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1 ABSTRACT  

1.1 German Abstract  

Während der Entwicklung des Organismus führen naive Zellen zu differenzierten Zelltypen 

als Ergebnis eines streng regulierten Transkriptionsprogramms, das das Entstehen 

verschiedener funktioneller Gewebe ermöglicht. Obwohl viele Aspekte dieses 

Differenzierungsprozesses noch wenig verstanden sind, wird allgemein angenommen, dass 

Transkriptionsfaktoren (TFs), die mit cis-regulatorischen Modulen (CRMs) interagieren, einen 

wesentlichen Beitrag zur Regulierung der räumlich-zeitlichen Genexpression leisten. Enhancer 

sind eine Art von CRM und können als „Information Integration Hubs“ bezeichnet werden, bei 

denen verfügbare zelluläre Informationen (z. B. Transkriptionsfaktoren) und der 

Chromatinstatus zusammenlaufen, um die Transkriptionsantworten der Zielgene zu 

beeinflussen. Basierend auf Prädiktoren wie dem Chromatinzustand (kombinatorische PTMs 

von Histonen und Zugänglichkeit) oder der Bindung von Transkriptionsfaktoren ist es ziemlich 

einfach geworden, Enhancer zu identifizieren. Wenn jedoch Enhancer tatsächlich getestet 

werden, können wir die In-vivo-Enhancer-Aktivität häufig nicht vollständig erklären. 

Beispielsweise haben wir in der Entwicklung des Nervensystems viele gewebespezifische cis-

regulatorische Module identifiziert, aber wir können noch nicht erklären, was ihre 

spezifischen raum-zeitlichen Aktivitäten basierend auf den bekannten Transkriptionsfaktor-

Wechselwirkungen reguliert. 

Um ein umfassendes Verständnis der regulatorischen Wechselwirkungen einer Reihe von 

Enhancern zu erhalten, benutze ich eine Technik namens inSTEP, um die CRM-Protein-

Wechselwirkungen zwischen zwei wichtigen neurogenen Enhancern (den Enhancern des vnd- 

und des rho-Gens) und einem mesodermalen Enhancer zu entschlüsseln (1070enhancer), für die 

keine Zielgene bekannt sind. inSTEP ist eine Abkürzung für in vivo Spatio-Temporal Enhancer 

Proteomics und beinhaltet die Ausfällung eines ausgewählten Enhancers zusammen mit all 

seinen gebundenen Elementen aus einem bestimmten Gewebe zur Identifizierung durch 

Massenspektrometrie (MS). 

InSTEP ermöglicht die Aufspaltung von Enhancer-Regulator-Wechselwirkungen mit 

zeitlicher und räumlicher Auflösung und ermöglicht so die Identifizierung von regulatorischen 

Kandidaten für die Neurogenese. Dies sollte nicht nur zu einem besseren Verständnis der 

Regulierung einiger spezifischer Enhancer führen, sondern auch zur Identifizierung 

zusätzlicher Regulatoren, die dazu beitragen, regulatorische Netzwerke zu vervollständigen, 
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die die frühe Entwicklung vorantreiben. Ich habe mögliche Regulierungsbehörden für den 

vndenhancer, den rhoenhancer und den 1070enhancer in der VC identifiziert und arbeite derzeit an 

deren Validierung. 

Einer der Enhancer, an denen ich am meisten interessiert bin, ist der ventrale neurogene 

Säulen-Enhancer für das Gen vnd, der einen Transkriptionsfaktor codiert, der als 

Schlüsselregulator des Schicksals der ventral column (VC) beschrieben wurde. Ich habe mein 

Projekt daher über die Frage hinaus erweitert, wie vnd-Expression reguliert wird, um auch die 

Rolle einzubeziehen, die Vnd selbst bei der Neurogenese spielt. Ich habe ChIP-seq-

Experimente durchgeführt, um die genomweiten Bindungsprofile von Vnd in drei 

verschiedenen Zeiträumen der Embryoentwicklung aufzuklären. Ich präsentiere Ergebnisse, 

die die Dynamik von Vnd in der frühen Neurogenese beleuchten. 

Vnd bindet an Promotoren und nichtgenische Regionen in der Nähe von Hunderten von 

Genen, die für neurogene Funktionen und Expression angereichert sind. Tatsächlich werden 

viele der mutmaßlichen Zielgene von Vnd in derselben Domäne wie Vnd exprimiert. 

Interessanterweise steht dies im Widerspruch zu der von vnd gemeldeten Rolle als 

engagierter Repressor. Mir ist eine zweite Vnd-Isoform bekannt geworden, der die 

Repressionsdomäne fehlt und die sich möglicherweise drastisch anders auf Zielgene auswirkt. 

Um die Isoform-spezifischen Rollen zu klären, verwendeten wir CRISPR-Cas9, um die 

spezifischen N-Termini unabhängig voneinander mit einem MIN-Tag zu versehen. Ich habe 

versucht, ChIP-seq in diesen Zeilen ohne Erfolg durchzuführen. Wir arbeiten gerade an 

Alternativen. 

1.2 English Abstract 

During organismal development, naïve cells give rise to differentiated cell types as a result 

of a tightly regulated transcriptional programs that allow distinct functional tissues to emerge. 

Although many aspects of this differentiation process are still poorly understood, it is widely 

accepted that transcription factors (TFs) interacting with cis-regulatory modules (CRMs) are 

major contributors to regulate spatio-temporal gene expression. Enhancers are one type of 

CRM and can be described as ‘information integration hubs’ where available cellular 

information (ex.: transcription factors) and chromatin state converge to affect transcriptional 

responses of target genes. Based on predictors such as chromatin state (combinatorial pos 

translation modifications (PTM) of histones and accessibility) or transcription factor binding, 

it has become rather ‘easy’ to identify enhancers. However, when enhancers are actually 

tested, we are frequently unable to completely explain in vivo enhancer activity. In nervous 
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system development, for example, we have identified many tissue specific cis-regulatory 

modules, but we cannot yet explain what regulates their specific spatio-temporal activities 

based on the known transcription factor interactions.   

In order to gain a comprehensive understanding of the regulatory interactions of a set of 

enhancers, I used a technique called inSTEP to unravel the enhancer-protein interactions on 

two major neurogenic enhancers (the enhancers of the vnd and rho genes) and one 

mesodermal enhancer (1070enhancer), for which no target genes are known. inSTEP is an 

acronym for in vivo Spatio-Temporal Enhancer Proteomics and entails precipitation of a 

chosen enhancer together with all its bound elements from a specific tissue, for identification 

by mass spectrometry (MS).  

inSTEP allows for the dissection of enhancer-regulator interactions with temporal and 

spatial resolution, thus enabling the identification of regulatory candidates driving 

neurogenesis. This should result not only in a better understanding of how a few specific 

enhancers are regulated, but also in the identification of additional regulators that will help 

complete regulatory networks driving early development.  I have identified candidate 

regulators for the vndenhancer, rhoenhancer and 1070enhancer in the ventral column and selected ten 

to do follow-up experiments. I have validated the expression of these candidates in the ventral 

column by in situ hybridization (ISH) and tested the effect of their knock down by RNA 

interference (RNAi).  The knock down of at least two of the vndenhancer putative regulators, 

CG4707 and CG2962, led to an altered reporter gene expression pattern driven by the 

vndenhancer, suggesting that inSTEP is able to identify new regulatory proteins involved in the 

regulation of gene expression in the developing nervous system.   

One of the enhancers I am most interested in is the ventral neurogenic column enhancer 

for the gene vnd, which encodes a transcription factor that has been described as a key 

regulator of ventral column (VC) fate. I have therefore expanded my project beyond the 

question of ‘how’ vnd expression is regulated, to also include the role Vnd itself plays in 

neurogenesis. I have conducted ChIP-seq experiments to elucidate the genome-wide binding 

profiles of Vnd in three different time bins of embryo development. I am presenting results 

that shed light on the dynamics of Vnd in early neurogenesis.  

Vnd binds to promoters and non-genic regions near hundreds of genes, which are enriched 

for neurogenic functions and expression. In fact, many of Vnd’s putative target genes are 

expressed in the same domain as Vnd. Interestingly, this is at odds with Vnd’s reported role 

as a dedicated repressor. I have become aware of a second Vnd isoform that lacks the 
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repression domain and may well have a drastically different effect on target genes. To 

elucidate the isoform-specific roles, we used CRISPR-Cas9, to tag the specific N-termini 

independently with a MIN-tag and I have shown that the endogenously tagged proteins are 

functional and faithfully reconstitute wild type Vnd expression. These lines should allow a 

detail study of the Vnd isoforms by isoform-specific immunopurification, as well as isoform-

specific knock-outs. 
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ac – achaete 

ACN – acetonitrile 

AEL – after egg laying 

bap – bagpipe 

bcd – bicoid 

BH – Benjamini-Hochberg 

Bio – biotin 

brk – brinker 

CG – computed genes 

CRM – cis-regulatory module 

CUT&Tag – Cleavage Under Targets and 

Tagmentation 

da – daughterless 

DIG – digoxigenin 

DNA – deoxyribonucleic acid 

Dpp – decapentaplegic 

DTT – dithiothreitol 

dl - dorsal 

DV – dorsalventral  

EMSA – electrophoretic mobility shift 

assay 

en – engrailed 

eve – even skipped 

FACS – fluorescence-activated cell 

sorting 

FDR – false discovery rate 

FISH – fluorescence in situ hybridization 

FITC – fluorescein 

GO – gene ontology 

gt – giant 

HCD – energy collision dissociation 

hb – hunchback 

hkb – huckebein 

hpRNA – hairpin RNA 

IC – intermediate column of the 

neurogenic ectoderm 

ImaGO – imaging gene ontology 

ind – intermediate neuroblast defective 

inSTEP – in vivo spatial temporal 

enhancer proteomics 

ISH – in situ hybridization 

kr – kruppel 

LC – lateral column of the neurogenic 

ectoderm 

LFQ – label free quantification 

mef2 – myocyte enhancer factor 2 

msh – muscle segment homeobox 

MS – mass spectrometry 

NE – neurogenic ectoderm 

NEE – neurogenic ectoderm enhancer 

odd – odd skipped 

PCR – polymerase chain reaction 

PIC – preinitiation complex 

PMBs – protein binding microarrays 

pros – prospero 

PSM – peptide spectrum match 
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qPCR – quantitative PCR 

REST – RE1-silencing transcription 

factor 

RNA – ribonucleic acid 

RNAi – ribonucleic acid interference 

sim – single-minded 

siRNA – small interfering RNA  

sog – short gastrulation 

su(H) – suppressor of hairless 

tara – taranis 

TF – transcription factor 

TFBS – transcription factor binding site 

tin – tinman 

TSS – transcription start site 

twi – twist 

VC – ventral column of the neurogenic 

ectoderm 

VNC – ventral nerve cord 

vnd – ventral nervous system defective 

wg – wingless
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5 INTRODUCTION 

 Drosophila melanogaster as a model organism  

Drosophila melanogaster, also known as the fruit fly, is one of the most well studied model 

organisms. More than a century of research and a huge community led to a vast and powerful 

body of knowledge. Embryo development, behavior, physiology, aging and anatomy are only 

a few of the many fields studied in Drosophila. The very compact and small Drosophila 

genome, which was completely sequenced in 2000 (Adams MD et al, 2000) the low cost and 

the short generation time are crucial advantages for those who choose to work with the fruit 

fly. 

Nowadays, we have available a huge collection of mutants, balancer chromosomes, 

molecular markers, reporter genes, transposable elements, RNAi lines, only to name some of 

many powerful resources that allow Drosophila scientists to keep Drosophila as one of the 

most powerful and informative model organisms. 

In this project, I used Drosophila to better understand neurogenesis during embryo 

development. Developmental studies in Drosophila gained visibility with the Nobel Prize in 

Physiology or Medicine, 1995, being awarded to three scientists for their discoveries 

concerning the genetic control of early embryonic development. They reported that discrete 

Drosophila genes, with human homologous, regulate different aspects of development, 

highlighting the potential of flies to answer both basic and applied questions. Although, 

Drosophila and vertebrates are separated by a great evolutionary distance, the development 

of the nervous system, which is the focus of this thesis, shares fundamental similarities in 

regard of  basic organization and it is governed by similar mechanisms (reviewed in Technau 

et al, 2008).  

 Drosophila nervous system development 

The nuclear gradient of the Dorsal (Dl) protein is essential for the early Drosophila 

development. In the unfertilized egg, Dorsal is equally distributed in the cytoplasm, but short 

after fertilization a toll receptor in the ventral regions of the embryo is stimulated leading to 

the transport of the protein to the nucleus. In the most dorsal side of the embryo though, the 

Dorsal protein remains cytoplasmatic (Hashimoto C et al, 1988; Stein D et al, 1991).  

Dorsal is a sequence-specific DNA binding protein essential for the regulation of many 

zygotic target genes, among them zen and twist (Doyle HJ et al, 1986; Rushlow C et al, 1987). 
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There is evidence showing that more than 30 genes directly respond to Dorsal (Stathopoulos 

A and Levine M, 2002a), but ChIP (Chromatin immunoprecipitation) studies have identified 

hundreds of others likely Dorsal target genes. Together, these studies support the model by 

which Dorsal acts to activate and repress target genes in a concentration dependent manner 

and creates three main domains, which will give rise to different embryonic tissues.  

The most ventral 18-20 nuclei, in the region with the highest levels of Dorsal, create the 

mesoderm, whereas the 30-32 most dorsal nuclei form the dorsal ectoderm. The 14-16 

remaining nuclei on both sides of the ventral mesoderm give rise to the neuroectoderm 

(Figure 5-1). Further interactions subdivide each one of these domains into different cell types 

(reviewed in Davidson, 2005). 

The neuroectoderm, the central theme of this thesis, subdivides into four distinct regions, 

the mesectoderm and the ventral, intermediate and lateral columns (VC, IC and LC). This 

division is dictated by the expression of regulatory genes that have the capacity to respond to 

different thresholds of Dorsal (Rusch J and Levine M, 1996). The mesectoderm arises from 

two single rows of cells expressing the Dorsal target gene single minded (sim) (Crews ST et al, 

1988) and creates the boundary with the mesoderm. At stage 6, the mesoderm invaginates 

and the mesectoderm becomes the most ventral part of the embryo. The identity of the 

ventral, intermediate and lateral columns of the neurogenic ectoderm is mainly dictated by 

the expression of three homeobox transcription factors, vnd, ind and msh, respectively (Chu 

H et al, 1998; McDonald JA et al, 1998; Isshiki T et al, 1997; Weiss JB et al, 1998). It has been 

argued that these transcription factors play pivotal roles in determining the columnar 

identities of their expression domains. Furthermore, it has been proposed that these factors 

are connected in a regulatory scheme called ‘ventral dominance’. Ventral dominance 

postulates that the more ventral transcription factor repress more dorsal transcription 

factors, thereby confining them to more dorsal territories. The expression of msh is repressed 

in the more ventral regions, by Ind in the intermediate column and by Vnd in the ventral 

column. Vnd represses ind in the ventral column and, vnd is repressed in the mesoderm by 

Snail and, later on, by Sim in the ventral midline (Cowden and Levine, 2003) (Figure 5-1) . At 

stage 9, distinct types of neuroblasts will delaminate from each column and keep a distinct 

identity throughout early development (Ohlen T et al, 2000). 
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Besides the transcription factors Vnd, Ind and Msh, the columnar pattern is also controlled 

by Dpp, a secreted protein of the TGFß family. Dpp expression is repressed by Dorsal in ventral 

regions of the embryo, confining its expression to dorsal regions (Figure 5-1). In the 

neuroectoderm, Dpp antogonists, Brinker (Brk) and Short gastrulation (Sog), results in lower 

levels of Dpp, when compared with more dorsal regions (Biehs et al., 1996; Jazwinska A et al, 

1999). Embryos with Dpp ectopic expression show an expansion of the dorsal tissues at the 

expense of the neuroectoderm. In contrast, when Dpp activity is reduced, the neuroectoderm 

expands to more dorsal regions (D'Alessio M and Frasch M, 1996; Ferguson EL, 1992a, b; Irish 

VF and Gelbart WM, 1987; Wharton KA et al, 1993), and within the neuroectoderm, the 

ventral column expands dorsally (Mellerick DM et al, 1995a). Thus, Dpp plays a crucial role in 

the establishment of the dorsal boundaries of the neuroectoderm.  

The EGF signaling pathway also contributes to the dorsoventral patterning of the 

neuroectoderm. EGFR, a receptor expressed ubiquitously, is bound by Spitz, which is 

exclusively present in the ventral midline of the neuroectoderm, or by Vein that is also 

expressed in the ventral neuroectoderm (Golembo M et al, 1999; Schnepp B et al, 1996). 

Embryos lacking EGFR present, earlier, defects in the neuroblast formation in the intermediate 

column and later, altered gene expression in the ventral column (Streath JB, 1998; Yagi Y et 

al, 1998).  

Besides the dorsal-ventral axis regulation, the Drosophila nervous system is also regulated 

by signaling along the anterior-posterior axis. Bicoid (Bcd) and Hunchback (Hb) are two 

maternally loaded transcription factors with peak concentration in the anterior pole. This 

Figure 5-1 Drosophila neuroectoderm specification during embryogenesis 
Shown is a transversal section of a stage 5 Drosophila embryo. Drosophila embryos are initially subdivided due to the 
nuclear Dorsal gradient (orange to yellow circles). Three columnar domains are defined by the homeobox transcription 
factors, Vnd (ventral column, blue), Ind (intermediate column, green) and Msh (lateral column, red). These domains 
are confined ventrally by a process called ventral dominance, in which the more ventral transcription factors repress 
the expression of the more dorsal ones (arrows), and dorsally by Dpp in a concentration dependent manner.  
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concentration gradient leads to the expression of kruppel  (Kr) and giant (gt) in broad domains 

along the anterior-posterior axis.  These four transcription factors, Bcd, Hb, Kr and Gt, instruct 

the expression of pair rule genes, such as eve and odd skipped. After cellularization, the 

expression of segment polarity genes, wingless (wg) and engrailed (en), leads to further 

subdivision along the anterior-porterior axis (reviewed in Duffy JB and Perrimon N, 1994).  

Everything considered, patterning of the Drosophila embryo, specifically of the 

neuroectoderm, is complex and involves several different signals and cues coming from 

different regulatory pathways. Due to the complexity of the system, there is no faithful way 

of studying this mechanisms ex vivo. 

 Transcription regulation and development 

Organismal development proceeds after fertilization via tightly controlled gene expression 

program. Though every cell contains the same genetic information in the form of DNA, cells 

differ in terms of which genes are expressed. In order to ‘decide’ which genes to express and 

which to repress, cells receive regulatory cues, integrate the new information and react 

accordingly. The greatest challenge of developmental biology is to understand how genes are 

differently regulated.    

Every cell receives cell-intrinsic and cell-extrinsic cues that contribute to the gene 

expression regulation. Cell-extrinsic stimuli come from the environment and from other cells 

of the organism, growth factors, cytokines and signaling molecules, for example. Among the 

cell-intrinsic cues, chromatin state plays a vital role. The DNA is folded around nucleosomes, 

which are octamers formed by a pair of each one of the canonical histone proteins, H2A, H2B, 

H3 and H4. Each nucleosome is wrapped in 146bp of DNA and together are referred to as 

chromatin.  The chromatin structure and state of condensation are very dynamic, and play a 

crucial role in the regulation of gene expression and maintenance of cellular identity, by 

dictating how accessible each gene is to transcription factors and transcriptional machinery. 

Besides chromatin structure, gene expression relies deeply on other intrinsic factors, such as 

transcription factors binding to the promoters and enhancers, and it is still not clear if the 

chromatin opening recruits transcription factors of if the recruitment of the transcription 

factors causes chromatin remodeling (reviewed in Klemm SL et al, 2019 and Perino M and 

Veenstra G, 2016). 

Gene expression regulation creates diverse and robust gene expression patterns, that 

ultimately allow for the development of complex organisms.  In this thesis, I focused on the 
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gene expression regulation at the level of cis-regulatory modules and transcription factor 

interactions (see section 5.4).     

 Cis-regulatory modules 

Gene expression is controlled by the synchronized action of several cis-regulatory modules, 

such as promoters and insulators, tethering elements, silencers and enhancers, that can be at 

great distances from the transcription start site (TSS). The interplay between enhancers, 

promoter and chromatin conformation is ultimately what dictates the spatio-temporal gene 

expression. 

The core promoter spans around 40 bp up- and downstream of the TSS and it is the region 

where the RNA Pol II and the general transcription factors bind to initiate transcription 

(Lenhard B et al, 2012). Insulators block interactions between distinct DNA regions (Gazner M 

and Felsenfeld G, 2006), whereas tethering elements assist complex formation between 

different genomic elements, contributing to enhancer-promoter specificity (Akbari O et al, 

2007). The silencers are involved in the downregulation of gene expression by interfering with 

the preinitiation complex (PIC) assembly (Ogbourne S et al, 1998). 

Finally, the enhancers, which are central in this project, are small stretches of DNA very 

rich in transcription factor binding sites (TFBS), that can be seen as ‘information integration 

hubs’. They are the places in the genome where available cellular information, in the form of 

transcription factors and chromatin state, converges to affect transcriptional responses at 

target genes (Spitz and Furlong, 2012).  Enhancers can exist up- and downstream of a TSS, 

within an intron and even in the 5’ or 3’ UTR, and in Drosophila, separated from the TSS up to 

10000bp (Levine M 2000).  

Enhancers act by recruiting, directly or indirectly, transcription factors, chromatin 

modulators and the transcriptional machinery, thereby regulating target genes transcription. 

A gene can have multiple enhancers that act independently or modularly to translate cellular 

environment into a transcriptional response (Levine M 2000). One of the best examples in 

Drosophila is the gene even skipped (eve), having distinct enhancers regulating different 

stripes of expression (Small S et al, 1992b). Another layer of regulation comes from the so-

called shadow enhancers, which regulate gene expression, besides the main enhancer(s) 

(Small S et al, 1992b). Many Drosophila genes have a main and shadow enhancer, that act to 

assure reliable gene expression under stress conditions (Frankel et al, 2010) or to help 
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producing sharp boundaries of gene expression, as it happens for the gene Bicoid (Perry et al, 

2011).  

Transcription factors hardly act alone at the enhancers, but their combinatorial action is 

crucial for the regulation of gene expression. Some bind directly to the DNA by the recognition 

of a specific set of base pairs, the transcription factor binding sites, but many only interact 

with other proteins and cofactors in regulatory complexes (see section 7.1.1). 

The mechanism by which enhancers and their bound proteins regulate gene expression is 

poorly understood, although there are several proposed mechanisms (reviewed in Beagrie RA 

and Pombo A, 2016). The ‘transactivation model’ postulates that transcription is stimulated 

by direct interaction with transcription factors bound to the enhancer, which can for example, 

stabilize the pre-initiation complex.  The ‘hit and run model’ says that enhancers serve to 

deposit activating chromatin markers or chromosome remodels to the promoter, or instead 

remove repressing markers, such as polycomb proteins. Alternatively, enhancers can regulate 

the pause-release of the RNA PolII. It is known that RNA PolII pauses after initiation just 

downstream of the promoter and it is then release to active transcription, which might be 

regulated by enhancers. Lastly, enhancers can be responsible for deploying RNA PolII to 

promoters and there are several ChIP-seq experiments that found RNA PolII bound to 

enhancers, supporting this possibility.  

Although regulation of transcription has been the subject of intensive research and several 

mechanisms were proposed, how enhancers drive distinct patterns of expression often 

remains unclear (see section 7.1.1). A detailed characterization of enhancers and their specific 

interactions with regulatory proteins is indispensable for a mechanistic understanding of how 

complex patterns of gene transcription that drive development are encoded in the genome.  



 

 

23 

6 AIMS OF THE THESIS  

In this thesis, I aimed to investigate mechanisms driving regulation of gene expression in 

the nervous system of the early Drosophila embryo. This was done by two main goals: 

1. I aimed to gain a comprehensive understanding of the regulatory interactions of 

two major neurogenic enhancers, the vndenhancer and the rhoenhancer, and of one 

mesodermal enhancer, the 1070enhancer. For this purpose, I used a technique called 

inSTEP - in vivo Spatio-Temporal Enhancer Proteomics, that entails precipitation, 

from a specific tissue, of a chosen enhancer together with its bound interactors 

for identification by mass spectrometry (MS). I exclusively precipitated the 

aforementioned enhancers from the ventral column  of the neurogenic ectoderm, 

spanning developmental stages 7 to 13.  inSTEP allows for the dissection of 

enhancer-regulator interactions in vivo with temporal and spatial resolution, thus 

enabling the identification of regulatory candidates driving neurogenesis. This 

results not only in a better understanding of how certain enhancers are regulated, 

by identifying novel regulators, but might also increase our understanding of 

Drosophila development by expanding the gene regulatory networks driving early 

development.  

 

2. One of the enhancers I am most interested in is the ventral neurogenic column 

enhancer for the gene vnd, which encodes a transcription factor known to be a 

key regulator of ventral column fate. I have therefore expanded my project 

beyond the question of ‘how’ vnd expression is regulated, to also include the role 

Vnd itself plays in neurogenesis. For this, I have conducted ChIP-seq experiments 

to elucidate the genome-wide binding profiles of Vnd in three different time bins 

covering early embryo development. This information was integrated with 

transcriptomic data available in the lab, which should shed light on the role of Vnd 

binding. While optimizing these ChIP experiments, I became aware that, although 

Vnd was assumed to be a dedicated transcriptional repressor (due to a repressor 

domain in the 1st exon), there is a second isoform transcribed from an upstream 

promoter with an alternate 1st exon, that lacks that repression domain. Thus, 

while both vnd isoforms share the same 3rd exon encoding a homeodomain, their 

effect on target genes may well be drastically different and evidence exists that 

the alternate isoform can act as an activator. To elucidate the isoform-specific 
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roles, we used CRISPR-Cas9 to tag the specific N-termini independently with a 

MIN-tag. This will allow genome-wide studies such as ChIP-seq or Cut&Run, 

identification of isoform-specific target genes and hopefully unravel the 

functional roles of each Vnd isoform during Drosophila development.  
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7 INSTEP -  IN VIVO SPATIO-TEMPORAL ENHANCER PROTEOMICS  

 Background and Significance 

7.1.1 Enhancer regulation 

Enhancers are thought to be the principal elements controlling gene expression, playing a 

crucial role in organism development. Different constellations of regulatory proteins converge 

at enhancers, giving rise to spatial- and temporal-specific patterns of expression. However, 

how the different regulatory cohorts of an enhancer are translated into distinct expression 

patterns remains poorly understood.  

It was shown that the spatio-temporal activity of different enhancers frequently cannot be 

explained by the known binding partners (Zinzen et al., 2009). This study generated binding 

information for five transcription factors involved in the mesoderm development and 

predicted the expression driven by putative enhancers based on their binding profile. For 

example, there is one CRM, the CRM6028 is bound most strongly by the transcription factor 

Biniou (Bin), but also by Twist (Twi), Tinman (Tin), Myocyte enhancer factor 2 (Mef2) and 

Bagpipe (Bap) and drives expression in the visceral mesoderm, whereas CRM1195, having a 

very similar binding profile, drives expression in a subset of the somatic mesoderm, at the 

same stage of development (Figure 7.1 A). In other words, the observed activity indicates that 

some other factors must be involved in the regulation of these two CRM and illustrates 

perfectly the need for an assay that allows to identify all the binding members of a regulatory 

cohort at a certain tissue and moment in time, in order to fully understand enhancer 

regulation.  

A group of binding motives, CTGWCCY motif, and the Dorsal, Twist and Suppressor of 

Hairless (Su(H)) binding sites, is present in the neurogenic enhancers for the genes vnd, rho, 

sim, vn and brk, indicating that this constellation of motives might be a conserved neurogenic 

code for gene expression (Markstein et al, 2004). The functionality of these binding sites was 

accessed by lacZ reporter expression to some surprising results, including the CTGWCCY motif, 

although we do not know any binding partner. On one hand, the enhancers for the genes sim 

and rho, both containing the same cluster of binding motifs, drive distinct patterns of 

expression (Figure 7.1 B). The rho enhancer drives expression in two lateral ventral neurogenic 

stripes, whereas the sim enhancer drives expression in a single row of cells in the 

mesectoderm, showing that a sequence with the same known binding motifs can drive 

different expression patterns. On the other hand, different sequences can drive similar 
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expression, as the enhancers for the genes sog and CG12443 drive rho-like expression, but 

lack all of aforementioned motifs (Markstein et al., 2004).  
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Furthermore, the enhancers for the neurogenic genes vnd and brk, which respond to 

intermediate levels of Dorsal and share constellation of DNA domains above-mentioned, both 

drive expression in two parallel lateral stripes in the neuroectoderm (Figure 7.1 C). 

Surprisingly, lacZ reported gene activity has shown that mutations in the CTGWCCY motif had 

a little effect in the expression driven by the vnd enhancer, causing only a slight reduction and 

some irregularity, but nearly abolished the expression driven by the brk enhancer (Figure 7.1 

C). This shows that, even in well studied enhancers like those, we still cannot interpret 

variations in regulatory sequences because there is no reliable way to access the contribution 

of each transcription factor.  

Reconstitution of an enhancer synthetically from the know binding sites is the ultimate 

challenge to the complete understanding of enhancers. However, even for well-studied cases 

like eve-stripe2 (eve2) enhancer, we are still not able to reconstitute a sequence in vitro that 

drives the exact same pattern of expression. The eve2 enhancer is directly bound by the 

activators Zelda, Bicoid and Hunchback and by the repressors Giant and Kruppel (Small S et al, 

1992a; Small S et al, 1991; Stanojevic D et al, 1991). The role of each one of these regulators 

was proven by candidate driven approaches that can only determine whether a regulator have 

Figure 7-1 Regulation at the enhancer level is poorly understood 
A. Shown are transcription factor binding matrix for two cis-regulatory modules, CRM6028 and CRM1195. 

In each column is a stage of early Drosophila development and, in each row one transcription factor 
which interacts with the CRM; Twi – Twist, Tin- Tinman, Mef2 – Myocyte enhancer factor 2, Bin- Biniou 
and Bap – Bagpipe. Colour is a measure for the binding intensity mapped by ChIP studies. The 
expression driven by each CRM is visualized by ISH against the reporter, lacZ, in stage 12 embryos - 
CRM6028 drives expression in the visceral mesoderm; CRM1195 drives expression in a subset of the 
somatic mesoderm.  Shown are embryos oriented laterally, with anterior to the left and dorsal up 
(Adapted from Zinzen et al., 2009).  

B. The enhancers for the genes sim and rho share sequence motifs: Dorsal (pink), Su(H) (underlined),and 
Twist (CA-Ebox) (blue) binding sites, and the CTGWCCY motif (green). Reporter gene activity, lacZ, was 
visualized by ISH. The two enhancers drive distinct patterns of expression, rho drives expression in two 
lateral stripes, while sim drives expression in a single row of cells in the mesectoderm. Shown are stage 
5 embryos oriented laterally, with anterior to the left and dorsal up (Adapted from Markstein et al., 
2004). 

C. The wild type vnd and brk enhancers drive reporter activity in two lateral stripes (top). Mutations in 
the three CTGWCCY motifs in the vnd enhancer cause a slight narrowing and irregularity in the 
reporter gene expression, whereas the same mutations in the brk enhancer nearly abolish the reporter 
expression (bottom). The reporter gene activity, lacZ, was visualized by ISH; Shown are stage 5 
embryos oriented laterally, with anterior to the left and dorsal up (Adapted from Markstein et al., 
2004). 

D. Reconstituted eve2 enhancers do not drive the correct pattern of expression in Drosophila embryos. 
Shown are representations of the wild type eve2 enhancer and the reconstituted eve2 enhancer with 
the spacer set 1 and 2. The set of spacer sequence 1 and 2 were chosen without creating any binding 
site for known eve2 regulators.  Bicoid (Bcd), Hunchback (Hb), Zelda, Giant (Gt) and Krupell (Kr) are 
shown respectively in red, yellow, purple, light blue and dark blue. Expression driven by the wild type 
enhancer and the two reconstituted versions are visualized by ISH against lacZ. Eve2 wild type 
enhancers drives expression in the correct domain, while the two reconstituted enhancer drive 
expression in an anterior region of the embryo, non-overlapping with the wild type expression. 
Embryos oriented laterally, anterior to the left, dorsal up (Adapted from Vincent et al., 2016).  
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or not a role in the enhancer regulation, but do not tell us all the relevant regulators. In order 

to test whether all this knowledge was sufficient to fully reconstitute enhancer activity, two 

synthetic enhancers including all the footprinted binding sites were synthetized (Vincent et 

al., 2016). In this construct the original orientation and spacing of the binding sites were kept, 

and two different sets of spacing sequences were tested. This attempt to reconstitute the 

expression driven by the eve2 enhancer failed because the synthetic enhancer drove 

expression in the anterior side of the embryo, in a region that does not overlap with the eve2 

expression region (Figure 7.1 D). Many hypotheses may explain this observation, among them 

are the potential lacking of binding sites for further necessary activators, or disruption of 

repressors binding sites. More startling though is the fact that the two sets of spacer 

sequences, virtually lacking binding sites, gave rise to slightly different expression patterns 

(Figure 7.1 D).  This reconstitution attempt  of one of the best-studied animal enhancers 

clearly shows that our understanding of enhancer regulation is still very limited. The fact that 

we cannot reconstitute enhancer activity shows that we either do not understand the 

organization of the enhancer itself or we are still missing some additional binding factors that 

play a key role.  

In recent years, with the onset of chromatin precipitation methods such as ChIP for 

transcription factors and chromatin markers, and ATAC-seq for general genome accessibility, 

identification of enhancers genome-wide has become relatively ‘easy'. However, the simple 

identification of enhancers does not allow to understand how the enhancers are regulated. 

For this, we need a comprehensive picture of the combinatorial binding at an enhancer with 

tissue and spatial resolution. The technique used in this part of the thesis, inSTEP, attempts 

to achieve this goal and take us closer to fully understand enhancer regulation (see section 

7.2).  

7.1.2 Enhancers under study 

The purpose of this study is to explore how specific gene expression in the developing 

nervous system is achieved and to uncover the regulators that interact with tissue-specific 

enhancers in one neurogenic domain to elicit target gene activity or lack thereof. I have 

chosen to use inSTEP to identify specific proteins interactions with three enhancers, two of 

them drive neurogenic activity (vndenhancer and rhoenhancer) and a third that does not 

(1070enhancer).  

The gene vnd encodes a key transcription factor essential for the establishment of the 

ventral column of the neurogenic ectoderm (see section 5.2) and it is expressed in bilateral 
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stripes starting from the blastoderm stage. In early stages, vnd expression encompasses the 

4-5 most ventral cell rows of the neurectoderm, which will give rise to the ventral column 

(Weiss JB et al, 1998). Later on, Vnd is present in a complex pattern of neurons. In the 5’ 

flanking region of the gene vnd, several identified enhancers drove expression in specific 

neuroblasts of advanced-stages embryos. However, all of them failed to reconstitute the 

expression in bilateral stripes in early development. This early expression pattern in lateral 

stripes was only reconstituted by an intronic enhancer located in the first vnd intron, known 

as the vnd NEE enhancer (Stathopoulos A et al, 2002b). It contains Dorsal, Su(H), Snail and 

Twist binding sites, as well as the functional CTGWCCY motif, for which there are no known 

binding factors (Markstein et al., 2004).  

The rho gene encodes a transmembrane protease which regulates EGF signaling and is 

necessary for the differentiation of a subset of the ventral epidermal cells. It is expressed in 

the presumptive neuroectoderm before the onset of gastrulation in two uniform longitudinal 

ventrolateral domains of 7-8 cells wide, with ventral and dorsal irregular boundaries. This 

pattern of expression is preserved during gastrulation and germ band elongation, however, 

by the time cellularization is completed, the expression becomes less uniform and shows a 

pair-rule modulation along the anterior-posterior axis. The expression in the neuroectoderm 

proceeds to diminish in width and constricts to the midline (Bier E et al, 1990). In order to 

identify the cis-regulatory module driving rho expression, various pieces of the rho promoter 

were fused with a reporter gene, lacZ. A 328bp sequence, used here, was sufficient to drive 

rho-like expression in the presumptive neuroectoderm starting before cellularization and 

persisting until early germ-band elongation. Furthermore, the enhancer also drives expression 

in the midline and, weakly, in the tracheal pits (Ip YT et al, 1992). Therefore, this 328bp cis-

regulatory module, known as rho NEE is sufficient to drive neurectoderm expression. Like the 

vnd enhancer, it contains Dorsal, Twist and Su(H) binding sites, as well as the CTGWCCY 

binding motif, that function as activators, and Snail binding sites which repressed its 

expression in the mesoderm (Markstein et al., 2004).  

The third enhancer under study is the so-called CRM 1070, identified as a mesodermal  

enhancer (Zinzen et al., 2009). From ChIP-seq experiments, we know that it is bound by the 

mesodermal transcription factors Twist (Twi), Tinman (Tin) and Myocyte enhancer factor 2 

(Mef2), and drives expression in the mesoderm from stage 8 to 10, and in the somatic 

musculature until stage 16. Thought no target genes known for this CRM, I chose this enhancer 

as an ‘outgroup’ to the neurogenic vnd and rho enhancers.   
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By comparing the regulatory cohort of two active enhancers in the ventral column, 

vndenhancer and rhoenhancer, and one inactive one, 1070enhancer, I hope to understand how the 

enhancer activity is encoded in this tissue during early Drosophila development.  

 Strategy 

In order to identify the regulatory proteins of the aforementioned enhancers, as well as 

compare their regulatory cohorts in different tissues over time, I used inSTEP, which stands 

for in vivo spatio-temporal enhancer proteomics, a method previously developed in the lab 

(Krüger S, 2017). inSTEP is essentially a biochemical screening technique that leverages 

engineered transgenic flies to purify specific genomic regions, here enhancers, from particular 

cell types at defined developmental times. 

This technique relies on two independent fly lines, each carrying either an enhancer 

construct or an FNLDD (FNLDD = 3xFlag-tag, Nuclear localization signal, LexA DNA binding and 

Dimerization domain) construct. By genetically combining these two fly lines, tissue-specific 

enhancer-FNLDD complexes are formed in vivo, which allow for immunoprecipitation of 

enhancer-protein complexes that can be analyzed by mass spectrometry.   

The enhancer construct consists in three copies of a single enhancer of interest (here: 

vndenhancer, rhoenhancer or 1070enhancer) interspersed with clusters of 8x lexA motifs. To monitor 

enhancer’s activity, these enhancers drive the expression of a reporter gene, Citrine, under 

the control of a minimal promoter, hsp70. On each side of the enhancer cluster is a spacer 

sequence (> 1kb) to physically remove the enhancer-lexA cluster from other functional 

elements (such as the minimal hsp70 promoter), reasoning that this constellation should 

reduce the likelihood of co-purifying, for example, promoter-bound proteins (Figure 7-2 A). 

To otherwise control for non-enhancer specific binding, a lexA only negative control line was 

used. This control line contains only the three cluster of 8x lexA sequence, lacking any 

enhancer sequence in between, and it is inert, not driving any expression of the Citrine 

reporter gene (Figure 7-2 A). All enhancer constructs, including the negative control lexA, were 

integrated into the same genomic location by PhiC31 site directed transgenesis using attB-

attP recombination at cytological location 51C on chromosome 2L (Figure 7-2 A). This strategy 

was chosen to avoid positioning effects and allow for direct comparison of enhancer 

constructs. 

It was tested if the enhancers as part of my inSTEP constructs retain their correct regulatory 

potentials, because there is the possibility that factors such as genomic environment due to 
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the insertion site or the design of the enhancer construct itself, could affect enhancer activity 

(see Figure 7-3).  

The FNLDD construct encodes for a FNLDD protein, which comprises a lexA DNA binding 

domain next to a lexA dimerization domain, as well as a nuclear localization signal and three 

FLAG tags. The FLAG tags are recognized by an anti-FLAG antibody allowing for 

immunoprecipitation (Figure 7-2 B). The FNLDD construct was inserted in the genome using 

P-element transgenesis and its expression is driven by a tissue specific enhancer, in this case 

in the ventral column driven by the vndenhancer (Figure 7-2 B). FNLDD lines were screened to 

assure strong, faithful FNLDD protein expression in the ventral column (See Figure 7-4).  

Fly lines carrying the enhancer cluster were crossed with fly lines expressing the FNLDD 

protein and stable double homozygous lines were obtained by standard genetic crossing 

schemes. In these flies the lexA motifs (in the enhancer construct) will be bound by lexA DNA 

binding domains (from the FNLDD protein) in the tissue where the FNLDD is expressed (Figure 

7-2 C). It is worth noting that this interaction is independent of the enhancer activity state 

Tissue specific deployment of the FNLDD, allows for tissue resolution, and timed embryo 

collections permits time resolution.  

I collected and fixed embryos from enhancer-FNLDD lines, prepared chromatin and 

immunopurified enhancer-FNLDD complexes using commercially available magnetic beads 

coated with an anti-FLAG antibody, which recognizes part of the FNLDD protein (Figure 7-2 D 

and E). It has been previously shown that the FLAG tags allow immunopurification of the 

chromatin complexes from fixed chromatin (Krüger S, 2017). The putative regulatory proteins 

bound to the enhancers were then identified by LC-MS/MS (See Materials and Methods 

section – 10.12 and 10.13 - for a detailed protocol).  

The most promising putative candidates of each enhancer were selected for follow up 

experiments by comparing different samples and the negative control based on LFQ values. 

The expression patterns of the selected candidates were checked by ISH and the effect of their 

knock down was evaluated by RNAi. Currently, candidates-GFP fusions are being expressed in 

and isolated from E. coli and these proteins will be used in EMSA to evaluate the capacity of 

the candidates to bind the query enhancers.   
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 Results and Discussion 

7.3.1 Characterization of the lines 

In this project, I used a set of transgenic Drosophila lines containing enhancer clusters that 

allow identification of enhancer-bound proteins with spatio-temporal resolution and a FNLDD 

line, VC-FNLDD line, which expresses the FNLDD protein in the ventral column and allows the 

enhancer cluster purification from this tissue. In this section I will present these lines, focusing 

on their most relevant elements to the identification of enhancer-bound proteins, as well as 

the expression driven by them that allows to assess functionality.   

7.3.1.1 Enhancer and control lines 

I used three enhancer lines in addition to a negative control line, all homozygosable. The 

enhancer lines are called vndenhancer, rhoenhancer and 1070enhancer and each harbors a regulatory 

cluster containing three copies of a characterized enhancer interspersed with copies of an 8x 

lexA DNA binding motif sequence (Figure 7.3 A). The negative control line, simply referred to 

as the lexA line, only contains the three copies of the 8x lexA DNA binding motif, but lacks any 

additional enhancer sequence (Figure 7.3 B). Except for the presence of a specific enhancer, 

all four lines (vndenhancer, rhoenhancer, 1070enhancer and lexA) are comparable, including the genetic 

background as well as the remainder of the transgenic construct and its genomic insertion 

site.   

Figure 7-2 Schematic representation of inSTEP 
A. Schematic representation of an enhancer construct (left) and the negative control, lexA 

(right), inserted in the position 51C on chromosome 2, using attB-attP recombination. 
Each enhancer construct contains a trimer of enhancers and 8x lexA DNA binding 
sequences. The enhancer cluster is flanked by spacer sequences and drives the 
expression of the reporter Citrine, under the control of a minimal promoter, hsp70. The 
negative control contains only the trimer of 8x lexA, without enhancer sequences. The 
enhancer/negative control lines are crossed with the FNLDD line (B). 

B. Schematic representation of the FNLDD construct inserted in the genome using P-
element transgenesis.  The FNLDD expression is driven by the vndenhancer under the 
control of a minimal promoter, hsp70, followed by translation of the FNLDD protein. The 
FNLDD line is crossed with enhancer lines (A), creating enhancer-FNLDD lines (C).  

C. In the enhancer-FNLDD lines, the available enhancer regulators (grey round structures) 
bind to the enhancer and the LexA domain in the FNLDD line recognizes the lexA binding 
domains in the enhancer line, forming enhancer-FNLDD complexes.  

D. Chromatin in purified from timely collected embryos and sheared into fragments of 
around 500bp in preparation for the immunoprecipitation. 

E. Enhancer-FNLDD complexes are immunopurified using anti-FLAG antibodies (in grey). 
F. The enhancer bound proteins are identified by LC-MS/MS.  
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As summarized in Figure 7-3 A and B, the transgenic construct contains not only the 

regulatory cluster, but also other functional elements such as a Citrine reporter gene and 

spacer sequences. While Citrine allows me to assess enhancer functionality by monitoring 

reporter gene expression in vivo by green fluorescence or in situ by RNA in situ hybridization, 

the main function of the spacer elements is to physically remove the enhancer-lexA cluster 

from other functional elements (such as the minimal hsp70 promoter that drives Citrine), 

thereby limiting co-purification of, for example, promoter-bound proteins. Figure 7-3 also 

indicates presence of attB/P and attP/B sites in the genome of transgenic animals. These are 

 
Figure 7-3 Enhancer lines. 

A.  Schematic representation of the enhancer line. Shown are transgene elements for inSTEP 
enhancer lines. Three copies of a query enhancer (blue) are each fused to eight copies of a lexA 
motif (yellow). This regulatory cluster is surrounded by spacers (grey) and can drive a downstream 
Citrine reporter gene (green) via an hsp70 minimal promoter (arrow head).  The enhancer 
constructs were inserted in cytological location 51C using attB/P recombination. 

B. Schematic representation of the lexA control line. The control construct, lexA, is identical to (A), 
except that it does not contain the enhancer elements. It was also inserted in cytological location 
51C using attB/P recombination. 

For simplicity, some transgene elements are not indicated, such as the mini-white screening marker. 
Complete maps of the transgenes’s vectors are given in appendix 12.3. 
C. Spatial activity of the enhancer lines visualized by ISH using an anti-Citrine probe. The vndenhancer 

and rhoenhancer clusters drive expression in the ventral column, whereas the 1070enhancer drives 
expression in the mesoderm. Stage 9 embryos are shown with dorsal up and anterior left. The 
expression of the lexA control is not shown, as no expression is observed.  
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the product of PhiC31-mediated recombination of an attP landing site with attB sites in the 

transgenesis vector. This strategy allowed us to target all inSTEP enhancer constructs to the 

same exact landing site at cytological location 51C (Bischof J et al, 2007) and ensure 

comparability by precluding line effects due to random genomic integration. 

The spatio-temporal expression driven by each of the enhancers used in this project, 

vndenhancer, rhoenhancer and 1070enhancer,  has been described previously (Bier E et al, 1990; White 

K et al, 1983; Zinzen et al., 2009) . In order for any bound interactions I might find via inSTEP 

to be meaningful with respect to endogenous gene regulation, I needed to assure that the 

enhancers in my transgenic lines still regulate gene activity as expected. This was not 

altogether clear, because compared to the traditional enhancer activity assays, my query 

constructs were extensively modified. When initially tested, the vnd , rho and 1070 enhancers 

were placed just upstream of a minimal LacZ reporter gene (Ip YT et al, 1992; Markstein et al., 

2004; Zinzen et al., 2009) whereas in my inSTEP constructs the enhancers were fused to 

synthetic sequences of 158 bp conforming to 8 copies of the LexA DNA binding motif, then 

clustered in triplicate, removed from the basal hsp70 promoter by 1300 bp and finally inserted 

into a genomic location (cytological location 51C) in which these enhancers have not been 

tested. Any of these modifications could conceivably modulate the regulatory activity of the 

query enhancers. Furthermore, the exact activity of the early neurogenic enhancers of vnd 

and rho genes had not previously been described beyond developmental stage 6.  

To assess the precise activity of the enhancer inSTEP constructs in vivo in early 

embryogenesis, I used RNA in situ hybridization to evaluate Citrine expression in fixed 

transgenic embryos. I was able to show that for each of the inSTEP enhancer constructs, the 

regulatory activity recapitulates the enhancer activities previously described (Figure 7-3): 

- The vndenhancer construct drives Citrine reporter gene activity beginning at developmental 

stage 5 in two bilaterally symmetric narrow lateral stripes along the embryo. This domain 

corresponds to the ventral neurogenic ectoderm as previously described (White K et al, 1983). 

Around stage 9 the intensity of the reporter gene starts to wane and at stage 10, the vndenhancer 

is completely off.  

- The rhoenhancer construct starts driving reporter gene expression very early, around 

developmental stage 5 in two symmetric longitudinal ventrolateral stripes with irregular 

boundaries, that become narrower and sharper over time.  The pattern of expression is very 

similar to the vndenhancer construct, although rhoenhancer was reported as be active in a broader 

domain, slightly expanding dorsally, due to varying numbers of binding sites for known 
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regulators, Dorsal, Twist and Snail, as well as different levels of cooperativity between some 

of regulators (Zinzen et al., 2006). 

- The 1070enhancer construct drives expression later in development, from stage 8 to stage 

13. Initially, the expression is pan-mesodermal, but in the later stages, refines to the somatic 

mesoderm. 

Hence, the specific design of the inSTEP constructs does not disrupt enhancer activity – the 

transcriptional regulators available in a cell interact with the enhancers and interpret the 

available regulatory information into spatio-temporal gene expression patterns. This 

observation is in line with previous studies arguing that multimerized enhancers may affect 

the amount of gene expression, but not spatio-temporal activity (Ip YT et al, 1992). 

Furthermore, the strong overlap between reporter- and endogenous target gene expression 

for vnd and rho (see appendix 12.4) strongly indicates that the respective enhancers contain 

most the regulatory information driving the expression of these target genes in early 

embryogenesis and any regulatory hypothesis we devise for a particular enhancer will be valid 

for the endogenous target gene. It is worth noting though that for the vndenhancer and rhoenhancer, 

Citrine expression is detected in the ventral column, as expected, but also to some extent 

outside the limits of the ventral column (see appendix 12.4). Although this is not ideal, it 

should not invalidate the results as it would be further discussed in section 7.4.2.  

Importantly, the fact that the inSTEP enhancer clusters drive similar expression from 

activity reported previously is a strong indicator that the interspersed lexA sequences – or any 

other part of the enhancer construct – do not interfere with, or add to the enhancers’ 

regulatory activities. To explore if lexA itself contains regulatory information that may affect 

my regulatory hypotheses, I stained embryos of the lexA control line for Citrine expression. 

No reporter gene expression could be observed, arguing that the presence of the lexA motif 

arrays is unlikely to modulate enhancer output, at least in early development.  

Comparison of protein binding to the regulatory clusters of enhancer lines and the negative 

control line should therefore allow identification of meaningful enhancer regulators.  While I 

cannot preclude that lexA-specific regulators will be found, I do not expect lexA presence to 

modulate the regulatory interactions of the fused enhancers and I can expect that the lexA-

construct will serve as a good control to differentiate background from enhancer specific 

binding. 
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7.3.1.2 The VC-FNLDD line 

In order to biochemically purify an enhancer of interest via the enhancer-fused lexA motifs, 

I utilized a so-called “FNLDD line” that was previously generated by Sabrina Krüger. In short, 

the FNLDD line is a transgenic Drosophila strain that contains a tagged fusion protein (FNLDD 

= 3xFlag-tag, Nuclear localization signal, LexA DNA binding and Dimerization domain) under 

the control of a tissue-specific enhancer on a P-element (Figure 7-4 A). The idea is that the 

FNLDD protein – if expressed – translocates to the nucleus where it will dimerize and strongly 

interact with the lexA motifs. Hence, FNLDD will act as an adaptor protein that can be used to 

specifically isolate the lexA cluster and nearby chromatinized DNA using immunoprecipitation 

with FLAG antibodies (Fujita and Fujii, 2012). 

Although there are several FNLDD lines available in the lab, where the FNLDD protein is 

expressed in different tissues, the one used here drives the fusion protein in the ventral 

column of the neurogenic ectoderm using the characterized vnd enhancer (Krüger S, 2017; 

White K et al, 1983) (Figure 7-4). I will refer to this line as the VC-FNLDD line.  

To gain a detailed understanding of where my VC-FNLDD line expresses the adaptor 

protein, I used immunohistochemistry. Staining for an anti-FLAG antibody revealed strong 

 
Figure 7-4 VC-FNLDD line 

A. Schematic representation of the FNLDD construct. The FNLDD protein is under the control of the 
vndenhancer via a minimal hsp70 promoter (arrow head).  Transgenesis was achieved using P-element 
transformation, P-elements are indicated. For simplicity, some transgene elements are not 
indicated, such as the mini-white screening marker and complete maps of the transgenes’s vectors 
are given in appendix 12.3. 

B. Spatial and temporal activity of the FNLDD line visualized using an anti-FLAG antibody (part of the 
FNLDD protein). The FNLDD protein driven by the vndenhancer drives expression in the ventral column. 
Shown embryos are stage 8, 9 and 12 (from left to right) with dorsal up and anterior left.   
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nuclear FNLDD expression in the ventral column, from stage 7 to stage 13 (Figure 7-4 B). Co-

visualization with the DNA-stain DAPI reveals signal in two sub-nuclear puncta. As I performed 

these stains on embryos that were homozygous not only for the VC-FNLDD construct on 

chromosome 3, but also for an enhancer-lexA construct on chromosome 2, the puncta likely 

correspond to the two homozygous copies of the autosomal insertion site of the enhancer-

lexA construct. This indicates that the line produces functional FNLDD adaptor protein that 

interacts with the transgenic enhancer-lexA loci. It is important to emphasize that the tissue-

specificity of inSTEP is given by spatially restricted expression of the FNLDD adaptor rather 

than relying on cumbersome sorting via, for example, FACS (Fluorescence-activated cell 

sorting). However, this also means that the temporal limits of inSTEP are dictated by the 

expression dynamics of the adapter protein. For the work presented here using the VC-FNLDD 

line, this means that inSTEP assays are limited to development after the onset of vnd 

expression at stage 7.  

7.3.2 Designing spatio-temporal enhancer comparisons 

inSTEP is meant to unravel DNA-protein interactions in vivo. By choosing a specific 

enhancer line and crossing it to a particular FNLDD line that expresses the adaptor protein in 

a cell type of interest, it is possible to extract enhancer-protein interaction with spatial 

resolution. Furthermore, by collecting only embryos within a certain age range it is possible 

to also resolve DNA-protein interactions temporally (Krüger S, 2017). Taking into 

consideration the enhancer and FNLDD lines presented above, I determined specific embryo 

age ranges that would allow me to unravel enhancer-specific DNA-protein interactions, as well 

as extract information about the temporal dynamics of the regulatory cohorts associated with 

one enhancer in correlation with its activity status.   
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Figure 7-5 inSTEP lines and collected material 
A. Presented are the activities driven by the enhancer clusters at the stages of 

development covered by this study. Each column corresponds to a time bin, early (3h20 
– 6h30 AEL), mid (6h30 to 9h40 AEL) and late (9h40 to 12h40 AEL), from left to right. 
Each row corresponds to a control/enhancer-FNLDD line, VC-lexA, VC-vndenhancer, VC-
rhoenhancer and VC-1070enhancer, from top to bottom. The activity driven by the 
control/enhancer clusters was visualized by ISH using an anti-Citrine probe - green. The 
control, VC-lexA line drives no Citrine expression, the VC-vndenhancer and VC-rhoenhancer 
lines drive Citrine expression in the ventral column and the VC-1070enhancer line drives 
Citrine expression in the mesoderm. The FNLDD protein expression in the ventral column 
was visualized by antibody staining using an anti-FLAG antibody (part of the FNLDD 
protein) - red. Embryos are oriented with dorsal up and anterior left.  

B. Shown is the average age distribution in minutes AEL for each collection time bin, early 
in grey, mid in red and late in green. The correspondent stages are indicated next to the 
graph lines.  
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Firstly, I wanted to do an enhancer comparison (Figure 7-5 A) focused on the vndenhancer, 

rhoenhancer and 1070enhancer. While the vndenhancerand rhoenhancer drive activity in the ventral 

column of the neurogenic ectoderm, the 1070enhancer is a mesodermal enhancer that does not 

elicit reporter gene activity in the neurogenic ectoderm as described above (see section 

7.3.1.1). I will utilize the VC-FNLDD line to isolate these enhancers from the ventral neurogenic 

column, which means that depending on the collection time I should be able to purify the 

chromatinized vndenhancer and rhoenhancer in an active configuration, while the 1070enhancer should 

be in an inactive configuration as it does not drive neurogenic activity.  

Considering the enhancers’ temporal activity profiles, I decided to collect embryo stages 9 

to 11 for an initial cross-enhancer comparison, as this collection period should maximize that 

a majority of the collected embryos contain active enhancers. I initially estimated that 

collection of stages 9 to 11 would take approximately 3 hours, however it should be noted, 

that the query enhancers in oldest embryos within the vndenhancer and rhoenhancer collections will 

be transitioning to an inactive enhancer state. Nonetheless, I decided against narrowing my 

collection window, because inSTEP pilot studies have shown to require collection of large 

amounts of embryonic material (Krüger S, 2017).  

Importantly, by collecting chromatinized enhancer material from all enhancer lines over 

the same developmental periods and from the same embryonic cells, I am assuring that the 

trans-regulatory environment will be similar. Therefore, I am avoiding another potential 

complication where temporal or spatial differences in the available interactors might 

confound the observed DNA-protein interaction differences. 

By analyzing the regulatory cohort of each enhancer, I aim to understand how each 

enhancer activity is encoded in this tissue and in this timeframe. Then, by comparing the 

regulatory cohorts of the three enhancers, I hope to shed light on how the enhancer activity 

is encoded in the ventral column. 

Then, I focused on a temporal comparison (Figure 7-5 A) to understand how the vndenhancer 

activity is encoded in the ventral column, during early neurogenesis. For this, I have 

established three consecutive and non-overlapping time bins, spanning stages 7 to 13 (Figure 

7.5 B). The early time bin primarily covers stage 7 to stage 9, the mid time bin covers stages 9 

to 11, and the late time bin primarily covers stages 12 and 13. By comparing the regulatory 

cohort of the vndenhancer in these three time bins, I hope to understand how the vndenhancer 

activity is encoded in the ventral column over time.   
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From every embryo collection, a small portion was saved to assess the average stage 

distribution of the embryos. The average stage distribution of all collected embryos is shown 

in Figure 7-5 B and it is in accordance with the expected distribution.  

7.3.2.1 Enhancer-FNLDD lines 

In order to isolate regulatory cohorts of an enhancer cluster, it is necessary to have both 

constructs, enhancer (or control) and FNLDD constructs, in the same fly line, which I will refer 

to as the enhancer-FNLDD line. I obtained the enhancer-FNLDD lines by crossing a specific 

enhancer line (vndenhancer, rhoenhancer, 1070enhancer or lexA control) with the VC-FNLDD line. In the 

enhancer-FNLDD lines, in the time frame that the FNLDD protein is expressed, the lexA domain 

in the enhancer construct will be recognized by the lexA DNA binding domains of the FNLDD 

protein, creating enhancer-FNLDD complexes.  

In order to make the comparisons described in 7.3.2, I worked with three enhancer-FNLDD 

lines, VC - vndenhancer line (y1 w1118; M {3x vndenhancer-lexA : Cit}ZH-51C; P{vndenhancer:FNLDD}), VC - 

rhoenhancer  line (y1 w1118; M {3x rhoenhancer-lexA : Cit}ZH-51C; P{vndenhancer:FNLDD}) and VC - 

1070enhancer line (y1 w1118; M {3x 1070enhancer-lexA : Cit}ZH-51C; P{vndenhancer:FNLDD}), and negative 

control line, VC – lexA line  (y1 w1118; M {3x lexA : Cit}ZH-51C; P{vndenhancer:FNLDD})  

Figure 7-5 A shows an overview of the enhancer cluster activity (in green) and the FNLDD 

expression (in red) in the lines I worked with. The FNLDD protein is always expressed in the 

ventral column and, if the enhancer cluster is driving activity of the reporter gene also in the 

ventral column, as rhoenhancer does in the mid time point, for example, the enhancer cluster is 

isolated in the active configuration, thus with the activating regulatory cohort. On the 

contrary, if the enhancer cluster is not driving activity at all, like in the vndenhancer late time bin, 

or only in tissues other than the ventral column, as it is in the VC - 1070enhancer line, the 

enhancer cluster is isolated with the inactive regulatory cohort, either containing repressor 

elements or, simply lacking the necessary activators. 

7.3.3 Optimization of inSTEP 

inSTEP was performed generally in accordance with previously stablished protocols 

(Krüger S, 2017). However, it was still necessary to optimize certain conditions, mainly due to 

the use of trangenic lines that had not been used before, and the increase the amount of 

chromatinized input material used to perform each immunopurification.  
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7.3.3.1 Purity assurance of the lines and collection of biological material 

The purity and homozygosity of all lines had to be constantly assured, in order to guarantee 

an accurate comparison between lines. I designed primers and optimized a PCR strategy to 

constantly evaluate the genotypic purity of the lines. This screening procedure employs 

enhancer cluster- and FNLDD-specific primer sets to assure only the intended constructs are 

present (Figure 7.6 A and B). Besides this, I have primer sets that allow me to detect 

heterozygosity due to transgene loss, although the loss of homozygosity only reduces the 

number of enhancer-FNLDD clusters, not compromising the confidence in the identified 

regulators.  

 

Figure 7-6 A shows a schematic representation of the enhancer construct. Primer pair I is 

based on the genomic localization of the enhancer cluster insertion (landing site) and should 

only give a product if the line is at least heterozygous, otherwise the PCR product would be 

too long to be amplified. Primer pair II allows to amplify a DNA stretch that spans the enhancer 

– spacer 2 boundary. The forward primer anneals in the specific enhancer sequence, proving 

Figure 7-6 Purity assurance of enhancer-FNLDD lines 
A. Schematic representation of an enhancer line with primer pairs that allow to access purity and 

homozygosity. The primer pair I is used to access homozygosity, since it only results in a product when 
wild type background is still present. The absence of a product assures homozygosity for the enhancer 
cluster, whereas the presence of a product indicates, at least, heterozygosity.  Primer pair II assures the 
presence of the correct enhancer cluster in transgenic lines by spanning the enhancer-spacer boundary.  

B. Schematic representation of the VC-FNLDD line with primer pair three, which confirms the presence of 
the correct FNLDD construct in transgenic flies.  

C. Screening results for enhancer-FNLDD lines used in this study. Each column corresponds to one 
transgenic fly line – E: early time bin; M: mid time bin; L: late time bin - and each row to a specific 
combination of tested primers; 1Kb ladder 
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the presence of the right enhancer, while primer II recognizes part of the spacer 2 sequence, 

assuring that it is the transgenic enhancer that is amplified and not the endogenous one. Due 

to the fact that each enhancer cluster has three copies of the enhancer, the primer that 

recognizes the enhancer sequence can anneal in three different locations, giving rise to three 

differently sized PCR products. However, because of the nature of the PCR (extension time 

and propensity to favor the smaller products), only one or two products are generally 

amplified. Hence, while the II-product can confirm presence of the correct construct, absence 

of product I confirms homozygosity.  

Figure 7-6 B shows a schematic representation of the FNLDD construct. The primer pair III 

is specific for the FNLDD line driven by the vnd enhancer, proving the presence of the right 

construct. Again, the forward primer proves the presence of the correct enhancer, while the 

reverse primer recognizes the FNLDD sequence assuring that is not the endogenous enhancer 

that is being amplified.   

P-element transgenesis was use to generate the VC-FNLDD transgenic line and the FNLDD 

construct was inserted in a highly repetitive region, which precluded the determination of the 

exact genomic location of this insertion. Consequently, it was not possible to design a PCR-

based strategy to evaluate homozygosity of the line. However, the presence of the transgenic 

FNLDD cluster was confirmed in every generation, by immunohistochemistry using the anti-

FLAG antibody.  

In order to collect enough Drosophila embryos to perform the comparisons as described 

(see section 7.3.2) transgenic fly lines were grown to establish large fly populations, from 

which I collected embryos over the course of several generations. From each generation of 

flies that I used for embryo collection, I have extracted a sample of gDNA to assure purity 

using the PCR strategy described above. Figure 7-6 C shows one example of a screening result 

for each enhancer-FNLDD line. The four top panels are specific for one enhancer cluster 

(vndenhancer, rhoenhancer and 1070enhancer) or for the negative control, lexA. Each line contains the 

correct enhancer cluster, indicated by the presence of an enhancer cluster-specific PCR 

product (primer pair II). To control for cross-contamination, I have confirmed that only the 

correct enhancer cluster was present, by the absence of PCR products when primer pairs 

specific for other enhancer clusters were used (Figure 7.6 C). The bottom panel of Figure 7-6 

C further shows the presence of the VC-FNLDD construct for all lines.  

Once the purity of the lines was assured, I proceeded to collect embryos in tightly 

controlled time bins. Embryos from different collection days were combined in a sensible way, 
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according with genotype and collection time bin, to get enough material for each replicate.  

The amount of material collected from each line is summarized in Table 1. 

  

Fly line Amount of collected embryos (g) 

VC-lexA Early 10,35 g 

VC-lexA Mid 10,90 g 

VC-lexA Late 10,86 g 

VC-vndenhancer Early 8,88 g 

VC- vndenhancer Mid 11,47 g 

VC- vndenhancer Late 6,53 g 

VC- rhoenhancer Mid 10,31 g 

VC- 1070enhancer Mid 9,08 g 

Table 1 Amount of collected embryos 
Total amount of collected embryos from each fly line per collection bin, in grams. 

7.3.3.2 Optimizing chromatin shearing and immunoprecipitation conditions 

The size of the DNA fragments after sonication may drastically influence the success of 

inSTEP. Fragments that are too short may reduce the number of isolated enhancer complexes, 

either by creating short pieces without any lexA domain or by reducing the coverage of the 

enhancer sequences. On the other hand, very long fragments may include surrounding DNA 

sequence, hence increasing the number of unspecific binders.  

Based on the size of the enhancers under study (vndenhancer – 743bp; rhoenhancer – 328bp; 

1070enhancer – 576bp), I aimed for ~500bp fragments. I expect that the majority of the fragment 

covers, partially or totally, an enhancer and also contains a flanking lexA sequence to allow 

immunoprecipitation. Although the lexA complex of the negative control line is smaller than 

the enhancer complex of the enhancer lines, chromatin from all lines was sonicated equally 

to assure workflow compatibility and capture of similar-sized flanking regions. After several 

tests, I concluded that the best sonication conditions to obtain a size range of fragments 

centered around 500 bp were 5 cycles of 30 seconds ON followed by 90 seconds OFF at low 

sonication intensity (Figure 7-7 A; see section 10.8).   

Besides chromatin fragment size, the ratio between amount of chromatin and antibody 

during the immunoprecipitation, plays a key role for the success of the overall procedure. Not 

enough antibody would reduce the yield of enhancer cluster purification, whereas an excess 
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of antibody should lead to higher background due to unspecific binding. For the 

immunoprecipitation, I used commercially available magnetic beads coated with anti-FLAG 

antibodies that were incubated overnight with the chromatin to allow the formation of 

enhancer cluster - anti-FLAG antibody complexes. In order to determine a good 

chromatin:antibody ratio, I used 120µg of chromatin and varied the amount of anti-FLAG 

coated beads used (Figure7-7 B). In a Western blot using an anti-FLAG antibody, I saw an 

increase in the amount of immunopurified material when I used 90µL (lane 3) of beads instead 

of 60µl (lane 2). However, no further increase was detected upon increasing the antibody-

beads amount, indicating that 90µL of beads are enough to perform immunopurification of 

120µg of chromatin using commercially available anti-FLAG antibody coated beads.  

Figure 7-7 Optimization of inSTEP: shearing conditions of the chromatin to be used in immunopurification 
and amount of antibody per immunoprecipitation. 

A. Optimization of chromatin shearing conditions. 1 to 5 indicate the chromatin shearing conditions; 1: 
30sec ON; 90sec OFF, 5 cycles; 2: 30sec on, 30sec off, 5 cycles; 3: 30sec ON, 90sec OFF, 8 cycles 4: 
30sec ON, 30sec OFF, 8 cycles; 5: 30sec ON, 90sec OFF, 4 cycles; L- 1Kb DNA ladder; 

B. Western blot using anti-FLAG Ab. 1: 1% input; 2 – 4: immunopurification of 120µg of chromatin 
using increasing amounts of anti-FLAG antibody-coated beads – 2: 60µL of beads; 3: 90µL of beads; 
4: 120µL of beads. L: Protein ladder; 

7.3.4 Mass Spectrometry on purified enhancers – Overview of detected 

proteins 

One main concern during inSTEP establishment was possible enhancer-unspecific binding, 

including binding that may be specific to other parts of the enhancer-cluster construct, as well 

as unspecific background binding. To control for this, I used the lexA negative control line, 

which is expected to be bound by all the enhancer-unspecific proteins that may also bind the 

enhancer constructs. This rational is validated by the similar number of proteins identified in 

the enhancer samples and negative control. These proteins are likely construct-specific 

binding proteins or constitute background binding, without any biological meaning of the 

query enhancer. 
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  Sample 

Sample lexA lexA lexA vndenhancer vndenhancer vndenhancer rhoenhancer 1070enhancer 

Time bin Early Mid Late Early Mid Late Mid Mid 

N. of 
identified 
proteins 

Rep 1. 2369 2329 2449 2132 707 1663 1418 1646 

Rep. 2 2729 1190 817 1760 730 695 1295 226 

Rep. 3 1991 2546 178 576 393 1153 543 1976 
Table 2 Number of protein groups identified in each replicate of this study 

Indicated are the numbers of proteins identified by mass spectrometry for each replicate of all biological 
conditions (genotype and time bin) studied here.  

For each sample, some of the identified proteins are, indeed, equally found in the negative, 

lexA. However, some other proteins are enriched consistently in all the replicates of a certain 

sample and not in the negative control (Figure 7-8). Figure 7-8 shows a Z-score heatmap of 

the log2 LFQ (Label Free Quantification) values (Cox et al., 2014), of the proteins identified as 

binding to rhoenhancer versus lexA control construct, (non-adjusted p<0.05) (see appendix 12.7 

for the remaining heatmaps). For example, proteins like CG31365 are consistently found 

enriched in all three rhoenhancer replicates in comparison with the negative control and are thus 

the most likely to be putative enhancer regulators. Previous work has showed that CG31365 

is a zinc finger transcription factor with DNA binding activity, that is expressed in the ventral 

column during early embryogenesis, which supports the possibility that CG31365 is a putative 

rhoenhancer regulator (Hammonds AS et al, 2013; Thurmond J et al, 2019; Tomancak P et al, 

2002; Tomancak P et al, 2007).  This strongly implies that inSTEP is able to identify regulatory 

candidates with high specificity and robustness.   
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7.3.4.1 Depth and reproducibility  

The number of proteins identified in different replicates of the same sample varies 

significantly, indicating that the depth between samples is different (Figure 7-9; see appendix  

12.8 for the remaining Venn diagrams). For example, for the vndenhancer in the mid time bin, 

the number of proteins identified in the replicate with the least depth was 391, whereas in 

the other two replicates, 729 and 706 proteins were identified (Figure 7-9). However, the 

different depth is not indicative of high variability between replicates, as the majority of 

proteins in each sample is present in at least two of the three replicates. Actually, between 70 

and 90% of the protein identified in the replicate with the smallest depth were also identified 

in the other two replicates. Nevertheless, to increase the confidence in the results, from here 

on, I am only considering proteins that were found in at least two of the three replicates, a 

strategy used in other mass spectrometry studies (Chen J-X et al, 2016). 

Figure 7-8 Z-score heatmap of the log2 LFQ values for the rhoenhancer putative regulators. 
Shown is row-wise Z-scored log2(LFQ) values. Each column represents an individual replicate of the rhoenhancer (left 
hand side), or the negative control, lexA (right hand side), both in the mid time bin. The color scale in represented 
on the right upper corner. 
CG11927, CG31365, elf1A and BigH1 are highlighted as an example of the proteins robustly identified as 
specifically bound to the rhoenhancer. 
Dendrograms represent the default hierarchical clustering using complete linkage obtained with the heatmap.2 
function of the R package gplots (Wickham H, 2016). 
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7.3.5 GO term analysis 

The fold change between LFQ values in the samples and negative control was used to rank 

the candidates and, from each sample, the 15% candidates with the greatest fold change were 

selected to perform a GO term analysis. As an example, I am showing the GO term enrichment 

for the putative regulators of the vndenhancer in the mid and late time bins. The analysis for the 

remaining samples may be found in appendix 12.9.  

 

Figure 7-10 GO term enrichment of the putative enhancer regulators 
A. GO term enrichment analysis of the vndenhancer putative regulators in the mid time bin (using only the top 

15% regulators considering the LFQ fold-change in comparison with the negative control). The x-axis 
shows the -log10 of the adjusted p-values.   

B. Same as in (A) but for the vndenhancer putative regulators in the late time bin. 

The vndenhancer in the mid time bin is transitioning from active to inactive configuration, 

while in the late time bin is in the inactive configuration. Among the most enriched GO terms 

in both time bins, are terms related with mRNA splicing and RNA binding. This makes sense, 

since even in the late time bin, when transcription is not active anymore, the processing of 

Figure 7-9 Number of identified proteins in distinct replicates shows different depth  
Venn diagrams representing the number of proteins identified in each replicate of the vndenhancer, rhoenhancer and 
lexA control, all in the mid time bin. Each circle represents a replicate and its size is proportional to the number 
of identified protein groups.  
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RNA molecules previously transcribed must still be happening. But, interestingly, terms 

associated with active transcription (ex.: regulation of TSS selection) are only found in the mid 

time bin when there is still enhancer activity, while the terms ‘chromatin remodelling’ and 

‘nucleosome assembly’ are among the most enriched ones only in the late time bin when the 

enhancer is inactive. At this moment, it is expected that the chromatin is being remodelled to 

an inactive configuration and that nucleosomes are being deployed in this region.  

7.3.6 vndenhancer bound proteins - a temporal comparison 

One aim of this project was to understand the regulation of the vndenhancer over time in the 

ventral column, covering the transition from active to inactive configuration of this enhancer, 

during early Drosophila neurogenesis. To this end, I collected embryos in three time bins 

(early, mid and late) across early development, spanning 3h20 to 12h40 AEL (after egg laying). 

In the early time bin the vndenhancer is fully active, then it switches to the inactive configuration 

during the mid time bin, to be completely inactive later (see 7.3.2). Covering this time frame 

may allow to understand how the activity of the vndenhancer is encoded in the ventral column 

over time.  

 The Venn diagram below (Figure 7-11 A) shows the overlap between the vndenhancer 

regulatory cohort in each one of the time bins, considering only the proteins found in at least 

two of the three sreplicates (see 7.3.4.1). The majority of the putative regulators (70%) for the 

vndenhancer were found in at least two time bins, although the state of activity of the enhancer 

changes. Since the mid time bin is a transitioning one, it may be expected that regulators of 

this time bin are also found in either the early (active) time bin and in the late (inactive) state.  

The vast majority of mid-identified proteins is also identified on the enhancer at others 

developmental times, due to the differences in samples depths, we cannot determine the 

statistical significance of this finding. Nevertheless, there are several possible explanations for 

this overlap between early and late time bins, although the state of activity is opposite. Firstly, 

it is highly likely that each one of these regulators need interaction partners to have an effect 

on the enhancer activity, not being able to activate or repress enhancers by themselves. As 

an example, if an activator protein is present in the early and late time bins, but some essential 

regulatory partners are only present in the early time, the enhancer would only be activated 

in the early time bin, although there is an activator protein bound to it in the late time bin. In 

other words, enhancers answer to a multitude of inputs, such as transcription factors, 

chromatin remodelers and elements of signaling pathways. Although some factors might be 

present in the cell at different times, the outcome might be drastically different, due to 
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changes in the regulatory cohort as a whole and cell environment. Secondly, these proteins 

found in the early and the late time bin can be part of complexes that regulate more general 

cellular processes, such as transcription or chromatin density regulation, and are expected to 

be around enhancers even though they might not be determinant for their activity.  

 

Some of the identified proteins were especially interesting because of both, reproducibility 

and temporal binding dynamics. For example, based on the Smyd4-4 and JHDM2 LFQ values 

over time, I hypothesized they are putative activators of the vndenhancer, since they are detected 

in higher levels when the enhancer is active. Their (log2LFQ) fold changes start by being above 

zero in the early time bin, when the vndenhancer is active, meaning the intensity of their 

detection was greater than the average control. During the mid time bin the enhancer 

progressively becomes inactive, and the fold-change values of these two proteins get closer 

zero. In order words from the early to the mid time bin, the binding detection decreases. 

Finally, in the late time bin, when the enhancer is inactive, Smyd4-4 and JHDM2 are detected 

in even lower levels, below zero. The dynamics of these proteins is indicative of a role as 

activators, since their binding decrease at the same time that the enhancer goes from active 

to inactive, even though we need further validation experiments to draw this kind of 

Figure 7-11 Temporal regulation of the vndenhancer in the ventral column. 
A. Venn diagram representing the proteins found in two out of three replicates for the vndenhancer in the early, mid and 

late time bins.  
B. Heatmap of the LFQ fold change for proteins found bound to the vndenhancer over time. Represented are log2(LFQ) of 

VND minus mean of controls log2(LFQ) values, corresponding to log2 fold-changes to an averaged control, over 
time. Each column, from left to right, correspond to: vndenhancer Early, vndenhancer Mid and vndenhancer Late. The color 
scale in represented on the left upper corner. 

Smyd4-4, JHDM2 and CG17337 are highlighted as examples of putative vndenhancer regulators over time. 
Dendograms represent the default hierarchial clustering using complete linkage obtained with the heatmap.2 function of the 
R package gplots (Wickham H, 2016) 

 



 

 

51 

conclusion. Furthermore, although Smyd4-4 and JHDM2 are expressed at similar levels 

throughout early Drosophila development (Graveley BR et al, 2011), the levels of detected 

protein bound to the vndenhancer decreases over time. This indicates that the differences in the 

binding profile of these proteins are not due to a simple variation on their expression profile, 

but are likely regulated by more specific processes.   

An example of a putative vndenhancer repressor is the protein CG17337, which starts to be 

detected in low levels, while the enhancer is active, but its levels of detection increase over 

time, reaching a maximum in the late (inactive) time bin, possibly repressing enhancer activity. 

CG17337 is expressed in every time bin, early, mid and late (Berkeley Drosophila Genome 

Project, (Hammonds AS et al, 2013; Tomancak P et al, 2002; Tomancak P et al, 2007) however 

it is strongly detected on the enhancer in the late time bin, which suggests once again that 

the variation in the levels of protein bound to the enhancer are due to regulation of the 

binding and not regulation of its expression.  

Those are examples of putative regulators of the vndenhancer overtime identified by inSTEP, 

that might shed light on the vndenhancer regulation on the ventral column, over early 

developmental time.  

7.3.7 CRM bound proteins in the NE – an enhancer comparison 

The second comparison I aimed to do was an enhancer comparison by comparing the 

regulatory cohort of enhancers with different activity in the ventral column. For that, I focused 

on two neurogenic enhancers, vndenhancer and rhoenhancer, and one mesodermal enhancer 

1070enhancer, all in the mid time bin. Both vndenhancer and rhoenhancer are transitioning from active 

to inactive configuration in this time frame, and the 1070enhancer is inactive, as it is a 

mesodermal enhancer that only drives expression in the mesoderm between stages 8 and 13 

(see 7.3.2). 

 

Figure 7-12 Enhancer comparison in the ventral column. 
Venn diagram representing the proteins found in two out of three replicates for the vndenhancer, rhoenhancer and 
1070enhancer in the mid time bin.  



 

 

52 

As it was observed in the temporal comparison, there is a high number of proteins that are 

found in both active and inactive enhancers. As discussed above (see 7.3.6) this can be due to 

different reasons, but it is not unexpected.  

There are around 1200 proteins that were identified in at least 2 of the 3 replicates of both, 

the vndenhancer and the rhoenhancer. We know that both enhancers are active at the same time in 

the ventral column, but we are lacking the complete regulatory cohort that dictates their 

activity.  Besides the shared proteins, 170 and 1 proteins were exclusively identified in the 

rhoenhancer and vndenhancer, respectively. Among, both the shared and exclusive proteins, now 

identified using inSTEP, might be key elements to unravel the vndenhancer and rhoenhancer 

regulation.  

Bound to the 1070enhancer, an inactive enhancer in this tissue, 442 proteins were exclusively 

identified. Among them might be the specific repressors that keep this enhancer off in the 

ventral column.  

7.3.8 Choosing regulatory candidates for functional tests 

Among all the differentially identified proteins in different conditions, I selected ten 

candidates for follow-up experiments. The categories of filtration used to the selection of the 

candidates, as well as results of the follow-up experiments are presented in this section.  

7.3.8.1 Categories of filtration 

Among all the candidates differently binding the enhancers of interest, I have selected a 

fraction to investigate more deeply, based on four criteria. Firstly, I confirmed that all the 

candidates were expressed in the embryonic tissue from where I have isolated the enhancer 

complexes, the ventral column, or ubiquitously. Then, I investigated if there were described 

functions for the candidates and selected the ones that were involved in gene expression 

regulation. To further select candidates, I have prioritized candidates with DNA or protein 

binding domains, since this increases the probability the candidates interacting directly with 

DNA or being part of regulatory complexes. However, candidates without described DNA or 

protein binding domains were not necessarily excluded. Finally, I selected for follow up 

computed genes (CG), which were previously not characterized. 

7.3.8.2 Chosen regulatory candidates 

After the selection described in 7.3.8.1, I have ended up with ten candidates to proceed 

with the follow up experiments. A brief description of these candidates follows.  



 

 

53 

BigH1 - encodes a germline linker histone H1 variant. The protein contains a linker histone 

H1/H5 domain and a winged helix DNA-binding domain. It participates in the regulation of 

transcription, regulation of chromosome condensation, nucleosome assembly and positioning 

(Gaudet et al, 2011; Pérez-Montero et al, 2013). It was previously reported to be expressed in 

the germ cell (Berkeley Drosophila Genome Project (Hammonds AS et al, 2013; Tomancak P 

et al, 2002; Tomancak P et al, 2007).  

CG31365 - Encodes a zinc finger protein with DNA-binding transcription factor activity 

(Thurmond J et al, 2019). In early stages it is expressed ubiquitously, but around stage 9 

becomes more strongly expressed in the ventral nerve cord (Berkeley Drosophila Genome 

Project (Hammonds AS et al, 2013; Tomancak P et al, 2002; Tomancak P et al, 2007)).  

CG32772 - It is a member of the zinc finger C2H2 superfamily with a described DNA binding 

function (Gaudet et al, 2011). Initially, CG32772 is expressed ubiquitously and, after stage 8, 

becomes ventral nerve cord specific, although the expression is very weak (Berkeley 

Drosophila Genome Project (Hammonds AS et al, 2013; Tomancak P et al, 2002; Tomancak P 

et al, 2007)).  

CG42726 - Contains a zinc finger C2H2 domain and a DNA-binding domain. CG42716 is 

maternally supplied and it is ubiquitously expressed during early development (Berkeley 

Drosophila Genome Project (Hammonds AS, et al 2013; Tomancak P et al, 2002; Tomancak P 

et al, 2007).   

Df31 - This histone binding protein is involved in chromatin reorganization and nucleosome 

assembly (Crevel et al, 2001). Df31 is strongly expressed in the brain and central nervous 

system during embryogenesis (Berkeley Drosophila Genome Project (Hammonds AS et al, 

2013; Tomancak P et al, 2002; Tomancak P et al, 2007).   

CG31998 - Very little is known about this gene/protein, which makes it particularly 

interesting. It is maternally supplied, which indicates it might have a key role in development 

and, later, it is strongly and ubiquitously expressed (Berkeley Drosophila Genome Project 

(Hammonds AS et al, 2013; Tomancak P et al, 2002; Tomancak P, et al 2007)). 

CG4707 - It is a zinc finger protein, of the C2H2 type which binds transcription regulatory 

regions of the DNA, hence contributing to the regulation of transcription (Thurmond J et al, 

2019). It is faintly and ubiquitously expressed until stage 9, becoming primarily expressed in 

the brain and in the ventral nerve cord in later stages (Berkeley Drosophila Genome Project 

(Hammonds AS et al, 2013; Tomancak P et al, 2002; Tomancak P et al, 2007)). 
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Smyd4-4 - It is involved in negative regulation of gene expression (Thompson EC and 

Travers AA, 2008). It contains a Set domain, which is usually involved in protein-protein 

interactions and was firstly described in chromatin structure regulatory proteins (Jenuwein T 

et al, 1998).  

JHDM2 - It has H3-H9 histone specific demethylase activity, positively regulating chromatin 

silencing (Gaudet et al, 2011; Herz et al, 2014; Lorbeck et al, 2010). JHDM2 contains a JmjC 

domain, characteristic of chromatin remodeling proteins (Clissold PM and Ponting CP, 2001). 

CG2962 - It is a completely uncharacterized protein in Drosophila. However, it has a mouse 

(Mus musculus) ortholog, Pou2af1, that is expressed in the nervous system, but its role is 

unknown. 

7.3.9 Regulatory candidates are expressed in the VNC 

All the enhancer-cluster were purified from the ventral column, by using the FNLDD line 

where the FNLDD protein was deployed in the ventral column. Thus, all my candidates should 

be expressed in the ventral column, exclusively or not. To show this, I have generated RNA 

anti-sense probes for all candidates and performed ISH (Figure 7-13). 
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The expression of my candidates in the time bin they were identified is in accordance with 

the previously described expression patterns (see 7.3.8.2). The early time bin encompasses 

stages 7, 8 and 9 and I am showing representative examples of stage 9 embryos. The early 

vndenhancer candidates, CG4707, Smyd4-4 and JHDM2 are all expressed ubiquitously at this 

stage. Smyd4-4 and JHDM2 though show a stronger signal in the neuroectoderm (Figure 7-

13). 

Figure 7-13 Candidate genes expression pattern visualized by ISH 
Shown is the expression patterns of the candidate genes selected for follow-up, visualized by ISH. For the early 
time bin candidates, stage 9 embryos are shown, for the mid time bin candidates, stage 10/11 embryos are 
shown and for the late time bin, stage 12 embryos are shown. Embryos are oriented with dorsal up and anterior 
left. 
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Later, in the mid time bin, there are mainly stages 9, 10 and 11 and representative stage 

10 or 11 embryos are shown. The mid vndenhancer candidate, CG2962, has a weak ubiquitous 

expression at this stage (Figure 7-13).  The mid rhoenhancer candidates are BigH1, CG31365, 

Df31, CG32772 and CG42726. BigH1 has a pair rule expression in the neuroectoderm, whereas 

CG31365 and Df31 are expressed homogeneously in the neuroectoderm. The last two 

candidates have an ubiquitously expression, CG32772 a strong expression and CG42726 a 

weaker expression (Figure 7-13). The 1070enhancer candidate, CG31998, has a puncta-like 

ubiquitous expression (Figure 7-13). 

Lastly, the late time bin mainly contains stage 12 and 13 embryos. The vndenhancer late 

candidates are Rassf and numb, both of them expressed in the neuroectoderm (Figure 7-13). 

7.3.10 Regulatory candidates are likely regulators of the VNC gene expression 

The effect of regulatory candidates on the vndenhancer and rhoenhancer was assessed in vivo by 

down regulating the candidates using RNA interference (RNAi). For this end, lines expressing 

a candidate gene-specific hairpin under the control of a UAS promoter were acquired. Driver 

lines containing the enhancer cluster driving Citrine and expressing the GAL4 protein 

ubiquitously, under the control of daughterless (da), were obtain by classical genetic fly 

crosses. When a hairpin line and a driver line are crossed, the GAL4 proteins will activate 

transcription of RNA molecules, that will then fold into double stranded RNA molecules, called 

hairpin RNA (hpRNA), which are sequence-complementary to the target gene sequence, 

forming complexes with its RNA molecules. These complexes are then recognized by DICER 

and cleaved into small fragments called small interfering RNA (siRNA). The degradation of RNA 

molecules through this pathway is known to have the capacity to significantly reduce the level 

of the target RNA (Bernstein E et al, 2001). The presence of the Citrine reporter gene driven 

by the enhancer cluster allows to investigate the effect of candidates knock down on the 

query enhancer activity. The knock down of activating proteins might lead to a visible 

reduction in the reporter gene expression, whereas the decreased levels of a repressor 

candidate might increase the reporter gene expression. Moreover, the regulatory candidates 

might have an effect on, for example, the gene expression boundaries and knocking them 

down may lead to misexpression of the reporter gene. Essentially, any visible effect on the 

reporter gene expression suggests a regulatory role of the candidate in the enhancer.  

For at least two vndenhancer regulatory candidates, CG4707 and CG2962, the Citrine 

expression was disrupted, suggesting that these candidates might have an important role in 

the vndenhancer regulation. CG4707 might be a crucial regulator of the vndenhancer that I was able 
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to identify by inSTEP. When CG4707 was knocked down, the reporter expression driven by the 

vndenhancer was excluded from the ventral column, contrary to the control (Figure 7-14 A and 

B). CG4707 is a zinc finger protein, of the C2H2 type which is expected to bind transcription 

regulatory regions of the DNA, contributing to the regulation of transcription (Thurmond J et 

al, 2019). It is faintly and ubiquitously expressed until stage 9, becoming primarily expressed 

in the brain and in the ventral nerve cord at later stages (Berkeley Drosophila Genome Project 

(Hammonds AS et al, 2013; Tomancak P et al, 2002; Tomancak P et al, 2007)). There is not 

much known about CG4707 in Drosophila, however it has several orthologs in mouse (Mus 

musculus) and rat (Rattus norvegicus) that have been associated with GO terms like ‘cell 

differentiation’ and ‘system development’ (Bult CJ et al, 2019; Krupke DM et al, 2017; Smith 

CM et al, 2019). The best studied ortholog is the RE1-silencing transcription factor (REST), a 

DNA binding protein that complexes with histone deacetylases and is involved in gene 

silencing (Nakano Y et al, 2008). It was shown that REST has a role maintaining both the 

quiescent and proliferation states of adult hippocampal neural stem cells by binding and 

regulating distinct target genes (Mukherjee S et al, 2016) and the same role as a 

transcriptional repressor of genes required for neurogenesis was described in cortical 

neurogenesis (Raj B et al, 2011). Its knockout results in precocious activation of quiescent 

neural progenitors and leads to reduced neurogenesis over time (Mukherjee S et al, 2016). 

The possible similar effect of CG4707 in Drosophila is something we should evaluate by 

analyzing the number of neuroblasts and ganglion mother cells upon knocking down of this 

gene, at different stages of development. This might be done using a marker for these cells, 

such as Worniu. Assuming that CG4707 has a similar repressor role on target genes, as the 

ortholog REST, one can imagine that by knocking down CG4707, its repression effect on target 

genes would be release. Among CG4707 target genes might be a vndenhancer repressor that is 

not repressed anymore and can now repress the vndenhancer, leading to the decrease of reporter 

gene activity in the ventral column, as I observed in RNAi experiments.  

The second gene knock down with a visible effect on the expression driven by the vndenhancer 

construct was the knock down of CG2962, which is a completely undescribed gene in 

Drosophila. It has an ortholog, Pou2af1 in mouse (Mus musculus), that is expressed in the 

nervous system, but its role there is unknown. Although very little is known about this gene, 

its knock down led to a shift in the expression driven by the vndenhancer from the ventral column 

to the ventral midline in Drosophila embryos. The Citrine expression upon knock down this 

candidate is in between the two domains where the Vnd protein is detected, not overlapping 

with Vnd expression, as is expected in a normal situation (Figure 7-14 A and C). These results 
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are not very straightforward to analyze, since the effect of the knocking down is different in 

different tissues. We can hypothesize that CG2962 is an activator of the vndenhancer, since upon 

knocking it down, the expression driven by the vndenhancer disappears in the ventral column.  At 

the same time though, the vndenhancer starts to drive expression in the ventral midline. One can 

imagine that by knocking down CG2962, it does not activate the expression of a vndenhancer 

repressor of the ventral midline anymore, leading in this way to reporter gene expression 

driven by vndenhancer.  This is a good example of how regulatory activity depends on the 

combination of several regulatory inputs and produce different outcome depending on the 

regulatory cohorts they cooperate with.  

Although these two candidates had a visible effect on the reporter gene driven by the 

vndenhancer, there was no visible effect in the Vnd protein itself (Figure7-14). We know that the 

expression of vnd is also regulated at the promoter level (see 8.3.2 and Figure 8-2), which 

might allow for the normal protein expression although the enhancer activity is disrupted. 

Furthermore, it is known that, besides the intronic enhancer used here, there are other two 

regulatory regions known to regulate vnd expression during early development, the vNE 

enhancer and the mc enhancer (Zeitlinger J et al, 2007), which might be assuring the normal 

Vnd protein expression. The so-called shadow enhancers are known to assure a robust gene 

expression in stressful situations, such as knocking down of a protein, as I did here. In other 

words, even though the reporter gene expression driven by the vnd enhancer cluster was 

disrupted, there might be another layer of regulation that allow Vnd protein to be expressed 

normally.  

The involvement of these candidates in the nervous system patterning will have to be 

further investigated. Firstly, the RNAi crosses will be repeated and the viability of the offspring 

will be investigated in comparison with the control cross. It is possible that the absence of a 

candidate leads to a higher mortality rate, either from the beginning of embryogenesis, or 

from a particular stage of development. Furthermore, the role of these candidates may be 

evaluated using mutant lines for loss of function and gain of function experiments.    
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Figure 7-14 Regulatory candidates identified by inSTEP show a phenotype in RNAi experiments 
A. Shown are vndenhancer:Citrine; da:Gal4 embryos as a control. The column on the left shows the 

expression of the reporter Citrine driven by the vndenhancer, visualized by ISH.  The middle column 
shows the expression of Vnd, visualized by antibody staining using an anti-Vnd antibody. The 
column on the right shows a merge of the two signals. The white arrow points out the overlap of 
Citrine expression and Vnd in a control situation.   

B. Shown are embryos from the cross between the Gal4 driver line, vndenhancer:Citrine; da:Gal4 and the 
RNAi line for the gene GC4707. The column on the left shows the expression of the reporter Citrine 
driven by the vndenhancer, visualized by ISH.  The middle column shows the expression of Vnd, 
visualized by antibody staining using an anti-Vnd antibody. The column on the right shows a merge 
of the two signals. The white arrow points out the non-overlap of Citrine expression and Vnd upon 
knock down of CG4707 by RNAi.   

C. Same as in (B) but for the RNAi line for the gene CG2962.  
Shown are stage 10 embryos, ventral view, anterior left.  

 

 Outlook 

7.4.1 Other follow up experiments 

I used inSTEP to investigate the regulatory cohorts of three enhancer, vndenhancer, rhoenhancer 

and 1070enhancer in the ventral column, and, in the case of vndenhancer across different time bins.  

Among all the differentially identified proteins binding to specific enhancer, I selected ten 

candidates for further investigation. Besides RNA interference experiments that I have done 

(see 7.3.10), an evaluation of the candidate-enhancer specific interaction and of the candidate 

binding preferences are essential.   

7.4.1.1 Electrophoretic Mobility Shift Assay - EMSA 

inSTEP is able to identify the whole regulatory cohort of a certain enhancer, including direct 

(DNA-protein) and indirect (protein-protein) interactions, but does not distinguish between 

them. Thus, the candidates selected for follow-up might or not interact directly with the 

enhancer. A putative direct interaction with the DNA will be investigated by EMSA, as proteins 

directly binding a DNA binding motif will be able to shift a labelled DNA fragment of the 



 

 

60 

enhancer.  To that end, candidate-GST fusion proteins, as well as two positive controls, Snail 

and Su(H), are being produced in and purified from E. coli.  

7.4.1.2 Protein binding microarrays (PBM) - in collaboration with Martha Bulyk’s 

lab at Harvard Medical School  

Protein binding microarrays (PBMs) allow for rapid and high-throughput evaluation of the 

binding site-specific preferences of a protein, usually transcription factors (Bulyk, 2007). The 

binding preferences of my candidates will be analyzed using PBMs, in collaboration with 

Martha Bulyk.  Besides identifying the binding site used by the candidates in the specific 

enhancers studied in this project, these results might allow to predict other target genes of 

the same candidates, which would help their global integration and clarify their role in 

Drosophila neurogenesis.   

7.4.2 Impact of the enhancer construct in the driven reporter expression  

inSTEP relies on the faithful reconstitution of the activity driven by the enhancers under 

study, even though they are part of a complex construct that was inserted in a genomic 

location different from the their natural one. As briefly mentioned in 7.3.1.1, the Citrine 

expression driven by the vndenhancer and by the rhoenhancer overlaps with the expected expression 

(White K et al, 1983; Zinzen et al, 2006), but it is not restricted to it (see appendix 12.4), being 

observed beyond the limits of the neuroectoderm. This is partially overcome by the fact that 

the enhancer constructs are exclusively pulled down from the ventral column, due to the 

FNLDD expression pattern. However, we cannot exclude the possibility that some identified 

regulatory candidates might not be regulating the original enhancer, as the enhancer activity 

in the enhancer construct does not completely reconstitutes the expected activity. It is 

important to highlight that inSTEP is a screening method (see 7.4.3) and, as such, the identified 

regulators should be properly validated before drawing conclusions.    

7.4.3 inSTEP as a biochemical screen  

inSTEP allows for the identification of the complete cohort of proteins regulating a certain 

enhancer, including not only transcription factors, but also other regulatory proteins, such as 

chromatin remodelers that are essential for gene expression regulation. Given that gene 

expression is regulated by a combination of several regulatory factors, this feature is essential 

to fully understand enhancers regulation.  inSTEP proved to be a powerful tool for screening 

enhancer-bound proteins. I was able to identify hundreds of proteins differently bound to 

distinct enhancers, that might well be key factors for the enhancers’ regulation.  
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But, as previously pointed out, the depth between different replicates of the same sample 

varies significantly, limiting the statistical power that inSTEP is able to delivery. We thought 

that by increasing the amount of material used per replicate, in comparison with previous 

studies (Krüger, 2017), we would get more reliable results. This did not happen yet and inSTEP 

as designed now is not able to delivery statistically significant results, that would allow for 

quantitative conclusions to be drawn. Additional technical problems affected the mass 

spectrometry analysis such as presence of detergents and low intensity after the full protocol 

(including mass spectrometry sample preparation). TMT-labeling mass spectrometry might 

help with the low intensity by combining multiple samples in one MS run to boost 

identification while allowing differential quantification, a strategy recently employed for 

single cell proteomics (Budnik B et al, 2018) and phosphoproteomics of small cell populations 

(Yi L et al 2019).  

It is important to note though that high statistical power is not always the most important 

feature of screening methods, as their role is to give a general view of a certain biological 

situation, here a general view of enhancers’ regulatory cohorts. The results of the screening 

should be analyzeds in accordance with the biological question we want to answer, and 

validation experiments must be done to confirm or negate our hypothesis. In this study inSTEP 

was able to deliver vast lists of putative regulatory candidates with many unknown proteins, 

as well as many proteins known to be involved in gene expression regulation but that were 

not previously reported as being involved in the regulation of the enhancers under 

investigation. Both kinds of proteins may well be the pieces we were previously missing to the 

complete understanding of the vnd, rho and 1070 enhancers.     

Finally, it is worthy pointing out that only the most abundant peaks detected are analyzed 

by MS/MS, which might exclude some very important regulatory elements that act in low 

concentration.   

7.4.4 Global integration of the data 

Although understanding enhancer regulation at a local level is in itself of huge value, the 

global integration of this information is what will allow us to really unravel important 

mechanisms of Drosophila development. One might start by assessing the genome-wide 

binding profile of the candidates, for example, by using GFP-tagged lines to perform ChIP-seq. 

The discovery of other regulatory regions bound by the same proteins, together with the 

results from the binding matrixes (see 7.4.1.2), might give some insight in to which pathways 

the regulatory candidates might be involved in. 
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Furthermore, one could investigate the regulatory cohorts of these enhancers in other 

tissues, by deploying the FNLDD protein in, for example, other columns of the neuroectoderm. 

This would allow to compare regulatory cohorts of the same enhancers in different tissues, 

particularly repressing cohorts, as these enhancers are not active in the rest of the 

neuroectoderm. I would expect part of the regulatory cohorts to overlap among the 

neurogenic columns, but also to find some tissue-exclusive proteins. The regulatory activity 

of these enhancers will, in each tissue, be dictated by the combination of multiple inputs, that 

may vary depending on the availability of regulators, accordingly to space and time.  

In this project, inSTEP was used to investigate the regulation of vnd and rho genes at the 

enhancer level, however it would be also interesting to identify the regulatory elements of 

these genes at the promoter level, which would give us an even more complete understanding 

of their regulation. inSTEP could be the chosen method to this further evaluation, as it can be 

adapted to the study of other regulatory regions, by simply substituting the enhancer 

sequences by, for example promoter or insulators sequences in the query line (here: enhancer 

line).  

Among all the putative regulators identified for the enhancers under study, CG4707 and 

CG2962 are the most promising ones. Both of them were identified as binding to the vndenhancer 

and led to an alteration of the reporter gene expression driven by this enhancer upon knock 

down by RNAi. Although further validation experiments are needed, inSTEP proved to be able 

to deliver reliable candidates with regulatory enhancer capacity.  
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8 VND – A DRIVER OF NEUROGENESIS IN DROSOPHILA MELANOGASTER 

 Background and Significance 

The Drosophila nervous system derives from the neuroectoderm, two bilateral domains 

adjacent to the mesectoderm. During the first steps of differentiation, the neuroectoderm 

subdivides into three columnar domains along the dorsal-ventral axis, the ventral, 

intermediate and lateral columns, whose identity is dictated by three homeobox transcription 

factors, Vnd, Ind and Msh. This pattern occurs by a process called ventral dominance, where 

more ventral transcription factors repress the more dorsal ones, thereby restricting the 

expression of their target genes along the dorsal-ventral axis (McDonald JA et al, 1998). As 

Vnd, Ind and Msh have been proposed to be key, identity determining transcription factors, 

ventral dominance not only explains the observed gene expression patterns, but also the 

spatial restriction of neurogenic identity. The columnar organization is crucial as columnar 

origin of neurogenic stem cells restricts their developmental potential (McDonald JA et al, 

1998; Stathopoulos and Levine, 2005; Von Ohlen et al., 2007). While the first part of this thesis 

concentrated on how genes like vnd are regulated to elicit ventral column expression, in this 

part of my thesis, I will focus on the regulatory potential of the ventral column transcription 

factor, Vnd.  

At the blastoderm stage, the Vnd protein is detected in bilateral stripes corresponding to 

the future ventral column and after gastrulation, Vnd is in the ventral midline as well as in the 

ventral column. At stage 9 there is no Vnd left in the ventral midline, with the levels remaining 

high in the ventral column. Later in development, Vnd is present in a complex pattern of 

neurons, including some of the ventral column derived neuroblasts (F Jiménez et al, 1995; 

McDonald JA et al, 1998; Mellerick DM et al, 1995b).   

8.1.1 Vnd as a driver of ventral dominance  

Vnd has been thought to be necessary and sufficient to specify ventral column fate, by 

repressing intermediate and lateral fates (McDonald JA et al, 1998).  In vnd mutant embryos 

lacking vnd function, specific ventral column markers, Achaete (Ac), Odd-skipped (Odd) and 

Prospero (Pros), are not detected in the ventral column. This observation is due to altered 

gene expression in the neuroectoderm and some neuroblasts, as well as failure in neuroblasts 

formation. This shows that Vnd is necessary to specify ventral column identity, as well as to 

form ventral column specific neuroblasts (Figure 8-1 B). Furthermore, intermediate column 

specific markers, Ind and Huckebein (Hkb), were ectopically detected in the ventral column in 
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vnd mutant embryos. In other words, in the absence of Vnd, the intermediate column fate 

expands ventrally (Figure 8-1 B), proving that Vnd is essential to the establishment of the 

ventral column identity and to prevent intermediate column fate in the most ventral domain 

of the neuroectoderm (Cowden and Levine, 2003; McDonald JA et al, 1998; Stathopoulos and 

Levine, 2005).   

 

Moreover, Vnd is partially sufficient to dictate ventral column fate. Embryos expressing 

Vnd in the entire neuroectoderm presented some ventral column markers in the intermediate 

and lateral columns. The expansion of the ventral column identity to the intermediate column 

is complete, with expression of the ventral column markers Achaete, Prospero and Odd and 

severe reduction or loss of Ind. Whereas, the expansion to the lateral column is only partial, 

as some ventral column markers, such as Prospero, failed to be detected in the lateral column 

(McDonald JA et al, 1998).  

Figure 8-1 Vnd is a main driver of ventral dominance 
A. Shown is a transversal section of a wild type embryo, stage 7 on the left to highlight neuroectoderm 

fate and stage 10 on the right to highlight neuroblasts fate. Three columnar domains are defined by 
the homeobox transcription factors, Vnd (ventral column, blue), Ind (intermediate column, green) and 
Msh (lateral column, red). These domains are confined ventrally by a process called ventral 
dominance, in which the more ventral transcription factors repress the expression of the more dorsal 
ones (arrows). 

B. Shown is a transversal section of a vnd mutant embryo. Ventral column neuroectodermal cells 
express ind (green) acquire  intermediate  fates  and  produce neuroblasts  with  intermediate  fates. 

C. Shown is a transversal section of an ind mutant embryo. Intermediate column neuroectodermal cells  
express msh (red),  acquire  lateral  fates  and  produce neuroblasts  with  lateral  fates. 

D. Shown is a transversal section of an embryo expressing vnd ectopically. Intermediate and lateral 
column neuroectodermal cells express vnd (blue),  acquire  ventral  fates  and  produce neuroblasts  
with  ventral  fates.  

Adapted from (Streath JB, 1999). 
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These observations are the foundation for the ventral dominance theory. In the absence 

of Vnd in the ventral column, ind expression would not be repressed, therefore the 

intermediate column fate would expand ventrally (Figure 8-1 B), whereas, in the absence of 

Ind, msh expression would not be repressed, therefore the lateral column fate would expand 

to the intermediate column (Figure 8-1 C). The ectopic presence of Vnd in more dorsal regions 

would lead to repression of the more dorsal transcription factors, ind and msh, causing a 

dorsal expansion of the ventral column fate (Figure 8-1 D). Furthermore, it was proved that 

Vnd functions as a sequence-specific transcriptional repressor (Cowden and Levine, 2003). 

Insertion of a Vnd binding site on the regulatory region of an IAB-5-lacZ transgene, that usually 

drives expression in three adjacent bands in the presumptive abdomen, caused a ventrolateral 

gap in the staining pattern. The role of Vnd mediating this repression was assessed by 

mutagenizing the Vnd binding sites, after which the expression in the ventral column was re-

established (Cowden and Levine, 2003). 

Although Vnd has a deterministic and essential role in Drosophila nervous system 

development, we are still lacking a complete view of the Vnd target genes, which is essential 

to fully understand the global regulatory role of Vnd and its impact on Drosophila 

development.   

8.1.2 A novel role for Vnd - An isoform caveat  

Vnd was first described by White K et al (1983) for its role in the nervous system 

development, who described Vnd to be a NK2-HD transcription factor.  For decades, Vnd was 

considered to be a repressor, and a good example of its repressive role is the repression on 

ind (Cowden and Levine, 2003). However, one Vnd mammalian homolog Nkx2.1 is a 

transcription activator (Stepchenko A and Nirenberg M, 2004; Yu et al, 2005), which led to 

further investigate the Drosophila Vnd and to the discovery of a second Vnd isoform.  

The long known Vnd isoform, from here on referred to as Vnd-A, has a repression domain 

in the first exon and the homeobox domain in the third exon. A second Vnd isoform, referred 

to as Vnd-B, shares the second and third exons with Vnd-A, but uses an alternative upstream 

promoter and has a different first exon, which appears to contain an activation domain. While 

Vnd-A is expressed mainly during embryogenesis, Vnd-B was reporter to be expressed later, 

at the onset of metamorphosis (Stepchenko AG et al, 2011).  

Vnd has a complex pattern of expression that changes during Drosophila life time, which 

is encoded by the differential usage of two promoters in a stage specific manner. Our lab 

became interested in better understanding the Vnd isoform switching as well as its functional 
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outcome, namely the impact in the expression pattern of the genes bound by Vnd. Former 

master students in the lab, Carlo Barbini and Bianca Giuliani had characterized both isoforms 

in terms of temporal and spatial expression pattern, and individually tagged each isoform. 

Contrary to what Stepchenko AG et al (2011) described, the Vnd-B isoform starts to be 

expressed already during embryogenesis, albeit later than Vnd-A. Vnd-A starts by being 

expressed in the ventral column during early stages of development and it is then expressed 

in the gut from stage 13. Vnd-B follows a similar expression dynamic, but its onset of 

expression in the ventral column starts only later, around stage 11 (Figure 8-5).  

It is currently not clear whether the isoform switch of Vnd affects its targeting preferences 

and the effect on gene expression of target genes. Isoform-specific sets of target genes 

together with the expression dynamics of these genes would be the best way to understand 

Vnd in an isoform-specific manner. 

 Strategy and Purpose 

My first goal in this part of the thesis was to unravel the binding profile of Vnd over time 

and analyze it from a developmental point of view. Using an anti-Vnd antibody, I conducted 

Chip-seq at in three consecutive time bins spanning early stages of Drosophila development, 

2-4h AEL, 4-6h AEL and 6-8h AEL. With this, I wanted to get a full picture of the Vnd binding 

profile, including which genes are bound by Vnd, its binding dynamics over early development 

and whether the genes bound by Vnd are expressed in the ventral column. I used chromatin 

extracted from appropriately aged wild type embryos, performed the lab standard ChIP-seq 

protocol (see 10.15).  

To investigate the function of specific Vnd isoforms, we created Vnd isoform-specific 

tagged lines. As the two isoforms differ in the first exon usage, we created independent N-

terminal fusions of either the A or the B-isoform of Vnd with a MIN tag (Giuliani B, 2017). The 

MIN tag, Multyifunction Integrase tag, encodes seventeen amino acids and is detectable by a 

highly specific antibody, which should allow for isoform specific staining and 

immunoprecipitation (Mulholland et al., 2015). We chose the MIN tag in part because it allows 

unique experimental access to the tagged gene – at the DNA level the MIN sequence can also 

act as an attP site which allows to efficiently modify locus, for example to add a variety of 

modules into the construct, namely a STOP codon in order to get isoform-specific Vnd 

knockout.  
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 Results and Discussion 

8.3.1 Characterization of Vnd expression using an anti-Vnd antibody 

A guinea pig-raised antibody against Vnd was created in our lab by Lea Daempfling. This 

antibody shows high specificity in antibody staining as it is shown in Figure 8.5, thus I decided 

to use it to perform Vnd ChIP-seq and to evaluate Vnd binding profile and dynamics over early 

Drosophila development.   

8.3.2 Vnd binding profile 

Given the importance of Vnd in the early Drosophila development, I wanted to determine 

the Vnd binding profile. For this, I have performed ChIP-seq using the Vnd antibody 

aforementioned (see 8.3.1) in three consecutive and non-overlapping time bins, 2-4h, 4-6h 

and 6-8h AEL, in duplicates.  

Genetic and biochemical analysis have demonstrated that Vnd binds the ind enhancer, 

repressing its expression in the ventral column (Wang LH et al, 2002; Stathopoulos and Levine, 

2005; Weiss JB et al, 1998), therefore we used the ind locus as a control for the quality of Vnd 

ChIP data. A Vnd binding peak was indeed found in the ind enhancer (ind_1.4 enhancer) in 

line with previously published works (Figure 8-2 B) (Stathopoulos and Levine, 2005). However, 

the binding of Vnd to the ind promoter was, to our knowledge, not reported before and might 

represent another level of regulation that is still unknown. 

Vnd was for a long time thought to be a dedicated repressor, however this ChIP data 

revealed Vnd binding to many genes known to be active in the ventral column, such as vnd 

itself, in line with the existence of an activating isoform described in (Figure 8-2 A) 

(Stepchenko AG et al, 2011).  

8.3.2.1 Motif finding on Vnd bound regions 

Considering the 4-6h datasets, motif enrichment was performed as described in 10.17. The 

most promising motif, motif 2 shows high enrichment in the peak centres and its consensus,  

CACTCNA , resembles previously reported Vnd binding motifs (Kulakovskiĭ IV and Vlu M, 2009;, 

Zhu L, 2011) (Figure 8-2 E). Vnd ChIP peaks with this motif were mainly found in transcription 

start sites, show high sequence conservation at the center and have stronger sequence 

enrichment in ChIP-seq than peaks without the motif. All of this validates the quality of the 

ChIP-seq data acquired in this project. 
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8.3.2.2 Genomic Features and dynamics of Vnd binding  

Across the three time bins, 20876 peaks were identified using MACS2 peak calling. The 

distribution of these peaks accordingly to genomic features is shown in Figure 8-2 C. The 

majority of peaks were found in TSS, which makes sense given the role of Vnd as a 

transcription regulator. The number of peaks identified in each time bin and the overlap 

between time bins is represented in Figure 8-2 D. Although there is a big overlap between 

different time bins, there are also bound regions exclusive from certain time bins, which 

suggest dynamics of the Vnd binding across the time bins assessed here.   
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To get a better understanding of the dynamics of the Vnd binding, the Vnd binding peaks 

were classified based on the significant changes (p value < 0.05) on their expression profile 

over time using the DEseq2 pipeline (Love M et al, 2014). The following classes of Vnd bound 

genes were determined: 

Figure 8-2 Vnd binding profile 
A. vnd locus showing Vnd binding at vnd intronic enhancer at 2-4h, 4-6h and 6-8h AEL, as well as the 

corresponding MACS2 called peaks. Cad4 refers to a set of identified enhancers compiled from 
independent sources (Cusanovich DA, 2018). 

B. ind locus showing expected Vnd binding at ind upstream enhancer at 2-4h, 4-6h and 6-8h AEL, as 
well as the corresponding MACS2 called peaks. Cad4 refers to a set of identified enhancers 
compiled from independent sources (Cusanovich DA, 2018). 

C. Pie chart showing the genomic feature distribution of the Vnd binding peak across the tree time 
bins. 

D. Venn diagram representing the Vnd peaks for the three time bins, 2-4h, 4-6h and 6-8h AEL. 
E. Shown are novel Vnd binding motifs, as well as previously reported binding motifs.   



 

 

70 

• 2h-4h specific – The binding of Vnd goes down from 2-4h AEL to 4-6h and it does 

not change significantly from 4-6h AEL to 6-8h AEL; 

• 4h-6h specific – The binding of Vnd increases from 2-4h AEL to 4-6h AEL and 

decreases from 4-6h AEL to 6-8h AEL; 

• 6h-8h specific – The binding of Vnd does not change significantly from 2-4h AEL to 

4-6h AEL and increases from 4-6h AEL to 6-8h AEL; 

• Early specific – Vnd binding decreases from the earlier time bins to the 6-8h AEL 

time bin; 

• Late specific – Vnd binding increases from 2-4h AEL to 4-6h AEL and does not 

change significantly between late time bins. 

• Constant – Vnd binding does not change significantly throughout all the time bins. 

With this analysis we were able to identify not only time specific Vnd binding, but also 

changes that might occur in a broader period, such as ‘early specific’. Moreover, this highlights 

the regions that are always bound by Vnd, which we would have missed without this 

classification.      

8.3.2.3 Genes bound by Vnd – GO and ImaGO term analysis 

For the GO and ImaGO term analysis, only the Vnd bound regions that overlap with Cad4 

regions were considered, being one base pair the requirement to call an overlap. Cad4 is a 

resource that compiles 8900 enhancer regions from independent studies and databases 

(Cusanovich DA et al, 2018).  

We firstly did a GO term analysis using the BioMart package from R (Durinck S et al, 2005; 

Durinck S et al, 2009), which contains a compilation of GO terms associated with different 

genes and determines which GO terms are significantly enriched in a particular set of genes. 

Here, the GO term enrichment for biological process was determined for each class of genes 

defined in 8.3.2.2. As an example, the GO term analysis for the 6-8h specific genes is shown 

in Figure 8-3 A and the analysis for all the other classes may be found in 12.10. We found many 

neurogenic terms to be strongly enriched, such as axon development, neurogenesis and 

neuron differentiation. Given that neurons start to differentiate around this time in 

development, finding these enriched terms strongly validates, once more, the quality of this 

data. 

Then, we performed an analysis using the “Imaging Gene Ontology (ImaGO)” terms 

(Berkeley Drosophila Genome Project (Hammonds AS et al, 2013; Tomancak P et al, 2002; 
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Tomancak P et al, 2007)). The ImaGO term database resulted from the manual annotation of 

CAD4 regions to expression GO terms, the ImaGO terms. In this analysis, we found that several 

neurological terms were among the most enriched ones, such as neuroblasts and glioblasts, 

as well as glial cells that start to emerge around this time in development (Figure 8-3 B). The 

ImaGO term analysis for all the other classes may be found in 12.11.  

Figure 8-3 GO and ImaGO term analysis of Vnd bound genes 
A. Represented are the most meaningful terms found after GO term analysis of the genes bound 

by Vnd in the class 6-8h AEL specific. The x-axis shows the -log10 of the adjusted p-value for 
each term.  

B. Represented are the most meaningful terms found after ImaGO term analysis of the genes 
bound by Vnd in the class 6-8h AEL specific. The x-axis shows the enrichment for each term. 

 

8.3.3 Bound genes are regulated by Vnd  

Transcriptomic data is available in the lab for 4-6h and 6-8h (Wahle, 2019), that we 

compared with the ChIP-seq results of the corresponding time points. If Vnd acts as a 

dedicated repressor, as it was thought for many years, its binding dynamics should be 

inversely correlated with the levels of gene expression of Vnd-bound genes. The expression 

levels of some Vnd-bound genes indeed increase upon a temporal decrease of Vnd binding to 

their putative regulatory regions (Figure 8-4 Q1); likewise, the expression levels of several 

genes decrease, as Vnd binding increases (Figure 8-4 Q4). Genes in these two groups are likely 

candidates to be repressed by Vnd, in accordance with the described role of Vnd as a 

dedicated repressor. A good example is taranis (tara), which is weakly expressed in the ventral 

column at stage 9, corresponding to the 4-6h time bin. The binding of Vnd decreases from 4-

6h to 6-8h according to my ChIP data, while the expression of tara increases. Taranis is a 

determinant of type I lineage-specific neural progenitor proliferation patterns (Manansala MC 

et al, 2013), the only type of neuroblasts present in the ventral column at this stage of 

development (reviewed in Homem CC and Knoblich JA, 2012), and its function seems to be 

evolutionary conserved, since the mammalian ortholog of Tara also regulates cell cycle 

progression. Hence, the expression of tara may well be where Vnd acts as a regulator. 
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Figure 8-4 Integrating ChIP-seq and transcriptomics data 
A. Represented is the correlation between Vnd binding intensity and the expression levels of the Vnd-

bound genes from 4-6h and 6-8h AEL. The x-axis shows the log2 fold change of the expression levels 
(Wahle, 2019), the y-axis the log2 fold change of the Vnd binding intensity from ChIP seq. Q1 – quadrant 
1; Q2 – quadrant 2; Q3 – quadrant 3; Q4 – quadrant 4. Dashed lines represent 1-fold change.  

B. Represented is the tara locus. RNA-seq data from the ventral column shows an increase in the 
expression levels of tara (Wahle, 2019). ChIP-seq data shows the decreasing binding of Vnd from 4-6h 
to 6-8h AEL, as well as the corresponding MACS2 called peaks. Cad4 refers to a set of identified 
enhancers compiled from independent sources (Cusanovich DA et al, 2018). 

C. Shown is the expression pattern of tara, visualized by ISH. Stages 9 and 11 embryos are shown with 
dorsal up and anterior left (Berkeley Drosophila Genome Project (Hammonds AS et al, 2013; Tomancak 
P et al, 2002; Tomancak P et al, 2007)). 
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Genes in the other two quadrants and may be activated by Vnd, as their expression 

increases upon increased Vnd binding (Figure 8-4 Q3) or decreases as Vnd binding diminishes 

(Figure 8-4 Q2).  

8.3.4 Vnd isoforms 

It has recently become clear that Vnd may exist as both, a transcriptional repressor (Vnd-

A), and as an activator (Vnd-B). Additionally, we are now beginning to find that Vnd is recruited 

in the ventral column to not only repressed genes (like ind), but also to many genes that are 

actively expressed. In this part of the thesis, I started to investigate and characterize the role 

of each Vnd isoform independently, in order to fully understand the role of this key 

transcription factor in Drosophila development.  

For this, we have created tagged lines that endogenously tag each Vnd isoform with a MIN 

tag using CRISPR-Cas9. The correct insertion of the tag was firstly confirmed by sequencing 

and the homozygous viability of the lines was proved using basic genetics, meaning that since 

vnd is an essential gene the presence of the MIN tag does not prevent Vnd protein 

functionality. 

8.3.4.1 Tagged lines are viable and faithfully express Vnd 

Once the functionality of the tagged lines was assured, I characterized the spatio-temporal 

expression of each isoform via immunohistochemistry using an anti-MIN antibody and the 

isoform-specific tagged lines. Vnd-A is expressed from stage 5 in the nervous system and later 

on, around stage 13, in the gut. Vnd-B has a similar expression dynamics, but it only starts to 

be expressed in the nervous system around stage 11 (Figure 8-5). The MIN signal overlaps in 

the nervous system and in the gut with the Vnd signal obtained when the anti-Vnd antibody 

was used (Figure 8-5), indicating that the tagged lines faithfully reconstitute the Vnd 

expression and that the MIN tag does not interfere with the Vnd expression pattern in these 

tissues. However, in the staining using the MIN antibody, a ring-like structure is visible 

beneath the brain area. We do not know what this structure might be, neither do we know 

why it is recognized by the anti-MIN antibody. In order to understand if this is an artifact of 

the antibody or if it is due to the insertion of the MIN tag in these flies, I have performed an 

immunohistochemistry using the anti-MIN antibody in wild type flies (data not shown). The 

ring-like structure is also recognized in wild type flies, which indicates that this is an artifact of 

the antibody. To make sure that this does not lead to the identification of wrong target genes 

after immunoprecipitation, a negative control will be included in the experiment, which 

consists in an immunoprecipitation reaction using the MIN antibody and wild type chromatin. 
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This should identify all the putative genetic regions immunopurified because of the recognized 

ring-like structure, which will be excluded from the further analysis.        

Although the Vnd expression in the nervous system has been known for decades to be 

essential for ventral column identity and neuroblast formation, its expression in the gut is a 

recent discovery. Vnd is a member of the NK-2 HD family, which included a wide range of 

proteins with distinct roles during development, including muscle development. Some 

examples are HGTX which expressed in both the central nervous system and the gut and is 

involved in the differentiation of the motor neurons that project axons to the body wall of 

muscle cells (Uhler J et al, 2002), as well as slouch, tinman and bagpipe that are all involved in 

the development of cardiac and visceral musculature (Azpiazu N and Manfred F, 1993; Knirr S 

et al, 1999).  Besides its role in the nervous system, Vnd might also play a part in musculature 

development, as some other elements of its family, during Drosophila development, which 

might explain its expression in the gut. 

Seeing that the two isoforms are both temporally and spatially regulated, we hypothesized 

a rapid regulatory switch of the transcriptional program regulated by Vnd may be employed 

by a differential promoter choice. Hardly anything is known about how the isoforms are 

regulated and the regulatory cues that lead to the isoform switch. In order to better 

understand these mechanisms, I wanted to perform immunoprecipitation using the 

isoform-specific tagged lines, which would give the complete set of Vnd targets in an isoform-

specific manner, allowing to start hypothesizing about the role of each Vnd isoform in 

Drosophila early development. I have tried to perform isoform-specific ChIP-seq with no 

success as of yet. I have tried a variety of different immunoprecipitation conditions, different 

chromatin preparations and different time points, but all the attempts were fruitless. 

Alternative ways for the classic ChIP-seq protocol, like CUT&TAG, will be tried in the future. 

  



 

 

75 

 

 



 

 

76 

Figure 8-5 Isoform-specific tagged lines faithfully express Vnd 
A. Shown are Vnd-A tagged embryos. The column on the left shows Vnd expression via 

immunohistochemistry using an anti-Vnd antibody. The middle column shows the MIN tag expression 
via immunohistochemistry using an anti-MIN antibody. The column on the right shows merge images 
with a perfect overlap between the two signals. 

B. Same as in (A) for Vnd-B tagged embryos.  
Embryos stages 5,7, 9, 11, 13 and 15 are shown with ventral up and anterior left.  

 Outlook – a regulatory hypothesis 

In the second part of my project, I have generated ChIP-seq data to unravel the binding 

profile of Vnd, using an anti-Vnd antibody, in three distinct time bins, 2-4h, 4-6h and 6-8h AEL. 

Vnd has been described to be a determinant element in the ventral column specification 

during early Drosophila development, hence our interest in determining its binding profile 

with temporal resolution. Knowing the Vnd target genes and the dynamics of Vnd binding 

over time gives us a better understanding of ventral column specification and Drosophila early 

development. Our next step will be to use the Vnd binding data to predict enhancers, that 

might be then tested in vivo by reporter gene experiments in transgenic flies. Once the 

enhancer activity of candidate regions is validated, one can evaluate the role of the newly 

predicted enhancers by, for example, direct mutagenesis, not only in the nervous system, but 

also generally in Drosophila development.   

During early Drosophila development, the neuroectoderm is divided into three distinct 

columns, with distinct gene expression programs. It is known that Vnd has a key role in the 

determination of this program, but how this is done remains elusive. The binding profile of 

Vnd as well as the newly discovered target enhancers might reveal some crucial genes that 

dictate cell fate specification and are, together with Vnd, indispensable for the identity of the 

ventral column. 

We detected Vnd binding, not only at genes that are not expressed, in line with the idea of 

Vnd as a dedicated repressor, but also at many genes that are actively transcribed at these 

stages of development. This indicates a putative dual role of Vnd and, following up on this 

observation, we compared the binding dynamics of Vnd with the expression levels (Philipp 

Wahle’s data) of the genes bound by it. There are indeed two distinct groups of genes, some 

genes increase their expression levels upon increase of Vnd binding, while others decrease. 

This might be explained by the isoform-specific role of Vnd that is not resolved when the anti-

Vnd antibody is used. To address this limitation, isoform specific tagged lines were created in 

the lab, MIN-tagged lines, that perfectly reconstitute Vnd pattern of expression.  
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Determining which target genes each isoform have will allow for the characterization of 

the specific developmental role of Vnd-A and Vnd-B. The isoform-specific patterns seem to be 

encoded by two alternative promoters that are activated in a stage and tissue specific manner. 

We do not know however, what triggers the promoter switch leading to the expression of two 

distinct isoforms, neither do we know if there is a cross-talk between both isoforms or if they 

act independently during the periods they are co-expressed. The MIN-tagged lines developed 

in our lab create a platform to identify not only the target genes of each isoform, but also to 

co-purify and identify all the proteins interacting with Vnd in an isoform-specific manner, 

allowing in this a more global integration of the data. Isoform-specific knock down of Vnd is 

also possible using these lines, which may prove be important to fully understand the role of 

each isoform.  

Although the MIN lines allow for isoform-specific immunohistochemistry, I have not yet 

been able perform ChIP-seq successfully using the anti-MIN antibody. Firstly, alternatives to 

ChIP-seq such as Cut&Tag, will be tried. Cut&Tag (Cleavage Under Targets and Tagmentation) 

is an enzyme-tethering strategy that provides high-resolution sequencing libraries for 

detecting the genome-wide distribution of chromatin-bound proteins. In this method, a 

chromatin protein, here VndA-MIN or VndB-MIN, is bound in situ by a specific antibody, which 

then tethers a proteinA-Tn5 transposase fusion protein. Upon activation, the Tn5 transposase 

cuts nearby the accessible DNA and ligates specific adaptors to the genomic fragments, that 

we can then use to generate libraries.  The high resolution and extremely low background are 

the main advantages of Cut&Tag when compared with ChIP-seq (Kaya-Okur H, 2019).  

Alternatively to the MIN lines, we could think of using another tag to independently label 

the Vnd isoforms, such as GFP. The immunoprecipitation using an anti-GFP antibody may be 

more straightforward since anti-GFP antibodies are widely used in ChIP-seq approaches. A 

FLAG tag is another possibility that can be tried, for which we have already some experience, 

since the immunoprecipitation in inSTEP (see 7.2) was done with an anti-FLAG antibody. There 

is the risk though, that both the GFP or the FLAG tag would affect the functionality of the Vnd 

protein, something that would have to be tested, by evaluating the viability of double 

homozygous transgenic lines, as well as via antibody staining, prior to immunoprecipitation.  

Regardless of the used method, it would be interesting to analyse either the general or 

isoform-specific binding profile of Vnd in comparison with ChIP-seq data for specific 

chromatin markers in the ventral column that we have available in the lab (Alexander Glahs’ 

data). We will look for which chromatin markers are present in the regions bound by Vnd and 

if there is any difference between isoforms. It is not known what is the effect of Vnd in terms 
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of chromatin architecture, as well as whether both isoforms have the same or distinct effects 

at this level, but these results might elucidate it.  

Lastly, we can immunoprecipitated Vnd together with all the proteins which are co-

regulating the target genes, which can be then identified by mass spectrometry. This would 

allow the identification of which other proteins act together with Vnd in the regulation of the 

critical genes for the identity of the ventral column.     
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9 GENERAL DISCUSSION AND OUTLOOK 

During my PhD I was generally interested in understanding how gene expression regulation 

occurs in early Drosophila development. For this, I have looked at gene expression from two 

different perspectives, in the first part of my thesis I used inSTEP to unravel regulatory cohorts 

of three Drosophila enhancers, whereas in the second part I have focused on the role of the 

transcription factor Vnd in gene expression regulation.  

InSTEP, in vivo Spatio-Temporal Enhancer Proteomics, a screening method that uses 

engineered transgenic flies to purify specific genomic regions, from particular cell types at 

defined developmental times. The purpose of inSTEP is to identify the proteins that interact 

with these specific pieces of DNA with spatio-temporal resolution. I have developed inSTEP 

assays to identify the putative regulatory cohorts of three enhancers – the vndenhancer, 

rhoenhancer and 1070enhancer – that control their activity in one specific embryonic domain – the 

ventral column – during early Drosophila development. I have identified hundreds of putative 

regulators for these enhancers revealing enhancer-specific and temporally dynamic 

interactions. I prioritized putative regulatory candidates and I have performed validation 

experiments on promising new neurogenic regulatory factors. ISH revealed that all the 

selected candidates are expressed in the ventral column at the expected developmental 

stages, confirming that inSTEP delivers spatiotemporal information. Postulating that the 

identified candidates have regulatory effects on the enhancers’ activity, I have used RNAi to 

knock down ten promising regulatory candidates and assessed the effect on target enhancer 

activity. The knock down of at least two putative vndenhancer regulators led to an altered 

reporter gene expression pattern driven, indicating that inSTEP has allowed me to identify 

new regulators that contribute to the regulation of gene activity in the developing nervous 

system.  

Even though many regulators of gene expression in the early embryo are known, it is clear 

that for most enhancers we are still unable to explain the activities they drive in vivo, much 

less are we able to design synthetic enhancers that drive gene expression exactly where and 

when we intend to. Comprehensively understanding the regulatory cohorts of individual 

regulatory elements, such as early neurogenic enhancers offers us a glimpse into the cis-

regulatory intricacies and complexities that govern spatio-temporal gene expression. By 

investigating only three enhancers in a single embryonic tissue, I have uncovered dozens of 

new potential regulators and although their global effects on neurogenesis and embryonic 

patterning will need to be investigated in more detail, I believe my study serves as a nice 
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example of how we may begin to unravel the complex regulatory networks that drive 

embryogenesis and tissue development. For example, while enhancer grammar (the relative 

order, orientation and spacing of transcription factor binding sites) has been described to 

sometimes be crucial for enhancer activity (Spitz and Furlong, 2012), we cannot adequaely 

explain why. inSTEP-based studies might shed light onto the mechanistic effects the binding 

site grammar could have on target gene activity via, for example, cooperativity, coordination 

of cofactors, or recruitment of the transcriptional machinery. 

In the second part of my thesis, I focused on one crucial transcription factor for Drosophila 

early development, Vnd. I revealed the genome-wide binding profile of Vnd in the neurogenic 

ectoderm across three consecutive time bins during early neurogenesis. Contrary to the long-

accepted notion of Vnd as a dedicated transcriptional repressor, I found Vnd bound to both, 

active and repressed genes. A putative 2nd role for Vnd as a transcriptional activator is 

supported by additional data in the lab, but is remains unclear how this long-studied repressor 

might fulfill this antagonistic role.  

One possible explanation might lie in a second Vnd isoform produced by a developmentally 

regulated promoter choice. The VndA and VndB isoforms only differ on the first exon, which 

includes a repressor domain in the well-studied A isoform. I have characterized a set of newly 

developed genetic tools that should enable isoform-specific investigation into the role of 

VndA vs VndB. Using CRISPR, we placed a so-called MIN tag at the N-termini of each isoform 

in independent lines. I showed that these endogenously tagged proteins are functional and 

faithfully recapitulate wild type Vnd expression. Since both isoform contain the same DNA-

binding homeodomain, I postulate that the developmental switch in promoter choice may 

represent a temporal regulatory switch that essentially inverts the regulatory sign on a 

common set of target genes – from repression to activation. The tools I have characterized 

here should allow an in-depth study of the precise role of each isoform, as they will enable 

isoform-specific immunoprecipitation of chromatin and protein-interactors. Furthermore the 

tagging strategy should allow for isoform specific knock-outs that may reveal the precise 

spatio-temporal requirements for each Vnd isoform in neurogenesis. 

While in the first part of my thesis I focused on the regulation of, among other, the 

vndenhancer, in the second part I extended my interest beyond the regulation of vnd expression 

to the regulatory effect Vnd has on target genes. A more complete knowledge of vnd 

regulation and mode of action should lead to a better understanding of Vnd functioning, as 

well as the role of Vnd at a global level. Furthermore, the regulatory cohort of each isoform 

promoter could be further investigated by inSTEP.   
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Similarly to Drosophila, the vertebrate nervous system is constituted by three main parts, 

the ventral nerve cord, the brain and the peripheral nervous system (Sprecher SG et al, 2006). 

More specifically, neuroectoderm in both vertebrates and Drosophila subdivides into three 

conserved dorsal-ventral domains. The identity of these columns is mainly dictated by 

evolutionary conserved homeobox transcription factors, such as Nkx2.2/Vnd. The ventral 

column identity is dictated by Vnd in Drosophila, and its mammalian homolog, Nkx2.1 is 

necessary for the creation of several neuronal subtypes and Nkx2.2 (Whalley K, 2008), a 

protein from the same family, is required for the creation of serotonergic neurons in the brain 

and ventral spinal cord, as well as dopaminergic progenitor domains in the ventral midbrain 

(Cheng L et al, 2003; Prakash N and Wurst W, 2007). Given that Vnd function was proven to 

be evolutionary conserved, this study, although done in Drosophila, might also provide some 

important insight in the human and other vertebrate’s brain development. 
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10 MATERIALS AND METHODS 

 Fly husbandry 

Drosophila melanogaster flies were kept at 25°C with 60% humidity on standard fly food 

(192 g agar, 440 g sugar syrup, 1.6 kg malt extract, 360 g brewer’s yeast, 200 g soy flour, 1.6 

kg corn flour, 48 g methyl 4-hydroxybenzoate, and 125 ml propionic acid in 18L water). Fly 

stocks were transferred to fresh vials every 2-4 weeks.  

The following genotypes were used for this thesis:  

1. yellow-white - y1 w1118; + ; + 

2. Double balancer Chr 2 and Chr 3  - y1 w1118  ; If / Cyo; Sb / Tm3 (Ser) 

3. Double balancer Chr X and Chr 2 - y1 w1118  ; Df / FM7c (twiGFP) ; Sco / Cyo 

4. VC - vndenhancer - y1 w1118; M {3x vndenhancer-lexA : Cit}ZH-51C; P{vndenhancer:FNLDD} 

5. VC - rhoenhancer - y1 w1118; M {3x rhoenhancer-lexA : Cit}ZH-51C; P{vndenhancer:FNLDD} 

6. VC - 1070enhancer - y1 w1118; M {3x 1070enhancer-lexA : Cit}ZH-51C; P{vndenhancer:FNLDD} 

7. VC - lexA - y1 w1118; M {3x lexA : Cit}ZH-51C; P{vndenhancer:FNLDD} 

8. Vnd A MIN - y1 w1118; vndA-MIN 

9. Vnd B MIN - y1 w1118; vndB-MIN 

10. CG4707 RNAi - y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.HMJ22249}attP40 - Bloomington 

stock n. 58229 

11. CG2962 RNAi -  y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF02951}attP2 - Bloomington stock 

n. 28319 

12. Numb RNAi - y[1] sc[*] v[1] sev[21]; P{y[+t7.7] v[+t1.8]=TRiP.HMS01459}attP2 - 

Bloomington stock n. 35045 

13. CG32772 RNAi - y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.HMC03323}attP40 - Bloomington 

stock n. 51768 

14. Df31 RNAi - y[1] sc[*] v[1] sev[21]; P{y[+t7.7] v[+t1.8]=TRiP.GL01529}attP40 - 

Bloomington stock n. 43185 

15. BigH1 RNAi - y[1] sc[*] v[1] sev[21]; P{y[+t7.7] v[+t1.8]=TRiP.HMS01020}attP2 - 

Bloomington stock n. 34548 

16. CG31998 RNAi  - y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.GL01256}attP2 - Bloomington 

stock n. 41828 

17. CG42726 RNAi - y[1] sc[*] v[1] sev[21]; P{y[+t7.7] v[+t1.8]=TRiP.HMC05848}attP40 – 

Bloomington stock n. 64974 
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18. JHDM2 RNAi - y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.HMJ22328}attP40 - Bloomington 

stock n. 58264 

19. CG31365 RNAi - y[1] sc[*] v[1] sev[21]; P{y[+t7.7] v[+t1.8]=TRiP.HMC04758}attP40 -  

Bloomington stock n. 57450 

20. Rassf RNAi - y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF02742}attP2 -  Bloomington stock n. 

27663 

 Extraction of genomic DNA 

For the extraction of gDNA, 20-50 adult flies were frozen in liquid nitrogen, dounced using 

a clean pestle and incubated for at least 2 h at 60 °C in CTAB buffer (1% (w/v) hexadecyl-

trimethyl-ammonium bromide (CTAB), 50 mM Tris (pH 8.0), 750 mM NaCl, 10 mM EDTA), 

supplemented with 100 μg/ml proteinase K (final). Afterwards, fly debris was collected by 

brief centrifugation. The supernatant was transferred into a new vial. To prevent CTAB and 

polysaccharide precipitation, a solution containing 50 mM Tris (pH 8.0) and 1.5 M NaCl was 

added to the supernatant. DNA was extracted using phenol:chloroform:isoamyl alcohol 

(25:24:1, v/v) and Phase Lock GelTM tubes. The DNA was precipitated for at least 30 min at -20 

°C in 0.3 M sodium acetate (pH 5.0) and absolute ethanol. 

 Embryo Collection for immunohistochemistry 

First, embryos were collected on apple juice agar plates and dechorionated for 2 min in ~ 

6% (v/v) Na-hypochlorite (bleach) (Rothwell WF, 2007a; Sullivan, 2000). For in situ 

hybridization (ISH), embryos were fixed with 9.25% (v/v) formaldehyde in fix buffer (1.33x 

PBS, 66.6 μM EGTA (pH 8.0)) and 50% (v/v) n-heptane for 25 min. For antibody stainings with 

3.7% (v/v) formaldehyde in buffer B (10 mM KPO4 (pH 6.8), 15 mM NaCl, 45 mM KCl, 2mM 

MgCl2) and 50% (v/v) n-heptane for 12 min (Rothwell WF, 2007b). The lower organic phase 

was discarded. The vitelline membrane was removed by shaking vigorously for 2 min in 50% 

(v/v) methanol. The embryos were washed up to three times with pure methanol before 

storing them at -20 °C. 

 Immunohistochemistry 

Fixed embryos were rehydrated as described in (Rothwell, 2007). Primary antibody was 

incubated over night at 4 °C, secondary antibody was incubated for at least 2h at RT in PBS 

with 0.1% Triton X-100 and 10x Western Reagent (Roche). Embryos were mounted in 

ProLong® Gold Antifade Reagent. 
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 ISH 

Fixed embryos were hybridized with hapten-labeled antisense RNA probes as described in 

(Jiang, 1991; Kosman, 1991; Tautz, 1989).The haptens were either FITC (fluorescein), DIG 

(digoxigenin) or Biotin (Bio). Probes were transcribed antisense from linearized plasmids 

containing either the sequence of an endogenous or a reporter gene. Citrine or GFP probes 

were used to assess the activity of the enhancer constructs .For fluorescent ISH (FISH), probes 

were detected with pre-absorbed sheep anti-FITC-POD, sheep anti-DIG-POD (both Roche) or 

mouse anti-Bio-HRP (Life Technologies) primary antibodies (all pre-absorbed and used at 

1:250), and visualized using the TSA Plus system (Perkin Elmer). Embryos were mounted in 

ProLong® Gold Antifade Reagent. 

 Imaging 

Confocal stacks were imaged using a Leica SP8 equipped with 405 nm laser diode, white 

light laser, and hybrid detectors, with a 20× glycerol objective. For each field of view, 65-85 

slices were acquired and taking care not to saturate signal. Appropriate slices were maximum 

intensity projected using Fiji(ImageJ) (Schindelin J, 2012). 

 Embryo collections and fixation for chromatin preparation 

Embryos of wild-type and transgenic inSTEP fly lines were collected in different collection 

bins (3h20-6h30, 6h30-9h40 and 9h40-12h40 AEL). Collection, dechorionation and fixation of 

embryos were performed as described previously (Rothwell WF, 2007a; Sullivan, 2000). 

Briefly, embryos were transferred into stacked sieves under running water, mesh sizes were 

chosen to separate embryos from body parts and other debris. Embryos were dechorionated 

for 2 min in PBS with 0.1% Triton X-100 and 6% (v/v) Na-hypochlorite (bleach). After rinsing 

with copious amounts of water, the embryos were transferred into 40 ml fixative solution (1 

part aqueous phase: 50 mM HEPES (pH 8.0), 1 mM EDTA, 0.5 mM EGTA, 100 mM NaCl, 1.8% 

(v/v) formaldehyde; 3 parts organic phase: 100% (v/v) n-heptane) and shaken vigorously for 

15 min. To quench the fixation, the embryos were vigorously shaken for 1 min in PBS with 

0.1% Triton X-100 and 125 mM glycine. Afterwards, the embryos were washed twice with at 

least 30 ml ice-cold PBS with 0.1% Triton X-100. The embryos were weighed, shock frozen in 

liquid nitrogen and stored at -80 °C. A small sample of embryos was saved to investigate and 

validate an appropriate stage distribution of the collection. After fixation, the vitelline 
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membrane was removed by shaking vigorously in absolute methanol:heptane (1:1) for 2 min. 

The embryos were washed at least twice with absolute methanol and store at -20 °C. 

 Chromatin preparation 

Several stage-verified collections per genotype were combined, if necessary. 3g of fixed 

embryos were dounced 20 times with a loose pestle and 10 times with a tight pestle in 12 ml 

CLB (cell lysis buffer: 5 mM HEPES (pH 8.0), 85 mM KCl, 0.5% NP-40, supplemented with 

cOmpleteTM, EDTA-free protease inhibitor cocktail (Roche)). The lysate was filtered through 

two layers of Miracloth (Millipore). The nuclei were pelleted by centrifugation for 5 min at 

2000g at 4 °C. The nuclei were washed once with 15 ml CLB. Afterwards, the nuclei were lysed 

in 1 ml NLB (nuclear lysis buffer: 50 mM HEPES (pH 8.0), 10 mM EDTA, 0.5% N-lauroylsarcosine 

sodium salt, supplemented with cOmpleteTM, EDTA-free Protease Inhibitor Cocktail (Roche)) 

for 20 min at room temperature. Next, 1 ml ice-cold NLB was added and the solution was 

sonicated for 5 cycles : 30 seconds on, 90 seconds off, low intensity, using the Bioruptor® Plus 

(Diagenode). The solution was centrifuged for 10 min at full speed and 4 °C, before aliquoting, 

snap freezing and storing the sheared chromatin at -80 °C. A small aliquot of sheared 

chromatin was used to evaluate quality and measure concentration. 

 inSTEP 

For the isolation of enhancer-regulator complexes by inSTEP, sonicated chromatin 

extracted from inSTEP fly lines was incubated over night at 4 °C on a rotating wheel with 

μMACS anti-DYKDDDK (FLAG) microbeads (Miltenyi Biotech). 60µL of beads were used per 

120µg of chromatin, in 140 mM NaCl, 1% Triton X-100, 0.1% SDS and 0.1% Na-deoxycholate 

supplemented with 1 mM PMSF, 10 μg/ml aprotinin and 10 μg/ml leupeptin/pepstatin A. 

Before addition of the microbeads, 1% of the total volume was secured as input control. Next 

day, Miltenyi micro columns were placed in the magnetic field of the μMACS Separator (both 

Miltenyi Biotech) and equilibrated with RIPA 140 (10 mM Tris (pH 8.0), 140 mM NaCl, 1 mM 

EDTA, 1% Triton X-100, 0.1% SDS, 0.1% Na-deoxycholate). The bead-chromatin complexes 

were applied to the columns and washed once with RIPA 140, twice with RIPA 500 (same as 

RIPA 140 except 500 mM NaCl) and finally twice with TE (10 mM Tris (pH 8.0), 1 mM EDTA). 

All wash buffers were supplemented with 1 mM PMSF, and 10 μg/ml aprotinin, 

leupeptin/pepstatin A. The enhancer-regulated complexes were eluted from the columns by 

applying twice pre-heated 6 M guanidinium chloride. In order to reduce the amount of 

contaminants, mainly polymers, protein low binding tubes as tips were used. 
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 Quantitative PCR (qPCR) 

Quantitative PCR (qPCR) was performed on a CFX96 TouchTM (BioRad) cycler using 

SensiFastTM SYBR No-Rox (Bioline) reagents. Thermocycler conditions for a conventional qPCR 

were as follows: (1) 95 °C for 2 min, (2) 95 °C for 5 s, (3) 60 °C or 70 °C for 10 s (dependent on 

melting temperature of oligonucleotides), (4) 72 °C for 20 s, (5) 44 repeats of steps 2-4. 

Additionally, melt curve analyses were performed to assess oligonucleotide specificity. Fold 

enrichment was determined as ratio of the relative starting quantities of the targeted 

(positive) genomic region over a reference (negative, non-targeted) genomic region. Serial 

dilutions of chromatin or gDNA (dependent on sample material) created standard curves used 

as basis for the calculation of the relative starting quantities. A region in the oskar locus served 

as general negative reference. 

 SDS-Page and Western Blot 

Separation of protein samples was performed using 1 mm self-made Bis-Tris mini gels and 

the Mini-PROTEAN Tetra Cell system (Bio-Rad). Samples were prepared with 4x SDS sample 

buffer (200 mM Tris (pH 6.8), 8% (v/v) SDS, 40% (v/v) glycerol, a small amount of bromophenol 

blue, 5% (v/v) β-mercaptoethanol), heated for 5 min at 95 °C and run in SDS running buffer 

(25 mM Tris, 192 mM glycine, 0.1% (v/v) SDS) at 30 mA per gel until the bromophenol blue 

dye ran off the gel. Protein samples were then transfered onto a PVDF membrane in transfer 

buffer (200 mM Tris, 192 mM glycine, 20% (v/v) methanol) for 1 h at 250 V and 4 °C using the 

Mini Trans-Blot® Cell (Bio-Rad). Membranes were blocked for 1 h at room temperature in PBS 

with 0.1% Tween-20 and 10x Western Blocking Reagent. Primary antibodies were incubated 

over night at 4°C, secondary antibodies for 1 h at room temperature in PBS with 0.1% Tween-

20 and 10x Western Blocking Reagent. Proteins were visualized by chemiluminescence using 

PierceTM ECL Western Blotting Substrate. Imaging was performed with Image Quant LAS 4000 

or Amersham Imager 600 (both GE Healthcare). 

 Preparation of samples for mass spectrometry 

Protein pellets were resuspended in 50µL of 6M urea/2 M thiourea in 10 mM HEPES (pH 

8.0). Proteins were reduced by adding 3µL 10mM dithiothreitol (DTT) at room temperature 

for 30 min and alkylated with 5.5mM (final) iodoacetamide (IAA) at room temperature for 20 

min in the dark. Proteins were first digested by lysyl endopeptidase (LysC) (Wako) at room 

temperature for 3 hr. Then, the sample solution was diluted 1:4 with 50mM ammonium 
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bicarbonate (ABC) and further digested over night with Trypsin (Promega) at room 

temperature. 

The peptide solution was acidified by addition of trifluoroacetic acid (TFA, Sigma-Aldrich) 

before peptides were desalted using StageTips (Rappsilber J, 2003). In short, StageTips were 

prepared by inserting 3 discs of C18 material (3M) into 200 μL pipette tips. The C18 was 

activated by Buffer B (0.1% formic acid, 90% acetonitrile (ACN) in H2O). Organic solvents were 

washed away by Buffer A (0.1% formic acid, 3% acetonitrile (ACN) in H2O) before peptides 

were loaded onto the StageTips. Salts were washed away by washing the retained peptides in 

Buffer A. Peptides were eluted using Buffer B and organic solvent was evaporated using a 

speedvac (Eppendorf). 

Samples were diluted in no salt buffer (20% acetonitrile and 0.5% formic acid) and acidified 

by adding TFA before being put on SCX tips (strong cation exchange) (3M) (Kulak NA, 2014)In 

brief, 3 discs of SCX material (3M) were added to a 200 μL pipette tip and activated by 

sequentially washing in methanol, buffer B and 500 mM ammonium acetate in 20% 

acetonitrile and 0.5% formic acid. SCX tips were washed twice in no salt buffer (20% 

acetonitrile and 0.5% formic acid) before the samples were added. SCX tips were washed with 

no salt buffer, before peptide were eluted with 500+50% SCX buffer (500mM ammonium 

acetate, 50% acetonitrile (ACN) in H2O basis, 0.5% formic acid in H2O). 

Eluted samples where diluted to 3% ACN concentration with H2O and acidified with TFA. 

Samples were once again desalted on StageTips. Final resuspension was in 10µL Buffer A of 

which 4µL were inject per MS run. 

 Proteomics analysis - NanoLC-MS/MS 

Reversed-phase liquid chromatography was performed by employing an EASY nLC 1200 

(Thermo Fisher Scientific) using self-made fritless C18 microcolumns (Imami K, 2018) (75 μm 

ID packed with ReproSil-Pur C18-AQ 1.9-μm resin, Dr. Maisch GmbH) connected on-line to the 

electrospray ion source of a Q Exactive HF-X mass spectrometer (Thermo Fisher Scientific). 

The mobile phases consisted of (A) 0.1% formic acid and 3% acetonitrile and (B) 0.1% formic 

acid and 90% acetonitrile. For the samples, peptides were eluted from the analytical column 

at a flow rate of 250 nL/min by the gradient: 2%-4% B in 1 min, 4%-20% B in 67 min, 20%-30% 

B in 20 min, 30%-60% B in 10 min, 60%-90% B in 1 min and 90% B for 5 min. The mass 

spectrometer was operated in data dependent mode selecting ions from 350 to 1800 m/z with 

the top 20 most intense ions per the MS full scans being selected for higher-energy collision 
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dissociation (HCD). Full scans were performed with resolution of 60,000, a target value of 

3x106 ions and a maximum injection time of 10 ms. MS/MS scans were performed with a 

15,000 resolution, a 1x105 target value and a 66 ms maximum injection time. Isolation 

window was set to 1.3 m/z and normalized collision energy was 26. Ions with an unassigned 

charge state, singly charged ions and ions with charge stages larger than six were rejected. 

Former target ions selected for MS/MS were dynamically excluded for 30 s. 

 Mass spectrometry data analysis 

All raw data were analyzed and processed by MaxQuant (v1.5.5.1) with the built-in 

Andromeda search engine (Cox J, 2008). Spectral data were searched against a target-decoy 

database containing the forward and reverse protein sequences of UniProt Drosophila 

melanogaster proteome (downloaded 2017-01), the FNLDD protein and the default list of 

common contaminants with Trypsin/P specificity. Default settings were kept with the 

following exceptions: ‘match between runs’ was turned on (matching only between 

replicates), LFQ and IBAQ calculations were turned on. Search parameters included two 

missed cleavage sites, cysteine carbamidomethyl fixed modification and variable 

modifications including methionine oxidation, protein N-terminal acetylation. False discovery 

rate (FDR) was set to 1% at peptide spectrum match (PSM) level and at protein level. 

A minimum ratio count required for protein quantification was set to two. LFQ ratios were 

used for all analyses in this study. Following statistics were done using R (R version 3.3.1). The 

resulting text files were filtered to exclude reverse database hits, potential contaminants, and 

proteins only identified by site, i.e. protein identified only by modified peptides. For each 

comparison, data were further filtered to have a minimum of two LFQ values in the treatment 

group and log2 transformed. Missing values were imputed by random draw from Gaussian 

distribution with 0.3*standard deviation and downshift of 1.8*standard deviation of the 

observed values per sample. Significant differences between enhancer and LexA control lines, 

where tested by Welch t-test, selection of significant by Welch t-test modified by s0=0.1 

similar to SAM statistic (Tusher et al., 2001), specifically: 
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where ,  are the mean  with s0=0 i.e. unmodified Welch t-statistic and s0 across all 

genes and , ,  are the first groups sample mean for gene i, sample variance of gene 

i, and sample size of gene i respectively. 

Differences between different VND time points were tested by Welch-ANOVA (Welch, 

1951) of log2(LFQ) of VND minus mean of controls log2(LFQ) values of the respective time 

points early, mid and late, i.e. log2(LFQ) of VND over mean of controls, respectively, 

corresponding to log2 fold-changes to an averaged control. No multiple-testing correction was 

applied. Heatmaps were created using the heatmap.2 function of the gplots R-package with 

hierarchical clustering using a Euclidean distance for sample and protein clustering. 

Heatmaps show row-wise Z-scored log2(LFQ) values (logLFQ_Rho-lexA_M_Imp_BH-

none_min2) and log2(LFQ) of sample minus mean of controls log2(LFQ) values, corresponding 

to log2 fold-changes to an averaged control (logLFQmeanratio_VNDsign_Imp_BH-

none_min2) 

GO term enrichments were tested by Fisher’s exact test for the top 15% highest fold-

change proteins over the Drosophila UniProt proteome database. In addition to the 

significance cut-off applied, a minimum coverage of three proteins per category reported was 

required. Multiple-testing correction was applied by Benjamini-Hochberg (BH) methodology. 

 ChIP-seq 

For the ChIP against Vnd, 5µg sonicated chromatin extracted from wild type fly lines was 

incubated over night at 4 °C on a rotating wheel with 3µl antibody raised in guinea pig against 

Vnd in our lab by Lae Daempfling in RIPA 140 (140mM NACl , 10mM Tris-HCl pH=8, 1mM EDTA, 

1% Triton X100, 1% SDS, 0,1% NA-deoxiycholate with protease inhibitors). Before adding the 

antibody, 1% input control was taken to another tube and kept at 4°C until the next day. 

Protein A sepharose beads (Sigma P9424) were pre-absorved over night at 4°C on a rotating 

wheel in RIPA 140 supplemented with mg/mL of BSA. On day 2, the pre-absorved beads where 

spin down at 1000g for 2 minutes at 4°C, transferred to the chromatin-antibody mixture and 

incubated 3 hours in the rotating wheel at 4°C. The beads were them washed once for 10 

minutes with RIPA 140, four time for 10 minutes with RIPA 500 (500 mM NACl , 10mM Tris-

HCl pH=8, 1mM EDTA, 1% Triton X100, 1% SDS, 0,1% NA-deoxiycholate with protease 

inhibitors), once for 2 minutes with LiCl (250 mM LiCl , 10mM Tris-HCl pH=8, 1mM EDTA, 0,5% 

NP-40, 1% SDS, 0,5% NA-deoxiycholate with protease inhibitors) and twice for 2 minutes with 
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TE buffer (10mM Tris-HCl pH=8, 1mM EDTA). Beads were resuspended in 100µL of TE buffer. 

The immunopurified material and the input control were treated with RNaseA (50µg/mL) for 

30 minutes at 37°C and, then with ProteinaseK (0,5mg/ml) with 0,5% SDS at 37°C for at least 

one hour. The chromatin was reverse cross-linked over night at 65°C. On the third day, DNA 

was extracted using phenol:chloroform:isoamyl alcohol (25:24:1, v/v) and Phase Lock GelTM 

tubes. The DNA was precipitated for at least 30 min at -20 °C in 0.3 M sodium acetate (pH 5.0) 

and absolute ethanol. The enrichment of Vnd bound regions was then assessed by qPCR. 

ChiP-seq libraries were prepared using NEBNext® Ultra™ II DNA Library Prep Kit for 

Illumina® E7645, accordingly with the manufactor’s instructions.  

 ChIP-seq analysis 

Sequencing data was processed with PiGx - ChIPseq pipeline. The reads are mapped to the 

genome using Bowtie2 (Langmead & Salzberg, 2012) with -k1. For visualization purposes the 

reads are extended towards the 3’ end to 200bp, normalized to the library size, and converted 

into bigWig format. Peak calling was performed using MACS2 (v2.1.0.2, 

https://github.com/taoliu/MACS) with --keep-dup auto, and -q 0.05. 

 Motif Discovery 

DNA sequence was extracted in a region +/- 100bp around the peak centers of 1000 

topmost ranked peaks (ranked by p value). Motif discovery was performed using MEME 

(v4.10.1) (Bailey, Johnson, Grant, & Noble, 2015) with the following parameters: -nmotifs 15 

-minw 5 -maxw 15 -revcomp. Resulting motif were annotated with known drosophila 

transcription binding models using TomTom. Regions of +/- 100bp around ChIP-seq peak 

centers were scanned with novel binding motifs using the TFBStools (Tan G, 2016) package. A 

motif was considered present if the underlying sequence had a relative score bigger than 80% 

of the maximum motif score. Motif positions around the peaks were visualized fusing the 

genomation (Akalin A, 2015) package. 
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12 APPENDICES 

 Sequences 

> vndenhancer 

CCCCGGCATATGTTACGCACATTTACAGCGTATGGCGATTTTCCGCTTTCCACGGCCACGGCCACAGCTTCCCACCTGATAGG
ACAGCTCGGCAATGTGTGGGAATCGCAGTGAGGTGCCGGTAGGAGTGGCAGGTAAGCCTGGCCGCCTCGCAAGTTTCTCAC
ACTTCCAGGACATGTGCTGCTTTTTTGGCCGTTTTTCCCCGACTGGTTATCAATTGGCCGATTGGAAATTCCCCGATGGCGAT
GCGCTAGCGTGAGAACATGAGCTGCGAGCATCGGGTTTTTAGCATATCCATACCTGTGGCTCGTCCTGATGGGAAGCGAGA
AGCAGCAGGATCGGATGTAGGATGCAGGATATAGGGTATAGGCGCTGTTGCGCCTCACCCGCAACACCCACATTAGCATCG
GACCAGCGTCCAGTGTCCTGTTAATTGCTTTATGGACTCTCCACTTTCCGCTGCGTGGGAATCTTTGCTCATCCTACCTGTTTC
CATGCCACACCAACCCATTCCCACAGCATTGTCCTCCTTATGTGAAACTCTCTAGTTCAAGTTCAGTGTGAATATTTGTGTTGA
CTTTATTTTTAAACTTTTGGCCATTTGTTTTCAGTTTGCTGTTTGCCTGTAACC 

> rhoenhancer 

CTTGGGCAGGATGGAAAAATGGGAAAACATGCGGTGGGAAAAACACACATCGCGAAACATTTGGCGCAACTTGCGGAAGA
CAAGTGCGGCTGCAACAAAAAGTCGCGAAACGAAACTCTGGGAAGCGGAAAAAGGACACCTTGCTGTGCGGCGGGAAGCG
CAAGTGGCGGGCGGAATTTCCTGATTCGCGATGCCATGAGGCACTCGCATATGTTGAGCACATGTTTTGGGGGAAATTCCCG
GGCGACGGGCCAGGAATCAACGTCCTGTCCTGCGTGGGAAAAGCCCACGTCCTACCCACGCCCACTCGGTTACCTGAATTCG
AGCT 

> 1070enhancer 

ATTCTATGGAGGGCGGTTTCGCCCCCACCTTCCCTTGCCATGTGACCATGGCCGTATAAATTCGAACAAAAATTCACAACGCT
CGACTTGAAATTTCCCTCAAATTGCTAAAAATAAAATAACGCATTTGTGCGTGCGTTTGTGTGCGAGCGTGTTTTTGGTGAAA
ACATCGTGGAAAATGCACCCCATGCGCCGCTCGAAAAATGCTAGCCTGTACTTAACGGGGGCGTGGTCGTCGGCTTTCCATT
TCCCGAATTTCCACATGTTCATTGAGCGGCAAACTGCAACTGCAACCGCCACACTCGAGTGGCGCTGGCGGCACAAATGGCA
TGGCTCGCTATTTATAGCCAACGCATTCGTATCTGCGCGCTTCATGGAGAGCATATGTACTTTTGTATCTATATCTATGCATAT
GCATATCTACGGCCGGATCTGCAACGACTTTGTCATATCTACATATACATATAAATAAATATGTACATATGTACGTGAAGGGA
CTGTCGCCCGGGAAACGCGATTTGAGTTACATACAAACGATCATTGCAAACATCAGTTTTATATCTGACGCCATACGCC 

> 8x lexA DNA-binding sequence 

TCGACTGCTGTATATAAAACCAGTGGTTATATGTACAGTACTGCTGTATATAAAACCAGTGGTTATATGTACAGTACGCCTCG
ACTGCTGTATATAAAACCAGTGGTTATATGTACAGTACTGCTGTATATAAAACCAGTGGTTATATGTACAGTACG 

> FNLDD protein 

MDYKDHDGDYKDHDIDYKDDDDKLAAANSSIDRSPPKKKRKVEPEGMKALTARQQEVFDLIRDHISQTGMPPTRAEIAQRLGFR
SPNAAEEHLKALARKGVIEIVSGASRGIRLLQEEEEGLPLVGRVAAGEPLLAQQHIEGHYQVDPSLFKPNADFLLRVSGMSMKDIGI
MDGDLLAVHKTQDVRNGQVVVARIDDEVTVKRLKKQGNKVELLPENSEFKPIVVDLRQQSFTIEGLAVGVIRNGDWL 

> MIN tag 
 
GGTTTGTCTGGTCAACCACCGCGGTCTCAGTGGTGTACGGTACAAACC 

 Oligonucleotides 

 
Primer 
Number 

Primer Name Primer Sequence      (5’ 
to 3’) 

Description 

1 
 

8x lexA Forward 
 

ACCGGTTCGACTGCTGTAT
ATAAAACCAGTGG 

Specific primer for the lexA sequence in the 
enhancer clusters; Together with the primer 
n. 5 allows to confirm the presence of the 
right enhancer construct. 
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2 
 

vndenhancer Forward CAATAATCCAGCGATTTG
GGTGC 

Specific primer for the vnd enhancer. 
Together with the primer n. 5 allows to 
confirm the presence of the right enhancer 
construct. 

3 rhoenhancer Forward CTTGGGCAGGATGGAAAA
ATGG 

Specific primer for the rho enhancer. 
Together with the primer n. 5 allows to 
confirm the presence of the right enhancer 
construct. 

4 1070enhancer Forward ATTCTATGGAGGGCGGTT
TC 

Specific primer for the 1070 enhancer. 
Together with the primer n. 5 allows to 
confirm the presence of the right enhancer 
construct. 

5 Spacer 1 Reverse GCGTCTGGCCTTCCTGTAG
C 

Specific primer for the spacer 1 sequence in 
the enhancer construct. 

6 Spacer 2 Forward GCCATGTCTGCCCGTATTT
CG 

Specific primer for the spacer 2 sequence in 
the enhancer construct. 

7 vnd:FNLDD forward CTGTGTCAATCGTGTGAAT
GGC 

Specific primer for the vnd enhancer. 
Together with the primer n. 8 allows to 
confirm the presence of the right FNLDD 
construct. 

8 FNLDD reverse CAGCAGGAAATCAGCATT
CGG 

Specific primer for the FNLDD sequence in 
FNLDD construct. 

9 J27 landing site forward CAGGCTGCACACGACAAG Specific for the C31 landing site of J27 flies. 
Together with primer n. 10 allows to survey 
zygosity.  

10 J27 landing site reverse GCACTGGCTGCATCAC Specific for the C31 landing site of J27 flies. 
Together with primer n. 9 allows to survey 
zygosity. 

11 BigH1 ISH probe forward TTTTCTGTGCATTAACAGT
CATTGC 

Specific for BigH1 cDNA. Together with 
primer 12 was used to transcribe ISH 
probes. 

12 BigH1 ISH probe reverse NNNNTAATACGACTCACT
ATAGGGGCTAGGAACTAA
AAAAGTATCAATTTTATTT
AAAC 

Specific for BigH1 cDNA with T7 sequence.  

13 CG31365 ISH probe forward AACCTGTCTGCGGTCACAT
TG 

Specific for CG31365 cDNA. Together with 
primer 14 was used to transcribe ISH 
probes. 

14 CG31365 ISH probe reverse NNNNTAATACGACTCACT
ATAGGGATTAAAAATACG
TATATTTGCCTATAAAATT
GTAC 

Specific for CG31365 cDNA with T7 
sequence. 

15 CG32772 ISH probe forward CAGCGCAACAATAACATC
GGG 

Specific for CG32772 cDNA. Together with 
primer 16 was used to transcribe ISH 
probes. 

16 CG32772 ISH probe reverse NNNNTAATACGACTCACT
ATAGGGCGTTTCTTAATGT
TGATTTTTTGTAATGG 

Specific for CG32772 cDNA with T7 
sequence. 

17 CG42726 ISH probe forward CGAGAAAGAAGAAGCATA
GCTG 

Specific for CG42726 cDNA. Together with 
primer 18 was used to transcribe ISH 
probes. 

18 CG42726 ISH probe reverse NNNNTAATACGACTCACT
ATAGGGAGGATGTAAGGC
AATGGTTTATTAC 

Specific for CG42726 cDNA with T7 
sequence. 

19 Df31 ISH probe forward CTCTCTCATTCGGCGTTTTT
C 

Specific for Df31 cDNA. Together with 
primer 20 was used to transcribe ISH 
probes. 
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20 Df31 ISH probe reverse NNNNTAATACGACTCACT
ATAGGGGGGATATAATGT
CATGAGTCAAGAG 

Specific for Df31 cDNA with T7 sequence. 

21 numb ISH probe forward ATGGGAAACTCCTCGTCA
CAC 

Specific for numb cDNA. Together with 
primer 22 was used to transcribe ISH 
probes. 

22 numb ISH probe reverse NNNTAATACGACTCACTA
TAGGGCTAGAGCTGCACC
TGGAATG 

Specific for numb cDNA with T7 sequence. 

23 CG31998 ISH probe forward GCGCACCAGCTGCTATACT
A 

Specific for CG31998 cDNA. Together with 
primer 24 was used to transcribe ISH 
probes. 

24 CG31998 ISH probe reverse NNNNTAATACGACTCACT
ATAGGGTGGCTGGGCATC
AAACTAGG 

Specific for CG31998 cDNA with T7 
sequence. 

25 CG4707 ISH probe forward TTCATGCACGCCCCTGTCA
AC 

Specific for CG4707 cDNA. Together with 
primer 26 was used to transcribe ISH 
probes. 

26 CG4707 ISH probe reverse NNNNTAATACGACTCACT
ATAGGGCCACGTCTACTTA
TTTATGGCTTAACTTATC 

Specific for CG4707 cDNA with T7 sequence. 

27 JHDM2 ISH probe forward ATGTCGCAAAAAGAATTG
GCGG 

Specific for JHDM2 cDNA. Together with 
primer 28 was used to transcribe ISH 
probes. 

28 JHDM2 ISH probe reverse NNNNTAATACGACTCACT
ATAGGGGATCTGTGTTAG
CATCAGCTCG 

Specific for JHDM2 cDNA with T7 sequence. 

29 Smyd4-4 ISH probe forward TATATTCGCAGGCTATACT
CCAC 

Specific for Smyd4-4 cDNA. Together with 
primer 30 was used to transcribe ISH 
probes. 

30 Smyd4-4 ISH probe reverse NNNNTAATACGACTCACT
ATAGGGAGGTTGCATAAT
AATCCTTTGTTTG 

Specific for Smyd4-4 cDNA with T7 
sequence. 

31 Rassf ISH probe forward TTTCATTTCATTGTTCTGTT
CTCTTTC 

Specific for Rassf-4 cDNA. Together with 
primer 32 was used to transcribe ISH 
probes. 

32 Rassf ISH probe reverse NNNNTAATACGACTCACT
ATAGGGCTGTTGTAAAAT
TTTCATTTTATTGGATTTCC 

Specific for Rassf cDNA with T7 sequence. 

33 ind enhancer forward CGCTACGCTCCTTGAATGA
ATTTGCG 

qPCR primer targeting the module C of the 
ind enhancer described in (Stathopoulos 
and Levine, 2005). To be used with primer 
n. 34. 

34 ind enhancer reverse CCGATTTACCTGATCTCAT
CCCGATCG 

qPCR primer targeting the module C of the 
ind enhancer described in (Stathopoulos 
and Levine, 2005). 

Table 3 Oligonucleotides used in this study. 
Presented are the name, sequence from 5’ to 3’ and a brief description of what was each oligonucleotide used 
for. 
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 inSTEP contructs – vector maps 

 

 

  

Figure 12-1 Vector map of lexA control contruct 
pGsp(2+) plasmid backbone with 3xlexA construct inserted. The lexA construct has a spacer sequence on 
either side and it drives the expression of a reporter gene, Citrine, under the control of a minimal promoter 
hsp70. There is a SV40 polyA element and an attB site and loxP site used for genomic insertion. It also contains 
a gypsy element, a white dominant eye marker under a T7 promoter and an ampicillin resistance. The size of is 
12811 basepairs.  
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Figure 12-2 Vector map of vndenhancer construct  
pGsp(2+) plasmid backbone with 3xvndenhancer-lexA construct inserted. The 3xvndenhancer-lexA construct has a 
spacer sequence on either side and it drives the expression of a reporter gene, Citrine, under the control of a 
minimal promoter hsp70. There is a SV40 polyA element and an attB site and loxP site used for genomic 
insertion. It also contains a gypsy element, a white dominant eye marker under a T7 promoter and an 
ampicillin resistance. The size of is 15039 basepairs.  
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Figure 12-3 Vector map of the rhoenhancer contruct 
pGsp(2+) plasmid backbone with 3xrhoenhancer-lexA construct inserted. The 3xrhoenhancer-lexA construct has a 
spacer sequence on either side and it drives the expression of a reporter gene, Citrine, under the control of a 
minimal promoter hsp70. There is a SV40 polyA element and an attB site and loxP site used for genomic 
insertion. It also contains a gypsy element, a white dominant eye marker under a T7 promoter and an ampicillin 
resistance. The size of is 13813 basepairs.  
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Figure 12-4 Vector map of the VC:FNLDD construct 
pH plasmid backbone with vnd-FNLDD construct inserted. The vndenhancer drives expression of the FNLDD  protein 
under the control of a hsp70 promoter. There is a gyspy insulator on either side of the vndenhancer:FNLDD. It also 
contains a mini-white gene and 3’ and 5’ end P-element, used for genomic insertion. There is a SV40 polyA 
element and an attB site and loxP site used for genomic insertion. The size of is 10749 basepairs.  

 

 



 

 

106 

 inSTEP enhancer lines 

 

 Antibodies 

Name Source Usage concentration Source Animal  
FLAG Sigma (F3165) 1:500 (for Ab staining) 

1:1000 (for Western blot) 
Mouse 

Vnd Lea Daempfling 
(Robert Zinzen Lab) 

1:1000 Guinea pig 

Min Sebastian Bultmann 
Lab 

1:1000 Rat 

Guinea pig IgG Life technologies  1:500  
Mouse IgG Life Technologies 1:500  

Figure 12-5 Spatio-temporal activity driven by the enhancer lines. 
(A) The Citrine expression driven by the vndenhancer cluster was visualized by ISH using an anti-Citrine probe 

(top panel). The expression of vnd was visualized by ISH using an anti-vnd probe (mid panel). The merge 
of both signals is shown in the bottom panel.  

(B) The Citrine expression driven by the rhoenhancer cluster was visualized by ISH using an anti-Citrine probe 
(top panel). The expression of rho was visualized by ISH using an anti-rho probe (mid panel). The merge 
of both signals is shown in the bottom panel.  

(C) The Citrine expression driven by the 1070enhancer cluster was visualized by ISH using an anti-Citrine 
probe. 

Stages 9, 11 and 12 embryos are shown, ventral view, anterior left.  
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Table 4 Antibodies used in this study 
Presented are the antigen, the source, the usage concentration and the animal where it was raised. 

 Candidates identified by mass spectrometry 

A complete list of proteins identified by mass spectrometry may be find at smb://mdc-

berlin.net/fs/ag_zinzen/Guimaraes_Ana/THESIS. To get access to this information please 

contact myself (ana.guimaraes@mdc-berlin.de) or Robert Zinzen (Robert.zinzen@mdc-

berlin.de). 

 Heatmaps 

 

 

Figure 12-6  Z-score heatmap of the log2 LFQ values for the enhancer putative regulators. 
Shown is row-wise Z-scored log2(LFQ) values. Each column represents an individual replicate of a sample (left 
hand side), or the negative control, lexA (right hand side), both in the mid time bin. The color scale in 
represented on the lower left corner. 
Dendograms represent the default hierarchial clustering using complete linkage obtained with the heatmap.2 
function of the R package gplots (Wickham H, 2016). 
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 Venn Diagrams 

 

  

Figure 12-7 Number of identified proteins in each sample/control, per replicate. 
Venn diagrams representing the number of proteins identified in each replicate of each sample or control used in 
this study. Each circle represents a replicate and the size is proportional to the number of identified proteins. 



 

 

109 

 inSTEP – GO term analysis  

 

Figure 12-8 GO term enrichment of the putative enhancer regulators 
(A) GO term enrichment analysis of each sample putative regulators (using only the top 15% 

regulators considering the LFQ fold-change in comparison with the negative control). The x-axis 
shows the -log10 of the adjusted p-values.   
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 ChIP-seq - GO term analysis  

 

Figure 12-9 GO term analysis of the Vnd-bound genes 
Represented are the most meaningful terms found after GO term analysis of the genes bound 
by Vnd at each dynamic group. The x-axis shows the -log10 of the adjusted p-value for each 
term.  

 

 

Figure 12-10 ImaGO analysis term of Vnd bound genesFigure 12-11 GO term analysis of the 
Vnd-bound genes 
Represented are the most meaningful terms found after GO term analysis of the genes bound 
by Vnd at each dynamic group. The x-axis shows the -log10 of the adjusted p-value for each 
term.  
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 ChIP seq – ImaGO terms 

 

 

Figure 12-12 ImaGO analysis term of Vnd bound genes 
Represented are the most meaningful terms found after GO term analysis of the genes bound by Vnd at 
each dynamic group. The x-axis shows the enrichment for each term. 

 

Figure 12-13 ImaGO analysis term of Vnd bound genes 
Represented are the most meaningful terms found after GO term analysis of the genes bound by Vnd at 
each dynamic group. The x-axis shows the enrichment for each term. 
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