, is determined much earlier in development, way 

before the onset of Hox genes and this chromatin landscape could also be adjustable and 

differentially decorated at different axial levels of the CNS by the functions of early 

developmental factors such as patterning morphogens and signaling pathways.  

Finally, the discovery of similar daughter cell proliferation modes in a wide span of species 

from Drosophila to mammals becomes even more intriguing in light of the theories 

suggesting that alternate daughter cell proliferation modes could account for the evolution of 

the brain expansion [163, 181, 182].  
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Figure 28: Simplified phylogenetic tree depicting CNS evolution from the apical and basal 
nervous systems (ANS and BNS) in the Cnidarian-bilaterian ancestor and with regard to PcG-
Hox program. 
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