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Abstract

Development of the central nervous system constitutes a highly complex process that
requires precise spatiotemporal regulation. In Drosophila melanogaster, neurogenesis
initiates at the embryo and continues until pupal stages. Embryonic neurogenesis begins at
the stage 8 with the generation of neural progenitors, called neuroblasts. Neuroblasts derive
from the ventral ectoderm and are specified through the process of Notch-mediated lateral
inhibition. During this process, effectors of Notch pathway, called Enhancer of split E(spl) and
the proneural genes are antagonizing, creating an intercellular feedback loop. As a result,
specific neuroectodermal cells are singled out and induce the neural fate. Upon its
generation, neuroblasts delaminate from the ectodermal sheet and undergo multiple rounds
of asymmetrical divisions to self-renew and give rise to a ganglion mother cell (GMC). GMC
divides once again, forming a pair of neurons and/or glia. Even though mechanisms implicated
in lateral inhibition have been extensively studied, the complex interplay between proneural
genes and Notch is yet to be fully resolved. Proneural genes encode bHLH transcriptional
activators which heterodimerize with another bHLH factor, called Daughterless (Da), to
promote induction of the neural fate. On the other hand, genes of the E(spl) locus encode
bHLH transcriptional repressors that downregulate proneural activity and lead to epidermal
specification. Mutations in E(spl) result in the development of neural hyperplasia. Whereas,
absence of proneural genes leads to the partial loss of neuroblasts, accounting for 20-25%.
Neuroblasts that manage to be formed exhibit a temporary pause of its divisions and lack
expression of certain genes including deadpan (dpn). Divisions and dpn expression restart in
later embryonic stages. The mechanisms implicated in this “stalled state” are yet to be
uncovered. To better understand this process, we studied embryos lacking both proneurals
and E(spl) genes referred as “double mutants”. We observe a hyperplastic phenotype with
temporary arrest of neuroblast divisions and delayed dpn expression. We also studied the
role of Da in the neuroectoderm. While mutations on either da or proneurals cause only a
partial loss of neuroblasts, embryos lacking both are aneural. We wanted to examine if Da
can activate distinct gene targets in the neuroectoderm in a proneural independent manner.
Thus, we developed a cHIP-sequencing protocol to identify Da targets. Our technique is based
on a biotin pull-down strategy for the precipitation of Da. We didn’t identify unique neural
targets. However, we validated the efficiency of our protocol, which needs further

optimization.



MepiAndn

H avanmtuén tou Keviplkol VEUPLKOU OCUOTAUATOC OMOTEAEL pLO amd TG MO OUVOETEG
Blohoyikég Slepyaoieg kat amattel akpfr yoviSlakr puBuLon oTo Xwpo Kal oTo XpOvo. ITn
Drosophila melanogaster, n dladlkacia TnNG VEUPOYEVEDSNG EKKIVEL KATA Ta EUBPULKA oTAdLa
Kall guvexileTal LEXPLTO oXNUATIONO TG VUUDNG. H epBpuikr veupoyéveon Egkva oto otadlo
8 pe TN dnuloupyia MPOSPOUWY VEUPLKWY KUTTAPWY, Ttou ovopdlovtal veupoBAdotes. Ta
KUTTOPA QUTA TIPOEPXOVTAL OO TNV TEPLOXN TOU KOWALOKOU €KTOOEpUATOG. H emiloyn Twv
KUTTAPWV TIoU Ba €MAyouV Tn VEUPLKA TUXN EMITUYXAVETAL HEOw TNG Stadlkacioag tng
TIAEUPLKNG avOooTOARG. Zuykekplpéva, ot Enhancer of split E(spl), oL omoiol amoteAolv
AQUECOUG yoviSlakoug otoxouc tou Notch povomatiol Kal oL TIPOVEUPLKOL TOPAYOVTEG
avtaywviovtal PeTaty toug, Snuloupywvtag pia Sta Kuttaplkn Aouna avatpododotnaonc.
QG emokOAouBo, OUYKEKPLUEVA VEUPOEKTOOEPULIKA KUTTAPO ETMAEyOvVTOL ylO  va
okoAouBrjoouv Tn VeUpLlKA TUXN Kot Sladopomololvtol o€ veupoPAdoteg. Katd tn
Snuloupyia Toug, ot veupoPAdoteg armokoAAwvTaL arnd tn oTASA TOU EKTOSEPUATOG TPOG TO
E0WTEPLKO, oTtoL SlalpouvTol ACUUETPA, divovtag yévean o€ €va VEo VeupoPBAAOTn Kal Eva
gagnglion mother cell (GMC). To GMC Siatpeitat P tn ogpad Tou, oxnuatilovrag éva {euyapl
VEUPWVWV Kal / 1 YALOKWV KUTTApwV. Mapd To yeyovog OTL Ol LOoPLOKOL HNXavLopol mou
SLEMOUV TNV MAEUPLKA 0VaOTOAN €XOUV LEAETNOEL EKTEVWC, N TTOAUTIAOKOTNTA TNG OXECNC TWV
TIPOVEUPLKWY YoviSiwv kat tou Notch povomatiov Sev €xel dtaocadnviotel mAnpwe. Ta
TIPOVEUPLKA yovidla kwbdlkomolouv bHLH petaypadikoug evepyomowntég, oL omoiol
etepodipepilovtal pe évav Ao bHLH mapayovta, to Daughterless (Da). To Siuepég
OUUTAOKO TIPOAYEL TNV EMOYWYN VEUPKWV Yovidiwv. e avtidlaotoArn, Ta yovidla tou
YeVeTIkoU Ttomou E(spl) kwdikomolovv bHLH petaypadikoug kataotoleig, oL omoiol
OVOOTEAAOUV TO TIPOVEUPLKA yovidla kal odnyouv ot emidepuikn dtapopormoinon. AnwAela
Aettoupyiag twv E(spl) yovibiwv €xel wg amotéAeopa TNV avantuén VEUPLKAG UTtEPTTAQCLAG,
EVW N amoucia Twv TPoveUpLKwY yovidiwv odnyel otn pepkn anwAela veupofAaoctwy, TG
Taéng tou 20-25%. OL veupoBAAOTEC TTOU KATADEPVOUV VA OXNUATIOTOUV gudavilouv pia
mapwdikA mavon Twv KUTTapWKwVY Slalpéoewyv, kabwg eniong aduvatouv va ekbpdoouv
oplopéva yovidla cupuneplappavouévou tou deadpan (dpn). Ot lalp€oelg kal n Ekppaon
Tou dpn €MAVEKKLVOUV O€ PeTayevEDTEPA EUPPUIKA otadla. OL unxoaviopot mou subuvovtat
yla QUTH TNV TIPOCWPLVH TTAUon TAPOHEVOUV AyVWOTOL. 2TNV NMPOCTIABOELA VAL KOTOVOI|COUE
KaAUtepa autnv tn Stadikaoia, peAetnoaue €uBpua, ota omnoia amouaotdlouv TauToxpova
TO TIPOVEUPLKA KoL Tol yovidia tou E(spl) yoviSiakoU TOmou Kal avoadpEpoviol wg «SumAa
HeTaAAAQypoTay. MNapatnpoUpe Evav UTIEPTIAOCLA TOU VEUPLKOU CUOCTHATOC LE TIPOCWPLVHA
Sltakomn otig Slalp£oelg Twv veupoPBAaotwy Kabwe kal kabBuotepnuévn ékdppacn tou dpn.

ErtutAéov, peletioape To poAo tou Da oto veupoektodeppa. Evw oL EMUEPOUG UETAANALELG



oto da | oTa TPOVEUPLKA YoVvidlo MPOKAAOUV UOVO UEPLKN OMWAELA VEUpOBAQOTWY, Ta
€UBpua mou otepoUlvIal Kal Twv SU0 aduvatouv va avamtuéouv VEUPLKO cUOTNUA.
Asdopévwv Twv mapandavw, eéetdcape av to Da pmopel va evepyomolioel YovidLlakoU
OTOXOUC OTO VEUPOEKTOOEPUA, EEXWPLOTOUC OO TOUC OTOXOUG TWV TIPOVEUPLKWY
Tapayoviwy. Na 1o okomo auTo, avamtUEapE EVa TIPWTOKOAAO KATOKPAVLONG XpwHaTivng
o€ ouvbuaouo pe aAAnAovxion tou DNA yila tov mpoodloplopd Twv oTtoxwv tou Da. H texvikn
Katakprnuviong tou Da Baciletal oto cvotnua PBlotivng-otpentaBidivng. Asv evtomicape
HOVASLIKOUG VEUPLKOUG OTOXOUG. QOTO00, eMIBEPALWOAUE TNV QNMOTEAECUATIKOTNTA TOU

TIPWTOKOAAOU MO, TO OTolo XpeLaleTal MeEpALTEPW BeATIoTOMOLNON.



1. Introduction

1.1 Drosophila melanogaster as a model system for developmental neurobiology

The mechanisms implicated in the nervous system development have always been an
intriguing enigma, with many questions remaining unanswered or even unaddressed until
today. The difficulty in dissecting the insights governing neurogenesis lies in the perplexed
and multi scaled interactions among the factors participating in those processes, as well as
the rapidly alternating temporal events. Unraveling the intricacies contributing to the
formation and cellular diversity of the nervous system is considered one of the major
challenges in developmental biology.

In order to shed light to the molecular trajectories shaping the neural development, the
scientific community focused on the study of Drosophila melanogaster. The fruit fly provides
a low-cost and time-saving platform, enabling scientists to pose multiple biological questions.
Having already been established as a powerful model for genetic research -for more than a
century- it continues serving as a state-of-the-art organism for the study of many other
biological aspects.

The discovery of genes, implicated in the Drosophila embryo development and the elucidation
of developmental signaling networks paved the way for a new era in Drosophila research 1.
Identification of homologous counterparts and analogous developmental pathways in
vertebrates further underlined its role as a prevalent model organism. Along with the advent
of striking molecular and imaging tools, the effort to uncover the intricacies of development
has been intensified in many fields, including the developmental neurobiology. The study of
neural stem cells in the fruit fly, has critically added to our understanding on how such a great

cellular diversity is attained in the nervous system 2.

1.2 Development of the central nervous system (CNS) in the fruit fly

In Drosophila, development of the CNS occurs in distinct developmental stages. Initiating at
the embryos, neurogenesis continues in the larvae and terminates at pupal stages (Figure 1A).
Though, this theory is still debated, as there is emerging evidence of adult neurogenesis upon
injury and damage 3*. Neuroblasts, which constitute the neural progenitors of the fruit fly

divide in a stem cell like manner to generate neural and glial cells.



Embryonic neuroblasts are responsible for the production of almost all neurons and glia
observed in the larval CNS . However, in adult flies only 10% of neural and glial cells represent
embryonic derived lineages . Upon completion of their divisions, embryonic neuroblasts are
either wiped out through apoptosis, or enter a quiescent state, pausing its proliferation.
Reboot of cell divisions is accomplished in larval stages, whereby neuroblasts restart its
propagation giving rise to the rest 90% of the adult CNS ’. By the end of pupal stages and soon
before fly enclose, all neuroblasts are eliminated, either due to programed cell death or

because of cell cycle exit.

1.2.1 Modes of neuroblast proliferation

According to its daughter cell proliferation profiles neuroblasts are classified into three
distinct types of (Type 0, Type |, Type 1)  (Figure 1B). Type 0 neuroblasts divide symmetrically
to self-renew and directly generate a neuron. Type | neuroblasts follow a program of
asymmetrical divisions, leading to the production of another neuroblast and a ganglion
mother cell (GMC). GMC divides once, forming neurons and glial cells. Finally, Type Il
neuroblasts amplify its progeny by the generation of intermediate progenitors (INPs). INPs

self-renew and produce GMCs, which subsequently give rise to neurons and glia.
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Figure 1 (A) Schematic representation of the central nervous system during embryonic, larval, pupal and
adult stages in Drosophila melanogaster (Adapted from Atlas of Drosophila Development by Volker
Hartenstein published by Cold Spring Harbor Laboratory Press, 1993) . (B) Types of neuroblast divisions. Type
0 divide once, regenerating themselves and producing a neuron. Type | neuroblasts divide asymmetrically.
Type Il neuroblasts generate an intermediate progenitor (INP). INP proceeds to asymmetrical division to self-
renew and produce a ganglion mother cell (GMC).



1.3 Development of the embryonic CNS

By the onset of the 20" century, studies in the peripheral nervous system of Drosophila
melanogaster led to the identification of proneural genes, which act as the major neural
determinants. In brief, it was observed that upon loss of proneural genes, bristles, which
constitute sensory organs of adult flies fail to form ®1°. Few decades later it was revealed that
proneural genes are closely located inside the genome and form a complex, referred as the
Achaete-Scute complex (AS-C) 1. These genes were also found to be key regulators of the
CNS. Parallel studies, focusing on the development of the peripheral and central nervous
system have provided significant insights into how nervous system is generated in the fruit
fly.

Embryonic neurogenesis begins at the stage 8, approximately 3 hours after egg laying and
shortly after gastrulation. Neuroblasts arise from a region of the ventral ectoderm, called
neuroectoderm, in five successive waves (Figure 3A). Upon its generation, neuroblasts
delaminate from the ectodermal sheet 2 (Figure 3B) and undergo repeated Type | divisions,
renewing themselves and budding off smaller GMCs. GMCs divide once to give rise to a pair

of neurons and/or glial cells (Figure 3C).

1.3.1 Spatiotemporal cues give embryonic neuroblasts unique identities

Embryonic CNS consists of the brain and the ventral nerve chord (VNC). Unlike the perplexed
structure of the developing brain, embryonic VNC provides a simpler platform for
understanding the early neurogenesis events and it has been extensively studied. It consists
of repeated hemi segments, that are generated bilaterally and separated by the midline. 30
neuroblasts arise in each hemi-segment in a stereotypical spatial pattern 3 (Figure 2A).
Precise positional information enables neuroblasts of each hemi-segment to develop unique
properties. These spatial signals arise from the prepatterned structure of the neuroectoderm,
along the anterior-posterior (A-P) and the dorsal ventral (D-V) axis 4. A-P axis is initially
specified by the expression of maternal, gap and pair rule genes, which in turn promote the
expression of segment polarity genes in tightly restricted bands, leading to the formation of
distinct neuroectodermal rows °. Along D-V axis, a set of three genes, termed columnar
genes, is responsible for the generation of precisely defined columns. Expression of columnar

genes is crucial for shaping neuroblast identity, within each column 68, Overall, subdivision



of neuroectoderm in the two axes, creates a grid, that contains multiple neural equivalence
groups. Each group receives an exclusive set of positional cues, leading neuroblasts, to the
acquisition of unique insights 4.

Apart from the spatial cues, neuroblasts also receive multiple temporal stimuli, allowing them
to generate multiple types of progeny and thus providing a greater pool of neuronal diversity.
This is attained by the sequential expression of specific transcription factors, referred as
“Temporal Transcription Factors (TTFs)” %20, The temporal cascade includes the serial
activation of five main genes: Hunchback (Hb), Kruppel (Kr), Pdm, Castor (Cas) and Grainyhead
(Gh) (Figure 2B). Each TTF promotes the induction of the next gene in line, enabling the proper

transition across temporal windows. For example, Hb which is the first factor expressed,
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Figure 2 Neuroblasts and its progeny bear unique identities, shaped in space and time. (A) Schematic
representation of a typical hemi-segment across the five waves of neuroblast generation. Patterning
of the neuroectoderm along A-P and D-V axis leads to the generation of neuroblasts in a stereotyped
spatial manner. 30 neuroblasts are created in each hemi-segment and are organized in seven rows and
three columns. (B) Demonstration of the TTFs participating in the sequential temporal cascades. Each
factor is expressed in distinct time window, providing neuroblast and its progeny unique identities.



activates its successor, Kr and is being downregulated. Thus, neuroblasts and its daughter
cells are specified according to its birth order. This process ensures that GMCs born at
different time windows acquire distinct fates and subsequently give rise in multiple types of

neurons and glia.

1.3.2 Notch-mediated lateral inhibition as a driver of neuroblast selection in the
neuroectoderm

Neuroectodermal cells have the potential to initiate two distinct transcriptional programs,
leading either to the acquisition of the neural fate or to the generation of epidermal
progenitors 2122, Cell fate specification is achieved by Notch-mediated lateral inhibition, a
process emerging in multiple developmental contexts to determine binary cell fate choices
2, In neuroectoderm, genes of the AS-C and effectors of the Notch pathway constitute the
key contributors of neural and epidermal cell fate respectively 2.

According to the classic model of lateral inhibition, presented in Figure 3D, interactions
between proneural factors and Notch downstream targets lead to the generation of an
intercellular feedback loop. While Notch receptor is uniformly expressed, proneural factors
are detected in groups of neuroectodermal cells, termed “proneural clusters”. Induction of
the AS-C genes leads to the upregulation of the transmembrane protein Delta, which act as a
ligand of the Notch receptor. Dose-dependent activation of Delta by proneurals plays key role
in the process of lateral inhibition 24. Once extracellular domain of Delta interacts with the
concomitant domain of Notch receptor, serial proteolytic cleavages of the latter, result in the
release of Notch intracellular domain (NICD). NICD is transferred into the nucleus and
together with Suppressor of Hairless and Mastermind promote the expression of gene targets
2526 The outcome of Notch signaling in the neighboring cells is the induction of the genes of
the Enhancer of split locus (E(spl)). E(spl) proteins are transcriptional repressors, which
downregulate proneural gene activity. Finally, all but one cells of each proneural cluster are
eliminated from neural fate and acquire the epidermal one. The single cell that manages to

maintain proneural activity becomes the neural progenitor.
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Figure 3 Embryonic neurogenesis in Drosophila melanogaster. (A) Dorsoventral pattern of the embryo.
Neuroblasts arise from the ventral ectoderm, called neuroectoderm (blue region). Mesoderm (pink) has already
been formed (Adapted from Atlas of Drosophila Development by Volker Hartenstein published by Cold Spring
Harbor Laboratory Press, 1993). (B) Delamination of neuroblasts from neuroectoderm and internalization to the
basal side of the embryo. (C) Neuroblast asymmetrical divisions. Neuroblast division results in the generation
of another neuroblast (blue) and a GMC (red). GMCs divide once to give rise to a pair of neurons and/ or glial
cells (yellow). (D) Notch mediated lateral inhibition drives the epidermal/neural cell specification. Groups of
cells expressing the proneural genes are highlighted with green. Delta is induced in cells of the proneural cluster.
Notch — Delta interaction leads to the activation of Notch signaling in the neighboring cells, which in turn
promotes the E(spl) gene expression. E(spl) repress proneural activity. Only one cell, that expresses genes of the
AS-C at high levels retains neural potential and becomes neuroblast. This cell does not receive Notch signaling
(Picture adapted by http://www.mun.ca/biology/desmid/brian/BIOL3530/DEVO_12/devo_12.html).

Basal

1.4 Crucial players of embryonic neurogenesis

The process of lateral inhibition drives the specification in neuroectoderm, enabling the
selection of cells that acquire the neural fate. Even though a great progress has been made in
the proneural-E(spl) interplay, the emerging multi-scaled interactions are yet to be fully

uncovered. Genes of both complexes as well as their interactors continue being in the



spotlight of scientific research. A detailed description of our current knowledge about these

genes and its products is presented in the following paragraphs.

1.4.1 Proneural genes and daughterless (da)

The AS-Cis located in the X chromosome of the fruit fly and consists of a set of 4 genes, namely
achaete (ac), scute (sc), lethal of scute (I’sc) and asense (ase) 228, Unlike ac, sc, and I'sc, which
act in the neuroectoderm, ase is expressed in later stages of embryonic development. It has
been shown that these genes are expressed in a tissue specific manner and act as promoters
of neural specification >, In addition to the genes of the AS-C, three more genes have later
been identified to confer proneural activity [atonal (ato), cousin of atonal (cato) and absent
MD neurons and olfactory sensilla (amos)], constituting a second family of proneural genes in
Drosophila ?°731, These gene family is mostly implicated in the formation of the peripheral
nervous system (PNS). Homologous counterparts of both families have been discovered in
vertebrates, also serving as positive regulators of the neurogenic program 32. Within the
proneural clusters, proneural genes are activated by the columnar genes 3.

All four genes of the AS-C share sequence similarity with each other and with daughterless
(da), a gene implicated in the sex determination 343, da is located at the second chromosome
of Drosophila and plays vital roles in multiple developmental contexts. In early embryos, Da
is of maternal origin and is mainly implicated in the sex determination, while in later stages
zygotic product is expressed, contributing to the nervous system development 3¢. Unlike
proneural restricted expression pattern, da is activated ubiquitously 3’.

Genes of the AS-C as well as da encode transcriptional factors that contain a basic helix loop
helix (bHLH) domain. bHLH constitutes a structural motif that enables DNA binding and
dimerization (Figure 4) 38, Through their bHLH domains, proneural factors form heterodimers
with Daughterless (Da) and bind to DNA, leading to the activation of neurogenic genes.
Proneural-Da heterodimer generation is antagonized by the action of extramacrochaetae
(emc). emc produces an HLH protein that lacks the ability of binding to DNA sequences . It
inhibits proneural activity through the sequestration of either proneural proteins or Da. Thus,
formation of functionable heterodimers is prevented and proneural gene target expression is

abolished.
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E-box| C-A-N-N-T-G

Figure 4 Schematic representation of basic helix loop helix (bHLH) structural motif. BHLH consist of two a
helices connected by a short loop. bHLH enable DNA binding and heterodimerization. bHLH recognize a
consensus DNA sequence termed E-box. (Picture adapted by Dennis, Han, and Schuurmans 2019)

1.4.2 E(spl) genes

Besides Emc-mediated inhibitory effects on proneural activity, E(spl) proteins are also acting
as prominent repressors of proneural genes, during the process of lateral inhibition. E(spl)
gene complex lies in the third chromosome of the fruit fly and is comprised of 12 genes. All
but one genes of the complex are activated upon response to Notch signaling #°. The largest
gene class within the complex accounts for seven genes, which encode bHLH transcriptional
factors [HLHmb, HLHmg, HLHmd, HLHm3, HLHmM5, HLHmM7, and E(spl)] *%*2. It is suggested that
its activity is at least partially redundant during embryonic neurogenesis. Unlike proneural,

these genes also contain an Orange domain, which enable them to act as repressors 3.

1.4.3 Mechanisms of E(spl) mediated repression of proneural targets

E(spl) genes of the HLH class are able to homo or heterodimerize through its bHLH motifs.
Moreover, a subset of them forms dimers with Ac, Sc and Da, leading to the downregulation
of proneural targets. Thus, one mechanism of proneural repression is its sequestration and

the prevention of binding to its targets 4. A second way proposed to eliminate proneural

11



activity is the recruitment of E(spl) proteins onto the proneural-dependent enhancers and its
interaction with the proneural-Da dimer. Interestingly, it has been suggested that this
mechanism is able to function either upon E(spl) DNA binding or in an HLH independent
manner *. For the latter mode of repression, E(spl) proteins interact with the C-terminal
domain of Sc, which has been found to act also as a transactivation domain *¢. Nevertheless,
proneural proteins manage to maintain its competence, within the proneural clusters. This is
achieved through the generation of an autoregulatory feedback loop, giving the potential to
one cell of the cluster to preserve high proneural expression levels and subsequently become

neuroblast.

1.5 Mutations in proneural, da and E(spl) genes result in impaired CNS development

The prominent role of proneural, da and E(spl) genes in neurogenesis have been identified
through a series of loss of function experiments. These studies led to the suggestion that
genes of the AS-C are necessary and sufficient to promote induction of the neural fate.
Moreover, it was shown that Da is also important for the initiation of embryonic
neurogenesis. Though, its role is confined as the proneural major interactor and it is not able
to confer proneural activity. Similar studies of the 80s and 90s have also underlined the
importance of E(spl) genes in the process of lateral inhibition. First it has been identified that
these genes constitute a part of Notch signaling network. Subsequently it was revealed that

its repressive capacities lead to the promotion of epidermal fate at the expense of neural one.

1.5.1 Proneural and da gene deletions leads to neural hypoplasia

The effort to understand the role of proneural genes, initiated by studies of the peripheral
nervous system (PNS) 0. Later it was revealed that similar processes also shape the
generation of the CNS ?L. Deletion of the genes of the AS-C causes lethality at the embryonic
stages. Upon loss of the whole complex, proneural activity is completely eliminated in the
PNS. On the contrary, within the CNS proneural activity is somehow retained even in the
absence of those genes. Particularly, it is detected a decline in the number of delaminating

neuroblasts, accounting for 20-25 % of total neuroblasts 7. Neuroblasts that manage to be
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formed present defective proliferation. Increased cell death is also observed on their progeny,
at later stages #’.

In a recent unpublished work conducted in our laboratory, loss of AS-C genes was studied in
great detail, during distinct embryonic stages. It was revealed that the absence of these genes
leads to a temporary pause of neuroblasts divisions, between embryonic stages 8-10.
Moreover, expression of certain neuroblast-specific genes has also been abolished during
these stages. Among those genes, deadpan (dpn) is included (Figure 5B). dpn encodes a bHLH

transcriptional repressor 48

and it is widely used as a molecular marker for neuroblast
identification. By the end of the stage 10 and the early onset of stage 11 cell proliferation
restarts and dpn expression is being restored within the neuroblasts (Figure 5B). However,
this rebooting in cellular propagation is not able to rescue the severe defects, caused by the
deletion. At later stages, it is observed severe impairment of the neuronal axon development

and massive cell death, as previously described.
’ - Stll.

wt da mutant da/AS-C mutant AS-C mutant

Figure 5 Mutations of da and proneurals lead to the defective nervous system development (A) Deletion of da
results in impaired CNS structure. In the absence of both da and proneural genes, embryos are aneural
(Adapted from Fernando Jiménez and Campos-Ortega 1990). (B) Neuroblasts in wt (left) and AS-C deficient
(right) embryos. Neuroblasts are marked with dpn. At stage 9 (up) AS-C mutant embryos lack dpn expression.
It is restored by the onset of stage 11.

da loss of function experiments demonstrates similar phenotypes to those observed in
proneural deficiency (Figure 5A). Upon absence of da, all sensory neurons of the PNS fail to
form, while defects are also detected in the CNS #°°9, In a study examining the roles of
proneurals and da in the CNS formation, Jimenez and Campos-Ortega discovered that the
double deletion of da and proneural genes led to the complete loss of neuroblasts, resulting

in aneural embryos 4’ (Figure 5A).



1.5.2 E(spl) genes deletions lead to excessive neural hyperplasia

Akin to the study of proneural genes, elucidation of the role of the E(spl) genes was
accomplished through the examination of mutant embryonic phenotypes. Complete deletion
of the locus is lethal at embryonic stages. In the absence of the complex, a severe neural
hyperplasia emerges in the CNS 4%, similar to that observed in Notch deficiencies (Figure 6).
This suggests that E(spl) genes constitute the major Notch effectors implicated in the cell fate
selection in neuroectoderm. Excessive neuroblast generation and therefore development of
neural hypertrophy in E(spl) mutants is caused due to defects in the process of lateral
inhibition. In particular, absence of these genes results in the expansion of proneural activity
in neuroectodermal cells. Thus, neural fate is induced in more than one cells of each proneural

cluster, finally leading to the production of supernumerary neuroblasts (Figure 6).

St9

. ) .
wt

E(spl) mutant

Figure 6 Excessive hypertrophies in embryonic CNS caused by the absence of E(spl) genes.
Neuroblasts in wt (left) and E (spl) deficient (right) embryos. By the stage 9 deficiency of E(spl)
genes promotes the generation of neural hyperplasia. Neuroblasts are being produced at the
expense of epidermis. At stage 11 neuroblasts are being supernumerary and are formed
ectopically.
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1.6 Aim of the study

Unraveling the network of interactions that contributes to neuroblast generation at the
appropriate time and space is of major importance for our understanding of the CNS
development. Proneural proteins of the AS-C have been characterized as the key
determinants of the neural fate selection. However, upon its deletion only a small subset of
neuroblasts is lost from the CNS. How the rest of the neuroblasts manage to be formed
remains poorly understood. The role of Da is equally important as indicated by the aneural
phenotype observed in embryos lacking both Da and proneurals. Moreover, the finding that
proneurals can act as positive regulators of E(spl) adds in the already existing complexity of
their interaction and raises multiple questions. Are there other factors sustaining proneural
activity or the interplay of the known ones is more perplexed than we thought? Can Da
interact with other HLH factors to confer proneural activity? If so, does it have the same gene
targets as in the case of its heterodimerization with proneural proteins? To address these
guestions, we developed two distinct approaches.

In the first approach we tried to elucidate the proneural-E(spl) interplay. Provided the
hypoplastic and hyperplastic phenotypes observed in the absence of proneurals and E(spl)
genes respectively, we wanted to interpret the impact of the double deletion on neuroblast

formation. We also wanted to examine neuroblast divisions and dpn expression in double
mutants. Therefore, we created flies lacking both gene complexes and studied embryos of
distinct developmental stages with confocal imaging. It is shown that double mutants exhibit
neural hyperplasia, milder than the one detected in the absence of E(spl) genes. Moreover,
we observe a delay in dpn expression and a temporary arrest of neuroblasts divisions, similar
to that described for the AS-C deficiency.

In the second approach we focused on the study of Da exclusively in the neuroectoderm. In
the absence of both da and proneural, embryonic CNS completely fails to form (Figure 5A).
We wanted to examine if its neuroectodermal targets coincide with those of proneurals. We
tried to identify them using cHIP-sequencing and subsequently compare our results with
unpublished Sc cHIP-seq data, derived from our lab. As no specific antibody recognizing Da
existed, we set up a biotin pull down strategy in order to precipitate our protein along with
the bound DNA. We managed to identify binding sites of Da in neuroectodermal cells which

indeed overlapped with proneurals. We don’t observe unique neurogenic gene targets of Da.

15



However, our cHIP-seq protocol needs to be further optimized in order to obtain a better

understanding of Da neuroectodermal targets.
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2. Materials and Methods

2.1 Fly stocks and crosses

Fly stocks used for the experiments are presented in Table 1. Stocks were used for the crosses.

Sequence of fly crosses for the generation of double mutant and of the flies, bearing da, UAS-

BirA are demonstrated in Figure 7.

Stocks Source

FM7, Kr-Gal4
UAS-GFP/
Df(1)sc®” w sn?

FM7/Df(1)sc260
w sn3

w; TM3, twi-
Gal4 UAS-GFP/
Dr

w; TM3, twi-
Gal4 UAS-GFP/
FRT82B e
Df(3R)b32.2

Dp51D; e
Df(3R)b32.2

w; da-Gal4%3?

. Bloomington
. _ 2
w; UAS-birA.F 58759
w1118; If/CyO,
wg lacz;
MKRS/TM6B,
Tbl
_ Bloomington
w; da-GFP-FPTB 55336
w; bib-Gal4
sox21b-Gald

Table 1 Fly stocks used for the crosses. Abbreviations of stock names are also demonstrated.

Abbreviations

FM7, Kr-G/scB57 or
scB57
FM7/sc260

TM3, twi-G / Dr

TM3, twi-G/ e b32.2
or b32.2

da-Gald

UAS-birA

If/CyO, MKRS/TM6B

Position

1st chromosome

1st chromosome

3rd chromosome

3rd chromosome

3rd chromosome

2nd chromosome

3rd chromosome

3rd chromosome

1st chromosome
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A Dp51D; e b32.2 x TM3, twi-G/ e b32.2 FM7/s5c260 x w; TM3, twi-G/ Dr

I /  \

Dp51D/+;e b32.2/e b32.2 x FM7, Kr-G/sc260 ; TM3,twi-G/+ FM7,Kr-G/Y; TM3,twi-G  x FM7,Kr-G/scB57
FM7,Kr-G/Y;TM3,twi-G/e b32.2 X FM7,Kr-G/scb57;TME,twi-G/+

FM7,Kr-G/scb57; TM3,twi-G/ e b32.2

B UAS-BirA x Cyo/If; TM6B/MKRS

|

UAS-BirA/CyO; TM6B/+ X Cyo/If ; da-GFP-FPTB

CyO/UAS-BirA; TM6B/da-GFP-FPTB

Figure 7 Sequential crosses for the generation of the stocks used in the experiments. (A) Sequential crosses to
produce flies lacking both E(spl) and proneural genes. (B) Crosses for the generation of flies expressing the
BirA ligase, da tagged with the biotin ligase recognition peptide.

2.2 Immunostaining

Embryos were dechorionated in 50% bleach for 2-5 minutes, washed with water and fixed in
4% formaldehyde/ PBS 1X for 20 minutes. Formaldehyde was discarded and removal of
vitellin membrane was performed by harsh shaking in methanol solution. Crosslinked
embryos were stored in methanol at -20°C. Fixed embryos were washed multiple times with
PBS 1X/ 0.2% Triton X-100 (PT) and blocked for 3 hours with PBS 1X/ 1% BSA/ 0.2% Triton X-
100 (PBT). Blocking buffer was removed and primary antibodies, diluted in PBT were added
for O/N incubation at 4°C. Primary antibodies were discarded, embryos were washed with PT
(three quick washes three 15-minute washes) and incubated with the secondary antibodies
for 3-4 hours at room temperature (RT). Embryos were once again washed with PT and DAPI
was added. Samples were incubated in NPG (2% n-propyl-gallate 49% glycerol and 49% PBS,
pH=7.4) and mounted in 75 x 26 mm microscope slides. Slides were stored at -20°C. The
following antibodies were used: rabbit anti-GFP (1/100000 MINOTECH), mouse anti-Prospero
(1/100000 DSHB), Ginny pig anti-deadpan (1/100000), goat anti-rabbit Alexa Fluor® 488
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(abcam, ab150077), goat anti-mouse Alexa Fluor® 555 (1/100000, Life Biotech.), goat anti-
ginny pig Alexa Fluor® 647 (1/100000, Life Biotech.).

2.3 Embryo fixation for cHIP

Staged embryos (3-6 hours after egg laying (AEL)) were collected from agar plates and were
incubated in 50% bleach for 3-5 minutes to remove chorion. Embryos were washed with
plenty of water and were fixed in 1% formaldehyde/ PBS 1X for 10 minutes. Formaldehyde
was discarded and 0,125M glycine/PBS 1X/ 0,1% Triton X-100 were added to quench any
residual formaldehyde. Embryos were spined for 4 minutes at 8000 rpm, at 4°C. Supernatant
was discarded, followed by two washes with ice cold PBS 1X/ 0.1% Triton X (PT). PT was

removed and embryos were stored at -80°C.

2.4 Nuclear extraction

Cell lysis and nuclear isolation for chromatin immunoprecipitation (cHIP) were conducted as
previously described with minor alterations . All treatments were performed on ice and a
cocktail of protease inhibitors was added in all buffers. (cOmplete™ Protease Inhibitor
Cocktail —11697498001). Fixed embryos were resuspended in ice cold PT. After 3 washes with
PBS 1X, embryos were thoroughly homogenized in a 7,5ml Wheaton dounce grinder, using a
tight pestle and resulting in a single cell suspension. Solvent was transferred in 2ml Eppendorf
tubes, spined at 8000rpm for 15-20 minutes at 4°C and supernatant was discarded. Pellet was
resuspended in LB1 (50 mM HEPES—KOH pH 7.5, 140 mM NaCl, 1 mM EDTA, 10% Glyceroal,
0.5% NP-40, 0.25% Triton X-100), incubated at 4°C for 5 minutes and centrifuged at 8000 rpm
for 10 minutes at 4°C. Supernatant was removed, followed by the addition of LB2 (10 mM
Tris—HCL pH8.0, 200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA). Solvent was gently rocked on ice
for 10 minutes and centrifuged at 8000 rpm for 10 minutes at 4°C. Supernatant was taken out
and pellet was resuspended in LB3 (10 mM Tris—HCl pH 8, 100 mM NaCl, 1 mM EDTA, 0.5 mM
EGTA, 0.1%Na—Deoxycholate, 0.5% N-lauroylsarcosine). Sample was split in 1,5ml Eppendorf
tubes, each containing up to 300ul and sonicated in Bioruptor® Plus sonication device

(Diagenode, B01020001). 8 cycles of 30 seconds ON 30 seconds OFF were performed. 1%
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Triton X-100 was added in sonicated suspension and centrifugation at 13.300 rpm for 15-25
minutes at 4°C was pursued. Pelleted debris were pulled out and supernatant, containing the
sheared chromatin was stored at -20°C. In each step performed, aliquots of discarded

products were kept to test the efficiency of the protocol.

2.5 Chromatin pull down and sequencing

M-280 paramagnetic streptavidin beads (Invitrogen, 11205D) were used to pull down the
biotinylated transcription factor along with the bound DNA. Beads were washed three times
in PBS/1% BSA and resuspended in LB3 buffer. Nuclear lysates were added to the beads,
mixed thoroughly and incubated O/N at 4°C. Subsequent washes of the beads with SDS Buffer
(2% SDS), two times, High Salt Buffer (50 mM HEPES pH 7.5, 500 mM NaCl, 1 mM EDTA, 0.1%
sodium deoxycholate, 1% Triton X-100), LiCl Buffer (10 mM Tris-HCl pH 8.1, 250 mM LiCl, 1mM
EDTA, 0,5% NP-40, 0,5% sodium deoxycholate) were followed to limit non-specific binding.
Alternatively, beads were washed 5-8 times with RIPA Buffer (50 mM HEPES—KOH, pH 7.5,
500 mM LiCl, 1 mM EDTA, 1% NP-40, 0.7% Na— Deoxycholate). TE (10mM Tris-HCl pH 7.5,
1mM EDTA) buffer was added and beads were centrifuged at 960g for 3 minutes at 4°C to
remove residual TE. Beads as well as input sample (nuclear lysate before incubation with the
beads), which stored at -20°C were incubated at 67°C for 18 hours to reverse crosslinking.
Samples were centrifuged at 13300 rpm for 60 seconds. Supernatants were transferred in a
new tube and left with 0,4mg/ml RNase (Thermo Scientific, ENO531) TE buffer for 30 minutes
at 37°C. 0,4mg/ml Proteinase K (Invitrogen, AM2546) was added and samples were incubated
at 55°C for 1-2 hours. DNA from samples was purified using the phenol-chloroform protocol.
Briefly, equal volume of phenol 25: chloroform 24: isoamyl alcohol 1 (Sigma-Aldrich, P2069)
was added and solutions were vortexed thoroughly. The upper phase, containing DNA was
carefully isolated and 0,4M NaCl and 20ug/ul glycogen were added. DNA precipitation
performed by incubation in 2 volumes 100% ethanol for 1 hour at -80°C. Samples were
centrifuged at 13300rpm for 25 minutes at 4°C, supernatant was removed. 80% ethanol was
added, followed by centrifugation for 15 minutes at 13300rpm at 4°C. Ethanol was discarded,
pellets were left to dry and purified DNA was resuspended in 50ul elution buffer (10Mm Tris-
HCl pH 8) and stored at -20°C. DNA library was constructed using the NEBNext® Ultra™ || DNA
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Library Prep Kit (NEB #E7103). Sample were sequenced in lllumina Nextseqg500. ChIP-seq
peaks were identified using Model-based Analysis of ChIP-Seq (MACS) >2.

2.6 Western blot

Lysates were loaded and separated in 10% SDS-PAGE and transferred in a nitrocellulose
membrane of 0.2um pore size (BIO-RAD, 1620112). In brief, transfer sandwich was placed in
the tank with 1X transfer buffer (25mM Tris, 190 mM glycine, 20% methanol, 0.1% SDS) at
100mV for 1 hour 15 minutes. Membrane was stained with Ponceau S solution (0,2% w/v
Ponceau S, 5% glacial acetic acid) to check the quality of the transfer process. Ponceau was
rinsed off and membrane washed three times with TBST (20 mM Tris PH 7.5, 150 mM
NaCl,0.1% Tween 20). Subsequently, it was blocked in 5% milk/ TBST for 2-3 hours. Primary
antibody was diluted in 5% milk/ TBST and added to the membrane for O/N incubation at 4°C.
Primary antibody was discarded and the membrane washed three times with TBST. Blot was
rinsed three more times with TBST for 15 minutes and horseradish peroxidase conjugate
(HRP), diluted in 5% milk/TBST was added for 2-3 hours. Secondary antibody was removed
and membrane washed 3-5 times with TBST for 10 minutes. Blot was rinsed in Clarity™
Western ECL Substrate (BIO-RAD, 1705060) and the chemiluminescence signals were
captured and analysed using the ChemiDoc™ Touch Imaging System (BIO-RAD). The following
antibodies were used: rabbit anti-GFP (1/100000 or 1/10000, MINOTECH), Streptavidin HRP
(1/1000 abcam, ab64269), rabbit anti-histone H3 (1/1000 abcam, ab1791) and Goat Anti-
Rabbit IgG H&L (HRP) (1/10000 abcam, ab6721).

2.7 Quantitative PCR (qPCR)

Purified DNA fragments were analyzed by gPCR using sets of primers targeting different
regions of E(spl) m4, E(spl) m8, worniu (wor), and Ady43A which used as control sequence.
Primers sequences are the following: E(spl)-m4: F: ACGAGACTTTCTACCAGTTCC,
R: CATTGTCCGTCCCGCTCG,E(spl)m8:F: TGAAACAATAAGCGAGTAGATGG, R: ATGCATACTTCA
CTGCCTCATCC,wor:F :TGGTTCAGCTCGTATTTCCCC,R :CGAAGAGCAAACGTCCATTAGG,4™"contr
ol:F:GGGCAAAGTCGCTCCACC,R:TGGGCATGTGTAAGCGATGC,Ady43Acontrol:F:AGAGCAGGA
AATCCCCAACC, R:GCCATCGCTCCAGACTGC.

21



3. Results

3.1 AS-C and E(spl) gene deletions lead to delayed Dpn expression and excessive neuroblast
generation.

Deletion of proneural genes leads to 20-25% neuroblast loss, whereas absence of E(spl) genes
results in neural hyperplasia 4’. Provided the multi-scaled and complicated network of
interactions between those factors, we wanted to interpret the effect of the simultaneous
absence of AS-C and E(spl) genes, in neuroblast generation. We started working with fly
strains lacking either AS-C genes or E(spl) genes, referred as “single mutants”. Strains were
balanced with FM7 and TM3 respectively, as homozygous mutants are lethal in early stages
of embryogenesis. Following a series of sequential crosses, we generated FM7, Kr-Gal4, UAS-
GFP/sc>7; TM3, Twi-Gal4, UAS-GFP/e b32.2 flies, which lacked both AS-C and E(spl) genes and
referred as “double mutants”. GFP-expressing balancers allowed the identification of
embryos lacking both gene complexes. Absence of GFP signal marked the double mutant

embryos, which accounted for 1/16 of total embryos.

3.1.1 Neuroblasts are formed by the stage 8 in double mutants.

In order to obtain a holistic view of neurogenesis in double mutant embryos and to uncover
the extent of interruption caused by the deletions, we examined embryos of different
developmental stages, covering the whole temporal spectrum of neuroblast formation.
Double mutant embryos of stage 7 -shortly after gastrulation- were studied to investigate the
possibility of a premature neuroblast generation, owing to the absence of E(spl) genes.
However, we didn’t see untimely segregation of neural precursors, indicating that the
temporal series of events have not yet been interrupted (Figure 8A). Deadpan was normally
expressed in stripes and Prospero (Pros) expression was restricted in a group cephalic cells as
expected (Figure 8A). Dpn expression was detected in neuroblasts, by the stage 8, in double
mutants and it was limited in proneural clusters, which have been enlarged in number of cells,
due to the loss of E(spl) genes and impaired lateral inhibition (Figure 8B). A hyperplastic
phenotype is beginning to emerge in E(spl) single mutants, which counted more neuroblasts

compared to wild type and double mutant embryos (Figure 8B). Cytoplasmic Pros was visible
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in these embryos, indicating that neuroblasts are ready to divide. On the contrary, AS-C
deficiency led to the decreased Dpn expression and loss of the first-wave neuroblasts (Figure

8B).

A stage 7

double mutant

B stage8

wt

scb57

b32.2

double mutant

Figure 8 Impact of double deletions on embryonic stages 7 and 8. Prospero for GMCs (red), Deadpan
for neuroblasts (blue) (A) Double mutant embryos of stage 7. Ablations do not lead to premature
neurogenesis. Normal Dpn expression in stripes. (B) Embryos of stage 8. Arrows demonstrating
neuroectodermal clusters marked with Dpn. Proneural cluster expansion to the detriment of
ectodermal cells is observed both in E(spl) and double mutant. AS-C deficiency results in loss of first
wave-neuroblasts as depicted by the lower Dpn levels in the clusters. A neural hyperplasia is being
developed by this stage in E(spl) mutants. Neuroblasts have already been delaminated and the
cytoplasmic localisation of Pros indicates the earlier beginning of neuroblast divisions. In double
mutant embrvos. neuroblasts haven’t been divided.
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3.1.2 Excessive generation of Dpn-negative neuroblasts in double mutants of stage 9.

Embryos of developmental stage 9 were also studied. Double mutants exhibited excessive
numbers of neuroblasts, which bear cytoplasmic Pros and express little or no Dpn, denoting
that the stalled neuroblast state, described for the proneural genes deficiency is also
demonstrated in double mutants (Figure 9D). Provided that neuroblasts have been formed,
we hypothesized that the double deletion has not disrupted the process of delamination. Only
few GMCs were born at this point and we suggested that neuroblasts’ divisions are paused in
double mutant embryos, as it occurs in AS-C single mutants. E(spl) single mutants displayed
severe neural hyperplasia with supernumerary neuroblasts being formed (Figure 9C). Unlike

double mutants, an excess of GMCs has been generated so far (Figure 9C, 9D, 9E, 9F).

A
wt b32.2
E
B
scb57
c scb57; b32.2

F -
Figure 9 Lack of dpn expression in stage 9 double mutants. Prospero for GMCs (red), Deadpan for neuroblasts
(blue). (A) wild type embryos with well-arranged arrays of neuroblasts. (B) Proneural deficiency results in
decreased Dpn levels. Expression in neuroblasts is diminished or absent. (C) E(spl) deficient embryos
displaying neural hypertrophy. Excessive neuroblasts and GMCs have been formed. (D) Embryo lacking both
proneural and E(spl) genes exhibits decreased Dpn expression. Dpn phenotype closely resembles to the
pattern observed in AS-C deficiency. (E) Close up of E(spl) single mutant at stage 9. Supernumerary
neuroblasts and GMCs are demonstrated. (F) Close up of double mutant at stage 9. Spare neuroblasts are

observed. Unlike the E(spl) mutant, the majority of neuroblasts have not been divided. Cytoplasmic Pros
indicates that are ready to divide. Only a few GMCs are detected.
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3.1.3 Embryonic stage 10 is marked by massive rebound of Dpn expression and a burst of

neuroblast formation in double mutants.

A rapid burst of neuroblasts has been detected, by the stage 10, in double mutant embryos,
demonstrating that cell divisions have restarted and the stalled state has been overcome
(Figure 10J). Dpn expression has been restored in all neuroblasts and an excess of GMCs has
been generated (Figure 10J, 10K). Unlike the previous stages, whereby double mutant
neuroblast-profile resembled to proneural single mutants, at this point, severe neural
hyperplasia, quite similar to that observed in E(spl) deficiencies has been revealed. Yet, the
extent of hypertrophies was slighter in double mutant (Figure 10D, 10E, 10J, 10K). Embryos
of developmental stage 11 sustained neuroblast production, ectopically, expanding the
neurogenic phenotype in ectodermal territories (Figure 10J’, 10K’). AS-C single mutant of
stage 10 depicted absence of Dpn expression, which was gradually rebounded by the stage
11, as previously described (Figure 10G, 10H, 10G’, 10H’). Neuroblasts rebooted its

proliferation and hypoplastic phenotype was diminished.

b32.2 ¢ 5¢*7;b32.2 wt b32.2

sc7 s¢™7; b32.2

stage 10 stage 11

Figure 10 Neurogenic phenotype emerges in double mutant embryos in stages 10 and 11. Prospero for GMCs
(red), Deadpan for neuroblasts (blue). (A-L) Stage 10 embryos, (A’-L’) stage 11 embryos. (A,B,C,A’,B’,C’) Wild
type embryos of stage 10 and 11. (D,E,F,D’,E’,F’) E(spl) deficiencies in stage 10 and 11 cause neural
hypertrophies, with neuroblasts covering regions of the ectoderm and expanding laterally of the ventral nerve
chord. (G,H,I) Embryos lacking AS-C genes. Dpn expression is still absent (G), GMCs haven’t yet formed as Dpn-
negative neuroblasts are not able to proliferate (H). (G’,H’,I’) AS-C deficiency at stage 11. Dpn expression has
been restored in neuroblasts (G’). Cell divisions have restarted and GMCs have been produced (H’). (J,K,L)
Double mutant embryos of stage 10. Dpn expression is restored and a burst of neuroblast production is
observed, leading to neural hyperplasia (J). Supernumerary GMCs have been formed (L). (J',K’,L’) Number of
neuroblasts and of GMCs is increased and hypertrophies continue to grow at stage 11 double mutants.



3.1.4 Neurogenic phenotypes of double mutants at 12-13 developmental stages.

By examining double mutant embryos at later embryonic stages, we identified a gradually
increasing neural hyperplasia, which continues its development (Figure 11A, 11B).
Uncontrolled neuroblast proliferation was observed at E(spl) single mutant as well.
Neuroblasts and GMCs have been produced ectopically, in superficial regions, covering the
majority of embryos’ ectoderm. We also observed gaps in double mutant and E(spl) embryos,
where Dpn and Pros are not expressed. We hypothesized that these “holes” depict regions,
where neurons have already been formed, replacing neuroblasts and GMCs. In proneural
deficient embryos, Dpn expression has fully recovered and the characteristic ventral nerve
chord pattern was created (Figure 11B). Even though its phenotype looks normal, it has been

shown that these embryos have many functional defects in its nervous system development.

Stage 13

Figure 11 Neural hyperplasia continues growing in later embryonic stages. Prospero for GMCs (red),
Deadpan for neuroblasts (blue). (A) wt, proneural single mutants, E(spl) single mutants and double mutant
embryos at stage 12. Double mutants exhibit hyperplastic phenotype. E(spl) single mutants developed more
severe hyperplasia. (B) wt, proneural single mutants, E(spl) single mutants and double mutant embryos at
stage 13. Hypertrophies in E(spl) single mutants and in double mutants have covered the external regions
of the embryos. Supernumerary neuroblasts and GMCs have been created.
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3.2 Biotin pull-down and DNA sequencing to identify Daughterless’ binding sites.

By exploiting the streptavidin-biotin strong non-polar binding as well as the UAS-Gal4 system
in Drosophila, we attempted to set up a tissue specific pull-down assay of Da, conjugated with
DNA sequencing, in order to identify its target genes exclusively in the neuroectoderm. We
worked with da-GFP-FPTB fly strain, whereby Da bears a biotin ligase recognition peptide
(BLRP), along with other tagged epitopes. BLRP is recognized by BirA ligase, resulting in the
addition of biotin molecules in the transcription factor. A Gal4 line was used to drive the
overexpression of BirA gene in neuroectodermal regions. In response to BirA expression, Da

was biotinylated specifically in cells of the neuroectoderm.

3.2.1 Selection of Gal4 driver to promote the expression in the neuroectoderm

We screened three different Gal4 lines using UAS-CD8-GFP as reporter gene, in order to
determine which one fulfils the following requirements: a) expression in early stages, similar
to the neuroblast generation time window, b) sharp expression in the neuroectoderm and c)
maintenance of strong signal. It was shown that the bib-Gal4 driver utterly met those criteria
and thus it was selected for the following experiments. Unlike the restricted expression of
sox21b-Gal4 in the medial neuroectoderm and the ubiquitous pattern of da-Gal4, bib-Gal4
also covers the lateral neuroectodermal territory, though being limited in this region (Figure

12B and 12C).

3.2.2 Daughterless pull-down assays.

UAS-birA/UAS-birA; da-GFP.FPTB/ da-GFP.FPTB strain was crossed to bib-Gal 4 flies (Figure
12A). Embryos of 3-6 hours after egg laying (AEL), responding to 8-11 developmental stages,
were collected and nuclear protein extracts were prepared. Initially we evaluated the
approximate molecular weight of our protein by western blotting against GFP (Figure 12D).
Subsequently we proceeded to pull down assays, using streptavidin paramagnetic beads. It
was shown that biotinylated Da was efficiently precipitated in the beads. Yet, protein was also
detected in whole cell extracts, indicating either cytoplasmic localization of the biotinylated
protein or nuclear losses during the extraction protocol (Figure 12E). Western blots were
conducted, using streptavidin-horseradish peroxidase (HRP) conjugates to validate the
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Figure 12 Biotin pull-down assay: Crossing of UAS-birA/UAS-birA ; da-GFP.FPTB/ da-GFP.FPTB to bib-Gal 4
flies led to the production of UAS-birA/+ ; bib Gald/ da-GFP.FPTB, in which BirA ligase is specifically
expressed in neuroectoderm and adds biotin peptides in tagged Da protein. (A) Cross set up to produce
embryos carrying UAS-birA, bib-Gal4 and da-GFP-FPTB (B) UAS-CD8-GFP as a reporter gene for Gal4 driver
selection. bib-Gal4 drives restricted GFP expression in neuroectoderm. GFP (green) signal is visible by the
stage. (C) GFP signal remains strong in later stages. Dpn (blue) marks neuroblasts and Pros (red) for GMCs
(D) Biotinylated Daughterless-GFP-FPTB is detected at 140-180kDa. NLS-GFP fly strain was used as positive
control and bib-Gal4 strain as a negative control for a-GFP activity. (E) Western blot with streptavidin-HRP
conjugate. Biotinylated Daughterless-GFP-FPTB is effectively pulled down by streptavidin beads. Protein is
also detected in crude extracts from whole cell lysates. Non-specific binding of streptavidin in endogenously
biotinylated enzymes is observed. (F) Western blot against GFP. Detection of biotinylated Daughterless-
GFP-FPTB in beads. Detection in flowthrough depicts Da in tissues other than neuroectoderm as it is
ubiquitously expressed.
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efficiency of the biotinylation process. As biotinylated enzymes are endogenously produced
in Drosophila, non-specific interactions were expected to be observed in molecular weights
similar to that of biotinylated Da (Figure 12E). To avoid obtaining a false positive signal, caused
by non-specific binding of those enzymes, western blot against GFP was performed, thereby
enabling the cross-validation of the pull-down efficiency and specificity in an unbiased context
(Figure 12F). Indeed, our results coincided, demonstrating that our protocol successfully led

to the precipitation of the Da-GFP-FPTB and eliminated non-specific interactions.

3.2.3 Identification of Daughterless neuroectodermal gene targets.

Since the efficiency of biotin pull-down has been evaluated, we proceeded to the purification

of bound DNA, followed by gPCR. Sequences of well-characterized Da targets were selected,
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Figure 13 q-PCR and Da cHIP-seq: (A), (B) q-PCR using sets of primers, targeting different regions of groucho,
E(spl) m8 and m4 and worniu. Input DNA (blue), first replicate (orange), second replicate (grey). (A)
Normalization over control sequence of Ady 43A, (B) of the 4rth chromosome. Sequences are enriched with
m8, demonstrating the highest enrichment. (C), (D) Intersection of cHIP-seq peaks. (C) Overlapping regions
with high peaks among three replicates that were sequenced. 54 common sites identified. (D) Overlapping
peaks among first replicate, Sc- cHIP-seq (unpublished work) and Da- cHIP-seq from whole embryos (published
study). In total, 31 common sites were found.
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enabling us to test our samples. Enrichment was observed in all known Da binding sites, as
expected (Figure 13A and 13B). Particularly, m8 and m4 sequences were highly enriched in
our samples compared to the input sample. Groucho and worniu sequences displayed a
milder enrichment.

Having already strong indications that our protocol efficiently led to the precipitation of
biotinylated Da along with its bound DNA, we proceeded with DNA sequencing in order to
identify the target sites of our protein. Three replicates were prepared and sent for
sequencing. All of our replicates resulted in low enrichment binding peaks with a strong
background, making the dissection of useful information about the target genes difficult. We
found that 54 sites overlapped in all three replicates (Figure 13C). Sites were mapped and the
neighboring genes were identified and presented at Table 2.

Given the small number of the intersected sequences, we decided to validate our results by
mining and comparing data from a published cHIP-seq experiment of Da, deriving from whole
embryos. We also took advantage of an unpublished cHIP-seq study, conducted in our
laboratory, against Daughterless’ interactor, Scute. We chose to compare these data with our
first replicate, as we have noticed that it yields the lowest background among the three
replicates. We discovered 41 common sites between our sample and the whole embryo Da-
cHIP-seq and 111 sequences with Sc-cHIP-seq (Figure 13D). Out of the 41 overlapping sites,
31 were found to be common in all experiments, indicating that our results are valid (Figure

13D). Table 3 demonstrates the concomitant genes for the identified sequences.
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Among the enriched sequences found to overlap, we identified that regions of cis regulatory
elements related to E(spl) m4 and E(spl) m8 were included in our list (Figure 14A). These sites

exhibited the largest enrichment peaks in our experiments and represent well-known Da
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Figure 14 Predicted binding sites of Da in E(spl) m8, E(spl) m4 and nervy (nvy) regulatory elements.
Screenshots from the UCSC Genome Browser including data from sequencing of our replicates and whole
embryo Da cHIP-seq and Scute cHIP-seq. (A) Peaks in regulatory sites of E(spl) locus. Sequences of m8
and m4 were enriched in our samples, coinciding with published Da cHIP-seq and Scute cHIP-seq
conducted in our laboratory. (B) Enhancer of nervy (nvy) is also predicted as Da binding site.

targets, denoting that the signal obtained was real rather than the outcome of the strong
background. We identified a regulatory sequence of nervy (nvy) gene, which also depicts a
known target of Da that is highly enriched in our replicates. (Figure 14B).

By closer examination in our overlapping sequences, regulatory sequences of inscuteable
(insc) and brat genes were detected as putative Da binding sites (Figure 15A, 15B). Products

derived from those genes are implicated in the asymmetric cell divisions of neuroblasts.
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Figure 15 Predicted binding sites of Da in enhancers of inscuteable (insc) and brat. Screenshots from the UCSC
Genome Browser including data from sequencing of our replicates and whole embryo Da cHIP-seq and Scute
cHIP-seq. (A) Insc and (B) Brat enhancers found to be enriched. Our third replicate is showing slighter
enrichment compared to the others, possibly owing to technical handling.

Inscuteable is distributed in daughter cells that retain the stem cell fate, whereas Brat, along
with Pros are localized in the newly born GMC, leading to the inhibition of self-renewal and
promotion of the cell differentiation into neurons >3. Our data are in line with previous studies

suggesting that our pulldown technique is effective and provides specificity.

ene Name Annotatio Distance to earest PromoterlD
CG43149 Intergenic 6635 | NM_001259591
scrt Intergenic -3953 | NM_079187
Pzl intron (NM_001316564, intron 11 of 20) 230063 | NM_001316564
SXC Intergenic -5538 | NM_078896
asRNA:CR31429 intron (NM_001170092, intron 1 of 2) 2846 | NR_048350
Mafl exon (NM_001300720, exon 3 of 4) 725 | NM_001300720
JMJD4 intron (NM_001299103, intron 15 of 15) -2719 | NM_001299102
msi intron (NM_001260374, intron 5 of 6) 1984 | NM_079838
Sgsl exon (NM_078751, exon 2 of 2) 1014 | NM_078751
CG17362 exon (NM_176328, exon 6 of 6) -3847 | NM_140419
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mir-9381 TTS (NM_001104425) -8763 | NR_144664
Svil exon (NM_206242, exon 4 of 10) 3614 | NM_001299985
SXC Intergenic -5538 | NM_078896
JMJD4 3'UTR (NM_165245, exon 15 of 15) -1765 | NM_001299102
CG7724 exon (NM_001104161, exon 10 of 10) 21182 | NM_140700
CG3107 Intergenic 14478 | NM_001043005
Setl Intergenic -33815 | NM_001170377
Mafl intron (NM_001015167, intron 1 of 5) -1419 | NM_001015168
IncRNA:CR43437 Intergenic -6504 | NR_047708
JMJD4 intron (NM_001299103, intron 15 of 15) -2719 | NM_001299102
Sfp33A1 Intergenic -14222 | NM_001169484
Mucl4A exon (NM_167482, exon 4 of 14) 9235 | NM_167482
Oaz intron (NM_001202000, intron 1 of 5) 2530 | NM_001202000
JMJD4 intron (NM_001299103, intron 15 of 15) -2719 | NM_001299102
CG42784 exon (NM_001201869, exon 4 of 9) 14181 | NM_001259092
mir-2493 promoter-TSS (NR_048392) -333 | NR_048392
Thdl exon (NM_143668, exon 6 of 6) 11834 | NM_001297786
IncRNA:CR43951 promoter-TSS (NR_073940) 64 | NR_073940
IncRNA:CR44189 Intergenic 2042 | NR_073804
trbl Intergenic -1182 | NM_079933
RYa Intergenic -47214 | NM_001110912
CG18081 TTS (NM_140550) 1311 | NM_001259848
Atf6 exon (NM_001316406, exon 20 of 20) 31110 | NM_136315
E(spl)m8-HLH promoter-TSS (NM_079789) -239 | NM_079789
d4 Intergenic 5984 | NM_136319
IncRNA:flam TTS (NR_133538) 7130 | NR_133536
RYa Intergenic -124782 | NM_001110912
Mafl 3' UTR (NM_001110544, exon 6 of 6) 3894 | NM_001300720
Sgsl exon (NM_078751, exon 2 of 2) 1717 | NM_078751
IncRNA:CR44217 Intergenic -3256 | NR_073820
Mucl2Ea exon (NM_167403, exon 1 of 4) 1439 | NM_167403
pk exon (NM_165512, exon 3 of 7) 22236 | NM_165512
RYa Intergenic -124782 | NM_001110912
nvd intron (NM_001104200, intron 2 of 5) 26518 | NM_001104200
asRNA:CR44370 non-coding (NR_124559, exon 3 of 6) 773 | NR_124558
JMJD4 3' UTR (NM_165245, exon 15 of 15) -1765 | NM_001299102
Cdk1 promoter-TSS (NM_078813) 254 | NM_057449
gus Intergenic 13665 | NM_165422
CG14044 exon (NM_078751, exon 2 of 2) -1943 | NM_135035
Tim23 Intergenic -60817 | NM_001015387
d4 Intergenic 5077 | NM_136319
gus Intergenic 12841 | NM_165422
nvd exon (NM_001104200, exon 2 of 6) 23520 | NM_001104200
Mafl 5' UTR (NM_001110544, exon 2 of 6) 247 | NM_001015168

Table 2: Genes neighboring the identified sequences. 54 enriched sites were found to overlap in our replicates.

Genes related to these sites are presented in the first column.

Annotation of each enriched sequence,

positional information and the ID of the closest promoter to these sites are depicted in second, third and fourth

column respectively.

Gene Name Annotation Distance to TSS Nearest PromoterID
Acf promoter-TSS (NM_170577) 783 | NM_080486

nmo intron (NM_001370048, intron 2 of 7) 5870 | NM_168248

Kdm4B intron (NM_176164, intron 1 of 5) 3153 | NM_001169668
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insb promoter-TSS (NM_137372) 83 | NM_001299602
Kdm4B intron (NM_176164, intron 1 of 5) 1155 | NM_001169666
brat intron (NM_001201913, intron 2 of 4) -3504 | NM_206004
CG6005 exon (NM_169845, exon 5 of 6) 6186 | NM_142514
Sik3 promoter-TSS (NM_137517) 177 | NM_001202040
IncRNA:CR43951 promoter-TSS (NR_073940) 79 | NR_073940
Ran promoter-TSS (NM_143712) -91 | NM_143712
E(spl)m8-HLH promoter-TSS (NM_079789) -233 | NM_079789
alphaTub84B TTS (NM_057424) 2985 | NM_057424
IncRNA:CR44189 Intergenic 2011 | NR_073804
IncRNA:CR45677 intron (NM_079933, intron 1 of 1) -2593 | NR_125016
asRNA:CR31429 intron (NM_001170092, intron 1 of 2) 2857 | NR_048350
Wwox intron (NM_001298806, intron 3 of 6) 2274 | NM_001298806
CG3788 promoter-TSS (NM_137894) -306 | NM_001202062
msi intron (NM_001260374, intron 5 of 6) 2123 | NM_079838
Tailor promoter-TSS (NM_169169) 118 | NM_001275398
LanB1 intron (NM_057270, intron 1 of 4) 358 | NM_057270
cact promoter-TSS (NM_205999) 60 | NM_057595
trx intron (NM_057422, intron 1 of 7) 3072 | NM_001014621
trbl Intergenic -1263 | NM_079933
insc promoter-TSS (NR_124671) -500 | NM_057676
cic promoter-TSS (NM_080253) -341 | NM_001260275
CalpA promoter-TSS (NM_166351) 303 | NM_057699
Alh intron (NM_001275400, intron 5 of 9) 2316 | NM_169172
Ndfip promoter-TSS (NM_140743) 193 | NM_168743
ban non-coding (NR_048209, exon 1 of 1) 1473 | NR_048212
Shrm intron (NM_166047, intron 1 of 3) 1236 | NM_166047
nvy promoter-TSS (NM_079117) -145 | NM_001274237

Table 3 Common Daughterless gene targets identified by the intersection of our first replicate to whole-embryo
Da cHIP-seq and to Scute cHIP-seq. First column demonstrates the names of genes found to be related to the
enriched sites. Annotation of each enriched sequence, positional information and the ID of the closest promoter
to these sites are depicted in second, third and fourth column respectively.
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4. Discussion

During the current study we tried to obtain a better knowledge of the molecular events
contributing to the embryonic neurogenesis. In order to gain these insights, we developed a
binary approach, incorporating imaging, genetic and biochemical tools. We generated
embryos lacking both proneural and E(spl) genes. We also performed cHIP-seq against Da to

identify its gene targets specifically in the neuroectoderm.

4.1 Proneurals and E(spl) promote its defects independently

We have asked if proneural-E(spl) interaction is more perplexed than we thought. Given the
multi-level repression conferred by E(spl) and the autoregulatory mechanisms generated by
proneurals to maintain its activity, we wanted to examine what would be the effect on
neuroblast formation if both of them were absent. We report a hyperplastic phenotype in
double mutant embryos, being different to that observed in E(spl) mutations though. Loss of
proneurals cannot reverse or balance this neurogenic phenotype. It can be suggested that
double deletion results in an intermediate effect in neuroblasts formation. Generation of
supernumerary neuroblasts depicts E(spl) defects, while loss of dpn expression constitutes a
trait owing to the absence of proneurals. Therefore, it is proposed that loss of these
complexes promote its defective phenotypes independently. Although, additional studies
should be conducted in order to understand how these complexes are connected and
untangle its relationship. In our experiments we mainly focused on the qualitative effects,
caused by the loss of AS-C and E(spl) complex. The development of a quantitative method,
that will allow us to count neuroblasts as well as the dpn expression within them will provide

significant insights to our study.

4.2 The role of dpn in embryonic neuroblasts

During development, the correct timing of biological processes is one of the major
prerequisites in order for an organism to be properly settled. The dpn expression delay
observed in double mutants and the temporary arrest of divisions, may depict the cause of
the devastating defects arising on later stages of embryonic neurogenesis. Although dpn role

is well recapitulated in the development of the larval CNS, little is known about its putative
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functions during embryogenesis. Unpublished Sc cHIP-seq data from our lab shows that dpn
constitutes a proneural target. However, it is well known that proneurals are not the only
activators of dpn °*. In other contexts, dpn expression can also be induced by Notch signalling
>, Proneural-independent expression of dpn also seems to be the case in embryonic
neuroblasts, as indicated in our experiments, whereby dpn is activated even upon proneural
absence. A hypothesis that could be made is that proneurals activate dpn exclusively during
the first waves of neuroblast generation. At later stages dpn is induced in neuroblasts through
other mechanisms. However, this minor disruption in the timing of dpn expression, due to
loss of proneural genes, is sufficient to trigger such a great impairment in the nervous system
development. Though, more research should be done in order to verify this theory.

Elucidation of dpn insights is of great importance for understanding the mechanisms that

govern neuroblast commitment and proliferation.

4.3 Understanding the role of Da in embryonic neurogenesis

We also studied the role of Da in the neuroectoderm. In an effort to understand if Da can act
separately from proneural genes to activate neural fate, we performed a cHIP-seq to identify
its gene targets in neuroectoderm. We wanted to examine the possibility of inducing distinct
gene targets. Even though we managed to cross-validate our results and verify the efficiency
of our pull-down assay, we were not able to find unique Da targets. To understand if this is
the real case, we need to proceed in additional experiments. The identification of Da
interactors specifically in the neuroectoderm will constitute a complementary approach, that
will help us elucidate if Da heterodimerizes with other factors, retaining proneural activity.
Thus, the development of a proteomic based approach is needed to allow us the identification
of additional Da interactors. Provided that Da is expressed uniformly in the embryos, we need
to incorporate to these experiments the tissue specificity. Our biotin-based strategy as well
as the UAS-Gal4 system can also be used in this context in order to identify Da interactors

specifically in the neuroectoderm.
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4.4 Technical improvement of our protocol will provide robustness in our pull-down method

Itis also of utter need to improve our protocol, in order to obtain results of higher quality and
lower background. The first thing that can be optimized is the nuclear extraction protocol. We
observed a loss of sample during homogenization of the embryos that can be improved by
milder treatments, using for example a gentler approach to homogenize. A second cause of
the low enrichment yield may be due to a reduced DNA material used for sequencing. To
overcome this obstacle, we have to start with greater number of embryos. A third hypothesis
we made is that a big quantity of biotinylated Da is remaining in the cytoplasm and does not
enter the nucleus. Therefore, our nuclear prep contains biotinylated Da in low concentrations.
Given the low turnover of Da and thus its great stability, there is possibility that maternal
derived Da is emerging during the first stages of early neurogenesis. In order to solve this
problem, we have to reset our crossing strategy. In our experiments we crossed males
containing Da, fused with the BLRP tag. However, if we select females from this stock,
embryos of the next generation will carry the maternal Da with the tag and thus it will be
biotinylated. We believe that optimization of these steps will allow us to obtain a better
resolution and by repeating the experiment to gain a better understanding of Da binding sites.
Nevertheless, improvement of our protocol is of great importance, as it can be widely used

for the study of other transcription factors bearing the BLRP.
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