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Zusammenfassung 

Die Transrkriptionsrate eines Gens im endogenen nukleären Kontext ist eine 

biologische Größe, deren Ausprägung durch eine Vielzahl von Faktoren bestimmt wird. 

Die Kontrolle der Gentranskriptionsrate durch eine Veränderung der umgebenden 

Chromatinstruktur kann durch die Anwesenheit von epigenetischen 

Multiproteinkomplexen, von kovalenten Chromatinmodifikationen, von RNA Strukturen 

und strukturbestimmenden biophysikalischen Effekten beeinflusst werden. Die 

Verknüpfung all dieser Faktoren über regulatorische Interaktionen bildet ein komplexes 

Netzwerk der epigenetischen Genregulation. Das Ziel dieser Arbeit war es, bisher 

unbekannte regulatorische Interaktionen von Chromatineffektorproteinen innerhalb 

dieses Netwerks aufzudecken und zu charakterisieren. Damit sollte das Wissen über 

essentielle Mechanismen der Steuerung von Genexpression erweitert werden. 

Chromatineffektoren sind nukleäre Proteine, welche die Expression eines Gens durch 

die lokale Einführung oder Aufrechterhaltung eines entweder repressiven oder 

aktivierenden Chromatinzustands kontrollieren. Um funktionell verknüpfte 

coregulatorische Proteine umfassend identifizieren zu können, wurde ein neuartiges, 

dynamisch verfolgbares Reportersystem zur Messung der Aktivität epigenetischer 

Effektorproteine in lebenden Zellen etabliert. Durch die Kombination dieses 

fluoreszierenden Reportersystems mit einer leistungsstarken RNAi screening Methode 

wurde die DEAD-box Helikase 19A (DDX19A) als neuer Coregulator der Lysin-

spezifischen Demethylase LSD1 identifiziert. LSD1 reguliert im Zusammenspiel mit 

vielen Interaktoren die Expression essentieller entwicklungsspezifischer Gene und 

spielt damit eine wichtige Rolle in der Zelldifferenzierung. Die durch LSD1 gesteuerten 

Prozesse sind bisher nicht vollständig verstanden und ihre Fehlsteuerung ist 

verbunden mit der Entwicklung verschiedener Krebsarten. Im Zuge der funktionellen 

Charakterisierung der Interaktion von LSD1 und DDX19A in Zellen konnte gezeigt 

werden, dass die Unterdrückung der Expression von Ddx19a zu einem Anstieg von R-

loop Strukturen und der Reduzierung von LSD1 vermittelter Genrepression führt. 

Weiter konnte gezeigt werden, dass DDX19A an das dreifach methylierte Lysin 27 an 

Histon 3 (H3K27me3) bindet, und dass die Aktivität von DDX19A die Expression von 

Genen durch die Entfernung transkriptionsfördernder R-loops reguliert.  

Zusammengenommen führten diese Beobachtungen zur Entdeckung einer bisher 

unbekannten regulatorischen Kaskade, die abhängig von der Demethylierung von 
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H3K4 durch LSD1 die Stilllegung stark aktiver Gene herbeiführt. Die H3K4-

Demethylierung ermöglicht dem Polycomb Repressive Complex 2 (PRC2) aktiv zu 

werden und H3K27 zu methylieren, was eine Bindestelle für DDX19A erzeugt. Die 

Bindung von DDX19A führt zur Entfernung von co-transkriptionell auftretenden R-

loops, was die Aktivität von LSD1 und PRC2 wiederum weiter steigert. Diese 

Beobachtungen beschreiben die Etablierung eines positiven Feedback-loops, welcher 

die Stilllegung eines stark transkribierten Zielgenes ermöglicht. Diese Entdeckungen 

liefern ein neues Beispiel für eine Kaskade aus mehreren regulatorischen Ereignissen, 

welche hintereinander geschaltet auftreten müssen um die epigenetischen Barrieren 

zu überwinden, die den Übergang eines aktiven in einen inaktiven Chromatinzustand 

verhindern. Die Komplexität des epigenetischen Netzwerks wird durch das 

Zusammenspiel solcher Erhaltungsmechanismen mit regulatorischen Feedback-

Loops und der stark kontextabhängigen Aktivität von Chromatineffektorproteinen 

aufgebaut, und stellt nach wie vor eine große Herausforderung für die funktionelle 

Untersuchung epigenetischer Effektoren in vivo dar. 

Das synthetische Reportersystem wurde im Weiteren dafür eingesetzt, das Krüppel-

assoziierte Box-Protein (KRAB) zu charakterisieren. KRAB ist eine Repressordomäne, 

die für den Einsatz in synthetischer Biologie und in Epigenom-Editierung weit verbreitet 

ist. Die Interaktion von KRAB mit verschiedenen Mitgliedern des Human Silencing 

HUB (HUSH) Komplexes wurde in zwei verschiedenen Zelllinien untersucht. Dabei 

wurde eine unterschiedliche Bedeutung der verschiedenen HUSH Komponenten für 

die Fähigkeit von KRAB, das synthetische Reportergen in NIH/3T3 Zellen stillzulegen, 

festgestellt. In iMEF Zellen konnte kein Effekt der HUSH Komponenten auf die Aktivität 

von KRAB am Reporter festgestellt werden. Daraufhin wurde das coregulatorische 

Netzwerk um die KRAB Repressordomäne in iMEF Zellen mittels eines RNAi Screens 

umfassend analysiert. Die Ergebnisse dieser Arbeit lieferten überraschende 

Informationen über das beobachtbare Ausmaß an Variabilität bei der 

Zusammensetzung von Coregulatorkomplexen im Kontext einer einzigen 

Effektordomäne. Aufbauend auf den Ergebnissen aus diesem Kapitel kann eine 

tiefergehende Untersuchung der regulatorischen Mechanismen, die die Stillegung von 

Genexpression durch KRAB vermitteln, erfolgen. Dies könnte dabei helfen, effektivere 

und zelltypspezifische Repressorkonstrukte für CRISPRi Ansätze zu entwickeln. 
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Abstract 

The rate of transcription of a gene is a statistical event, that can be influenced by a 

multitude of nuclear parameters. A mayor factor is the nature of the local chromatin 

environment, which is composed of regulatory multiprotein complexes, covalent 

chromatin modifications, RNA structures and structure-determining biophysical effects. 

These factors integrate into a complex network of epigenetic gene regulation. The aim 

of this work was to reveal and characterize novel regulatory interactions of known 

chromatin effector proteins in this network, thereby enhancing the knowledge about 

essential mechanisms driving gene expression. 

Chromatin effectors are nuclear proteins that can control gene expression by the 

establishment or maintenance of either a repressive or an activating chromatin state. 

To be able to comprehensively identify functional coregulators of these effectors, a 

novel tractable fluorescent reporter system to monitor the activity of epigenetic effector 

proteins in living cells was established. By combination of this reporter system with a 

state-of-the-art multiplexed RNAi screen, the DEAD-box helicase 19A (DDX19A) was 

identified as a novel coregulator of the lysine specific demethylase 1 (LSD1). LSD1 

plays a pivotal role in cellular differentiation by regulating the expression of key 

developmental genes in concert with different coregulatory proteins. This process is 

impaired in different cancer types and incompletely understood. During the functional 

characterization of the interaction between LSD1 and DDX19A, it was demonstrated 

that suppression of Ddx19a results in an increase of R-loops, and a reduction of LSD1-

mediated gene silencing. It further was shown that DDX19A binds to tri-methylated 

lysine 27 of histone 3 (H3K27me3) and that it regulates gene expression through the 

removal of transcription promoting R-loops. Together, these results uncovered a so far 

unknown transcriptional regulatory cascade, in which the downregulation of highly 

active genes is dependent on the LSD1 mediated demethylation of histone H3 lysine 

4 (H3K4). This epigenetic trigger allows the Polycomb repressive complex 2 (PRC2) 

to methylate H3K27, which serves as a binding site for DDX19A. Finally, the binding 

of DDX19A leads to the efficient removal of R-loops at active promoters, which further 

de-represses LSD1 and PRC2 at these sites. The observations describe a novel 

mechanism that enables the robust repression of a highly expressed target gene by 

the establishment of a positive feedback loop. The model presents a valuable example 

for the cascade of multiple events that need to be activated to overcome the epigenetic 
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barriers preventing the transition from an active to an inactive chromatin state. The 

complexity of the epigenetic regulatory network that is built by the interplay of such 

maintenance mechanisms, of feedback-loops and the highly context-dependent 

activities of chromatin regulators, still poses a great challenge for the functional 

investigation of epigenetic effectors in vivo. 

The fluorescent reporter system was further applied for the characterization of the 

Krüppel-associated box (KRAB) domain, a repressive domain that is widely used in 

epigenome editing approaches. The interaction of the KRAB domain with different 

members of the Human Silencing Hub (HUSH) complex was analysed in two different 

cell lines. This revealed a variability in the importance of the HUSH complex for KRAB 

mediated silencing of gene expression from the synthetic reporter, compared to 

published literature and among the two analysed cell lines. The coregulator network 

surrounding the KRAB repressor domain was thereupon characterized using a 

comprehensive RNAi screen in iMEF cells. The results from this work delivered 

surprising data about the observable extent of variability in the assembly of coregulator 

complexes around a single chromatin effector. Building up on the observations from 

this chapter, further analysis of the regulatory mechanisms mediating KRAB silencing  

will help to develop more effective, cell-type specific repressor constructs for CRISPRi 

approaches.  
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1. Introduction 

1.1. The many facets of epigenetic gene regulation 

1.1.1. The definition of epigenetics 

The scientific field of epigenetics can look back on several decades of research, during 

which the definition of the term “epigenetics” has come into existence at an early stage 

and has been evolving gradually since. Relating to the literal meaning of the term, epi-

genetic information can be described as an additional layer of information on top of the 

genetic information that is stored in form of the DNA base sequence. This additional 

level of information plays an essential role in mediating the programmed readout of 

DNA. The influence becomes apparent when looking at the complexity of a mature 

organism. Every mammalian organism can be traced back to a single fertilized egg but 

is eventually composed of a variety of highly specific and phenotypically different 

somatic cells, each of them carrying the same genetic information. In 1942, Conrad 

Waddington was the first to mention the term epigenetics as “the processes involved 

in the mechanism by which the genes of the genotype bring about phenotypic effects” 

(Waddington, 1942). Back then, this definition described all events during development 

that translate the genetic starting material contained in a fertilized cell, to shape the 

final “product”: a mature organism (Allis et al., 2007; Waddington, 1953). Without 

knowledge about the underlying molecular mechanisms, Waddington proposed the 

model of an epigenetic “landscape” (Waddington, 1957), which describes the 

developmental process from pluripotent stem cells to differentiated cell types (Figure 

1a). 

At this time, it was known that the information needed for the development of each 

somatic cell is stored in the nuclei of cells in the form of chromosomes. However, there 

was a debate on how the information was passed on after fertilization of the egg during 

embryonic development (Allis et al., 2007). There were two models circulating among 

embryologists: one acted on the assumption that each cell contains preformed 

elements that enlarge during development, and the other that the developmental 

process involves chemical reactions among soluble components that execute a 

complex developmental plan (Allis et al., 2007). With the description of the helical DNA 

structure (Watson & Crick, 1953), the nucleosome as a structural unit of chromatin 

(Kornberg & Thomas, 1974; Richards & Pardon, 1970) and an increasing number of 
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chemical modifications on chromatin (Murray, 1964; Ruiz-Carrillo et al., 1975), the 

second hypothesis became more conclusive. 

 

Figure 1: Epigenetic gene regulation integrates genetic information and environmental 
signals to produce specific phenotypes. a, The “Epigenetic landscape” as proposed by C. 
Waddington. Pluripotent cells are depicted as a marble at the top of a mountain ridge. The way 
down the slope represents cell differentiation during development. At every junction, cells 
further differentiate into progenitor cells of specific cell types until they reach the fully 
differentiated stage. The genetic material is not changed during this process. The model 
illustrates the unidirectionality of cell differentiation, and the epigenetic barriers preventing a 
transition between different cell type specific pathways (red arrows). Image adopted from 
Waddington, 1957. b, Gene regulation programs give rise to the formation of distinct 
phenotypes of cells, organs, and whole organisms. Variations in the genetic information can 
either influence the phenotypic outcome directly, or induce variations in the installation of 
epigenetic modification patterns that drive gene regulation. Environmental signals are 
integrated into gene regulation programs via signal transduction pathways during the whole 
life-cycle of an organism or cell. 

Today, a common definition of the term epigenetics is “the study of mitotically and/or 

meiotically heritable changes in gene function that cannot be explained by changes in 

DNA sequence” (Russo et al., 1996). Importantly, DNA does not exist “naked”, but is 

embedded into a context of structural proteins that undergo, like the DNA bases 

themselves, covalent and chemical modifications. The combination of DNA, RNA and 

structural proteins in this form is called chromatin. The modifications to chromatin can 

be stably inherited, thereby passing on genetic programs from one cell generation to 

another (Ciabrelli et al., 2017; Moussa et al., 2019; Stewart-Morgan et al., 2020; Jing 

Wang et al., 2009). The initial pattern of epigenetic modifications to chromatin is 

determined by the genetic material of a cell, which encodes for a basic configuration 

of chromatin regulators (Figure 1b). The expression and activity of these chromatin 

regulators, which regulate epigenetic modification patterns by a variety of mechanisms, 
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can undergo dynamic changes in response to environmental signals (Figure 1b). By 

linking the activity of epigenetic regulators to signal transduction pathways, cellular 

gene expression programs can be adapted to environmental changes (Amit et al., 

2016; Bar-Sadeh et al., 2020; Cavalli & Heard, 2019; Mazzio & Soliman, 2012). To 

accurately control the maintenance and distribution of chromatin modifications, 

epigenetic regulation works in highly complex networks of chemical signals, sensory 

proteins and active enzymes. In the following paragraphs, the complexity of epigenetic 

gene regulation will be described to illustrate the importance of comprehensive studies 

on the underlying mechanisms.  

1.1.2. Chromatin structure and the regulation of gene expression 

Epigenetic regulation of gene expression is mediated by a variety of molecular and 

biochemical mechanisms: the post-translational modification of histone proteins, the 

architectural organization of DNA into 3D chromatin structures, the covalent chemical 

modification of DNA bases, and the presence of regulatory RNA structures. The 

function and significance of the different mechanisms will be explained in the following 

paragraphs, while taking into consideration their respective relevance for this work.  

Each human cell contains about 3 billion DNA base pairs, encoding for around 20,000 

protein coding genes, more than 9,000 long noncoding RNAs (lncRNAs) and almost 

12,000 pseudogenes (Harrow et al., 2012). Other mammalian genomes are 

comparable in size (e.g. 2.7 billion base pairs in mice, according to mouse reference 

genome assembly GRCm39; https://www.ncbi.nlm.nih.gov/grc/mouse/data). Even 

eukaryotic microorganisms like the yeast Saccharomyces cerevisiae contain a genome 

of about 12 million base pairs (according to https://www.yeastgenome.org/). To store 

this large amount of DNA inside each nucleus and keep the information in an organized 

and retrievable way, the DNA strands are compacted multiple times by mechanisms 

that are conserved among all eukaryotes. The DNA double helix is wrapped around an 

octamer of structural proteins called histones (H2A, H2B, H3 and H4), forming DNA-

protein complexes called nucleosomes, which are the smallest structural unit of 

chromatin (Figure 2a and Figure 4). Due to the phosphate backbone of DNA, the 

resulting chromatin is a negatively charged polymer with an innate electrostatic 

repulsion (Maeshima et al., 2020). This repulsion counteracting condensation of the 

individual nucleosomes is compensated by the positive charge of the histone proteins 

and the structural function of the H1 linker histones (Cutter & Hayes, 2015; Zhou et al., 
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2020). The three-dimensional organization of nucleosomes along this polymer is 

regulated by chemical modifications of the chromatin, by local salt conditions and the 

presence of linker histone proteins (Maeshima et al., 2020; van Emmerik & van Ingen, 

2019; Zhou et al., 2020). The open nucleosome “string” can be further condensed by 

stacking the nucleosomes on top of each other in a 30 nm fibre (Figure 2a, b) (F. Song 

et al., 2014; van Emmerik & van Ingen, 2019). This highly condensed ubiquitous form 

of chromatin is called heterochromatin, in contrast to the more accessible structure of 

euchromatin. Besides other intermediate forms of chromatin compaction that can form 

during interphase (Grigoryev, 2004), chromatin is further organized into highly 

condensed expanding domains during mitosis, peaking in the formation of 

chromosomes that are apportionable to two daughter cells (Antonin & Neumann, 

2016).  

 
Figure 2: Structural organization of DNA in the form of chromatin. a, The organizational 
structure of a DNA strand wrapped around a heterocomplex of four histone proteins is called 
the nucleosome (top left). Nucleosomes can be organized in the nucleus in an accessible 
conformation that is called euchromatin, thereby forming a chromatin fiber that has a diameter 
of 10 nm. The chromatin strand can be further condensed into heterochromatin in the form of 
a highly-structured 30 nm chromatin fiber that is less accessible for histone- and DNA- 
interacting proteins. The degree of chromatin condensation depends on the length of the linker 
DNA, the presence of linker histones, of chromatin modifications (asterisks and dots) and 
chromatin effector proteins. The image was adopted from van Emmerik & van Ingen, 2019. b, 
Condensation of the beads-on-a-string 10 nm fibre into the 30 nm fibre. A Cryo-EM micrograph 
of 30 nm chromatin fibers reconstituted on 12 ×187 bp DNA is shown. Scale bars indicate 50 
nm. bottom: schematic representation of the cryo-EM structure of a 30-nm chromatin fiber. The 
succession of nucleosomes along the DNA strand (green) is indicated with numbers N1-N12. 
The images in b were taken from F. Song et al., 2014. 
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The protein abundance in a cell is regulated at six major levels: at the level of 

transcription, of RNA processing, mRNA degradation, translation, protein modification 

or protein degradation. However, statistical analyses suggest that the main 

determinant of protein levels in the cell is the rate of transcription (J. J. Li et al., 2014; 

J. J. Li & Biggin, 2015). The organization of DNA sequences into hetero- and 

euchromatic domains is an early-acting and stable instrument to install cell-type 

specific protein expression profiles (Guelen et al., 2008). Focusing on the interphase 

manifestations of compacted chromatin, DNA can be packaged into heterochromatin 

to downregulate transcription either in a facultative, meaning reversible, or a 

constitutive and more stable way. DNA regions that are stored in the form of 

heterochromatin are not accessible to the transcription and replication machineries 

(Groth et al., 2007; B. Li et al., 2007). 

To enable the expression of a specific gene, the respective genetic locus usually needs 

to adopt the more accessible form of chromatin called euchromatin (Bulut-Karslioglu 

et al., 2018). Transcriptionally active euchromatic regions require this more open 

conformation to enable transcription factor (TF) binding and access of RNA 

polymerase II. Euchromatin is characterized by variants of the histone core particles 

H2A (Papin et al., 2020; Raisner et al., 2005; Zilberman et al., 2008) and H3 (Ahmad 

& Henikoff, 2002; C. Jin et al., 2009; Loppin & Berger, 2020) and by the presence of 

specific histone posttranslational modifications (PTMs) that are related to actively 

transcribed chromatin (Ernst et al., 2011). 

Facultative heterochromatin formation is a means to prevent the aberrant transcription 

of genes by condensation of the respective loci. Facultative heterochromatin is 

installed by specific chromatin remodelling complexes to fine-tune gene expression 

(Becker & Workman, 2013; Bornelöv et al., 2018; Narlikar et al., 2013). The installation 

of a facultative heterochromatin state is an epigenetic control mechanism to 

downregulate the expression of specific genes. It can be observed for example during 

dosage compensation and differentiation, and is characterized by the presence of 

repressive histone posttranslational modifications (HPTMs) like H3K27me3 (Bannister 

& Kouzarides, 2011; Gloria Mas & Di Croce, 2016; Peters et al., 2002). In contrast, the 

packing of non-coding and highly repetitive satellite sequences and transposons into 

constitutive heterochromatin is an essential mechanism to prevent illegitimate genome 

rearrangements and mutagenic recombination events in cells (Saksouk et al., 2015). 
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Both heterochromatic and euchromatic regions can form stable extensive domains in 

the nucleus by condensation into phase-separated droplets and by establishing 

functional long-range interactions (Dixon et al., 2016; Larson et al., 2017; Gloria Mas 

& Di Croce, 2016; Strom et al., 2017). The regulatory function of these chromatin 

domains will be discussed in section 1.1.3. 

Transcriptional activity can further be modulated by interferences with regulatory 

elements that are associated with a gene. The chromatin state of a regulatory region 

can have effects on the transcriptional activity in cis i. e. on a nearby gene, or in trans 

i. e. on remotely associated genes. These regulatory promoter or enhancer regions 

can be several hundred up to a few thousand base pairs long, are often rich in cytosine-

guanine dinucleotides (CpG) and can contain transcription factor (TF) binding sites 

and/or transcriptional start sites (TSSs) (Deaton & Bird, 2011; Stergachis et al., 2013). 

Depending on their epigenetic state, promoters and enhancers can switch between 

transcriptionally permissive or repressed states, thus directly regulating the expression 

of associated genes by a tuneable, switch-like mechanism (Deaton & Bird, 2011; H. K. 

Long et al., 2016). The interaction of regulatory elements with their target sequences 

is governed by the global three-dimensional chromatin architecture (Ibrahim & 

Mundlos, 2020; H. K. Long et al., 2016; Maeshima et al., 2020). Consequentially, the 

level of gene expression is dependent on the regulation of chromatin structure on a 

local as well as on a global level.  

1.1.3. Domain organization and liquid-liquid phase separation (LLPS) 

In addition to the regulation of gene expression by the packaging of DNA into hetero- 

or euchromatin, gene regulation is further influenced by a higher-order chromatin 

structure (Figure 3a) (Ibrahim & Mundlos, 2020). Hi-C chromatin interaction studies 

enable the comprehensive analysis of chromatin architecture on a global scale (Belton 

et al., 2012). These studies revealed the functional and spatial separation of chromatin 

in the mammalian nucleus into two different compartments called compartment A and 

B (Lieberman-Aiden et al., 2009; Rao et al., 2014). While genes in compartment A are 

rather transcriptionally active and depleted from the nuclear lamina, compartment B is 

characterized by facultative heterochromatin marks, late replication and association 

with the nuclear lamina (Rao et al., 2014). Genetic loci further associate into smaller 

subdomains (Figure 3a), which show a high frequency of intra-domain interactions, 

even though the genes can be sequentially distant (Ibrahim & Mundlos, 2020; 
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Maeshima et al., 2020). At the same time, these domains are relatively isolated from 

interactions with other chromatin domains. Due to their three-dimensional 

demarcation, these regions are called topologically associated domains (TADs). The 

formation of TADs in a developing organism is highly conserved, and it is suggested 

that they constitute an organizational unit of chromatin with functional implications for 

gene expression and replication (Dixon et al., 2016; Ibrahim & Mundlos, 2020). TAD 

formation is driven by loop extrusion of chromatin (Figure 3a), which is mediated by 

the architectural proteins cohesin and CTCF (Fudenberg et al., 2016, 2017). While it 

is commonly acknowledged that the dynamic three-dimensional organization of 

chromatin in loops, domains and compartments has gene regulatory function, the 

mechanisms connecting the 3D architecture with regulation of gene expression have 

not been conclusively described (Ibrahim & Mundlos, 2020; Maeshima et al., 2020). 

In recent years, a novel mechanism for the higher order regulation of chromatin 

structure has come into focus. In 2017, two independent groups described the ability 

of the heterochromatin protein HP1α to form phase-separated liquid droplets in 

association with chromatin (Larson et al., 2017; Strom et al., 2017). Similar 

mechanisms of droplet formation have since been shown for other chromatin-

associated proteins (Figure 3b). Liquid-liquid phase separation (LLPS) has been 

described as a characteristic of proteins containing intrinsically disordered regions 

(IDRs), the interaction of which enables the concentration of macromolecules into 

membrane-less substructures in the cell or nucleus (Nott et al., 2015; Owen & 

Shewmaker, 2019; Strom et al., 2017).  

The LLPS model of heterochromatin formation is more differentiated than the 

previously established concept that heterochromatin compaction generally leads to a 

restricted access of regulatory proteins to the incorporated DNA and histones due to 

sterical hindrance. Phase-separation allows for the formation of plastic chromatin 

subdomains that can be entered by proteins interacting with the local chromatin 

structure or included structural proteins, while preventing the access of other proteins 

(B. A. Gibson et al., 2019; Sanulli et al., 2019; L. Wang et al., 2019). 
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Figure 3: The levels of higher-order chromatin architecture. a, Simplified model of the 
hierarchical organization of chromatin in the nucleus. A chromatin string can protrude from a 
more condensed region by the formation of a chromatin loop. Loops are stabilized by the 
binding of cohesin, bringing together sequentially distant CTCF motifs at the cohesin binding 
site. Chromatin can further be organized into topologically associated domains (TAD) by 
constriction, or into liquid droplet domains by phase separation (LLPS). These domains are 
subunits of either chromatin compartment A, which is generally characterized by transcribed 
genes and active histone modifications, or of the mostly transcriptionally inactive compartment 
B. The differentiated compartments are spatially associated in chromosome territories that can 
be visualized microscopically. The image was adopted from (Maeshima et al., 2020). b, 
Visualization of droplet formation by LLPS. Synthetic nucleosomal arrays undergo LLPS 
depending on the presence of histone modifications and chromatin binding proteins in vitro. 
The example shows droplet formation by incubation of fluorescence-labelled HP1β with 
SUV39H1 and a H3K9me3 modified array (top) or an unmodified array (bottom). DAPI staining 
was used to visualize DNA. The image was taken from L. Wang et al., 2019. 

 

LLPS is regulated by the presence of linker histone H1, the phosphorylation state of 

HP1 proteins and by the formation of multiprotein-complexes by epigenetic reader 

proteins, which is in turn dependent on local chromatin modifications (B. A. Gibson et 

al., 2019; Y. Guo et al., 2021; Larson et al., 2017; Owen & Shewmaker, 2019; L. Wang 

et al., 2019, 2020). Besides heterochromatin-related LLPS, the formation of 

euchromatic subdomains upon phase-separation of highly acetylated chromatin 
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domains by recruitment of bromodomain containing proteins has been described (B. 

A. Gibson et al., 2019). Phase-separated droplets spatially sequester and compact 

chromatin subdomains in a chromatin modification-dependent manner (Figure 3b), 

while allowing for further recruitment of repressive or activating chromatin factors. This 

droplet formation is not limited by linear proximity along the DNA strand, allowing for 

long-range interactions of genomic loci in LLPS compartments (Denholtz et al., 2013; 

B. A. Gibson et al., 2019; L. Wang et al., 2019). Thus, LLPS represents a mechanism 

for gene regulation that is mediated by the reorganization of chromatin architecture. 

Other gene regulatory mechanisms that are mediated by rearrangements of the global 

3D chromatin structure have been described in the context of topologically associated 

domains (TADs) and the distal interactions of polycomb domains (Ibrahim & Mundlos, 

2020; Gloria Mas & Di Croce, 2016). All these structural mechanisms work together to 

regulate gene expression, in a manner that remains to be fully described. 

1.1.4. Gene regulation by histone posttranslational modifications (HPTMs) 

The four histone core proteins, H2A, H2B, H3 and H4, are small basic proteins that are 

highly conserved in structure and function among eukaryotes. By the regulated 

assembly of DNA and core histones to nucleosomes (Figure 4a) and the further 

condensation of those nucleosomes to higher-order chromatin (van Emmerik & van 

Ingen, 2019; Zhou et al., 2020), the accessibility of a genomic DNA sequence for the 

transcription and replication machineries can be altered (Deaton & Bird, 2011; Saksouk 

et al., 2015). To enable the dynamic assembly and disassembly of nucleosome 

complexes, the structure has evolved to be only meta-stable (Cutter & Hayes, 2015). 

This means that nucleosomes can switch between a stabilized chemical state, in which 

the histone octamer is tightly associated with the wrapped DNA, and a modified state 

in which the association is more relaxed, allowing for the sliding of the histone octamer 

along the DNA, or even complete eviction of the nucleosome (Cosgrove et al., 2004). 

The stability of the nucleosome assembly can be regulated by posttranslational 

modification (PTM) of the histone proteins (Zentner & Henikoff, 2013). Already in 1964, 

Allfrey et al. showed that the acetylation of histones is an ubiquitous modification that 

reduces the inhibitory effect of histones on RNA synthesis (Allfrey et al., 1964). The 

addition of acetyl residues to positively charged lysines has a neutralizing effect on the 

histone, weakening the interaction of the histone with nucleosomal DNA and facilitating 

the access of the transcription machinery (Zentner & Henikoff, 2013).  
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HPTMs have regulatory effects on gene expression that exceed the mere physical 

regulation of the accessibility of the underlying nucleosomal DNA. In 1999, Strahl and 

Allis functionally correlated genomic sites in Tetrahymena thermophila exhibiting a 

specific pattern of histone acetylation in combination with methylation of lysine 4 of 

histone 3 (H3K4me) with sites of transcriptional activity (Strahl et al., 1999). The 

presence of these additional methyl-residues at the far ends of the N-terminal tail of 

H3 (Figure 4a) appeared to be essential but could not be explained with a biophysical 

effect on the association of the DNA-histone core complex. Their findings suggested 

that certain combinations of histone modifications could define distinct types of 

chromatin that are accessible to the transcription machinery, thus marking regions that 

contain active genes. 

Indeed, in 2004 Schübeler et al. found a distinct binary pattern of HPTMs enriched in 

euchromatic regions of a Drosophila cell line. Transcriptionally active regions were 

hyperacetylated on H3 and H4 (H3ac and H4ac) and hypermethylated at lysine 4 and 

79 of H3 (H3K3me2/3 and H3K79me2/3), while regions with the inverse modification 

pattern were transcriptionally inactive (Schübeler et al., 2004). While the acetylation of 

histones is a PTM invariably linked to active chromatin states, lysine methylation can 

either have activating or repressive effects, depending on the localization of the 

modified amino acid on the histone tail (Figure 4b). In addition to lysine residues, some 

arginines of the four histone tails can also be methylated, with variable effects on 

chromatin regulation (Fulton et al., 2018). Histone tail phosphorylation can play a role 

in the regulation of processes such as DNA damage repair, transcriptional regulation 

and chromatin compaction (Rossetto et al., 2012). 

The development of massive parallel sequencing approaches has strongly advanced 

the progress in understanding the complexity of HPTMs, by enabling the generation of 

genome-wide correlation profiles of histone modifications (Barski et al., 2007; 

Guenther et al., 2007; Mikkelsen et al., 2007). This approach has led to the 

identification of 15 different chromatin states of transcriptional regulatory elements in 

human cell lines (Ernst et al., 2011) (Figure 5). In accordance with the early findings 

of Strahl and Schübeler, Ernst et al. found that active promoter regions and strong 

enhancers were defined by the combination of H3K4 methylation and pan-H3 

acetylation, and that the observation frequency of active histone marks correlated with 

the strength of transcriptional activation by those regulatory elements.  
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Figure 4: Nucleosome structure and histone posttranslational modifications. a, 
Structural model of the nucleosome core. About 1.7 superhelical turns of DNA (grey) are 
wrapped around the histone octamer consisting of two copies of each histone protein. N-
terminal histone tails protrude from the core structure. H2A, green, H2B, blue, H3, yellow, H4, 
red. Image adopted from Cutter & Hayes, 2015. b, Selective overview of the most prevalent 
histone posttranslational modifications. Highlighted amino acids indicate globular histone 
regions, not highlighted amino acids constitute the histone tail. Red modifications have already 
successfully been introduced in epigenetic editing experiments by several groups. The image 
was taken from Tekel & Haynes, 2017. 

In reference to earlier profiling studies (Guenther et al., 2007; Mikkelsen et al., 2007), 

they identified regions of high H3K36me3 and H4K20me1, but without methylation of 

H3K4 or histone acetylation, as actively transcribed genomic regions. Indeed, 

H3K36me3 is enriched at the 3’ ends of transcribed genes (Barski et al., 2007) and is 

crucial for the transition from transcription initiation to transcription elongation at genes 

marked by active HPTMs (Guenther et al., 2007; J. Li et al., 2002; Strahl et al., 2002). 

During transcription, RNA Polymerase II is phosphorylated at Ser2 in its CTD, which 

recruits the H3K36 methyltransferase Set2 (J. H. Kim et al., 2016). Trimethylation of 

H3K36me3 in gene bodies has two effects preventing irregular transcription initiation 

in the gene body: the recruitment of histone deacetylases (HDACs) and the recruitment 

of DNMT3B (Neri et al., 2017). The open conformation of actively transcribed genes 

renders them accessible for cryptic transcriptional initiation, which is prevented by 

deacetylation and DNA methylation. Besides its role in protecting actively transcribed 

genes, H3K36me3 also regulates heterochromatin formation in pericentromeric 

heterochromatin (Chantalat et al., 2011; Dhayalan et al., 2010; Weinberg et al., 2019) 

and has several roles in DNA repair (Z. Sun et al., 2020), therefore generally regulating 

genomic stability. 
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Figure 5: Distinct chromatin states can be derived from epigenome correlation analysis 
in nine human cell types. Endogenous regulatory elements in the human genome (listed to 
the right) are associated with characteristic patterns of HPTMs depending on their biological 
function. Vice versa, the observation of a distinct combination of HPTMs allows for conclusions 
about the regulatory function of a genomic locus. The image was adopted from Ernst et al., 
2011. 

Ernst et al. found that promoter regions devoid of the earlier described active chromatin 

marks were statistically correlated with trimethylation of lysine 27 of H3 (H3K27me3) 

(Figure 5). H3K27me3 is a mark set by the Polycomb repressive complex 2 (PRC2) 

and was found enriched in two chromatin states, in repressed, so-called 

heterochromatic regions, and at bivalent promoters (Ernst et al., 2011). Bivalent 

promoters are characterized by the parallel activity of the MLL2/COMPASS complex 

setting H3K4me3, and the PRC2 complex setting H3K27me3 (Piunti & Shilatifard, 

2016). The complexes are most likely either active at different tails of the same 

nucleosome or on neighbouring nucleosomes, as PRC2 is inhibited by the presence 

of H3K4me3 in cis (Schmitges et al., 2011). The co-occurrence of active and repressive 

chromatin marks results in an actively transcribed regulatory element that is ready to 

be shut down in a switch-like behaviour (Bernstein et al., 2006). Although intriguing 

and often-quoted, this simplified model of bivalency has also been challenged (D. Hu 

et al., 2013; Piunti & Shilatifard, 2016; Voigt et al., 2013). H3K27me3 is further 

important for the formation of facultative heterochromatin and the resulting stable 

silencing of genes during development (Gloria Mas & Di Croce, 2016; Wiles & Selker, 
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2017). The deposition of H3K27me3 is regulated by the concerted action of two 

polycomb complexes, PRC1 and PRC2 (Blackledge et al., 2014). The PRC complexes 

combine reading and writing function for H3K27me3 in a self-enhancing manner, 

enabling the maintenance and spreading of repressive chromatin domains (Blackledge 

et al., 2014; J.-R. Yu et al., 2019). This self-sustaining mechanism of PRC silencing 

enables inheritance of an epigenetically silenced state of genes over multiple cell 

generations (Ciabrelli et al., 2017). 

While H3K27me3 is a histone mark correlated with the formation of facultative 

heterochromatin, condensation of genomic regions into stably silenced constitutive 

heterochromatin is dependent on deposition of H3K9me3 (Saksouk et al., 2015). 

Methylation of H3K9 can be performed by a variety of lysine methyltransferases in 

mammals (Herz et al., 2013). Consistently, H3K9 methylation is a mark interfering in 

multiple processes. H3K9 trimethylation by SETDB1 is able to actively silence 

transcription via the formation of facultative heterochromatin (Schultz et al., 2002). The 

formation of pericentromeric heterochromatin to secure genome integrity (Saksouk et 

al., 2015) is dependent on H3K9 methylation, as well as the determination of large and 

heritably inactive chromatin domains during lineage commitment (Guelen et al., 2008; 

Herz et al., 2013; Wen et al., 2009). 

HPTMs are a vital for the installation and adaption of gene expression programs in 

cells, due to their manifold effects on nucleosome stability and turnover, their influence 

on local chromatin conformation changes and their ability to recruit specific epigenetic 

effector complexes (Zentner & Henikoff, 2013). Importantly, HPTMs also regulate 

cellular processes like DNA replication (Goren et al., 2008; F. Li et al., 2011; Vogelauer 

et al., 2002), DNA damage response (Faucher & Wellinger, 2010; Masumoto et al., 

2005; van Attikum & Gasser, 2009) and mitosis (Valls et al., 2005; F. Wang & Higgins, 

2013). However, as the focus of this work was the investigation of regulatory 

interactions inside of the epigenetic network controlling transcriptional regulation, a 

detailed essay of these processes would go beyond the scope of this study. 
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1.1.5. Gene regulation by DNA modifications 

Another chemical modification of chromatin that interferes with the regulation of gene 

expression is the methylation of DNA bases (Jaenisch & Bird, 2003). Besides other, 

far less abundant DNA modifications (Deniz et al., 2019), DNA methylation usually 

occurs in form of the addition of a methyl group to the carbon-5 of the pyrimidine ring 

of a cytosine base, thereby producing 5-methyl-cytosine (5mC) (Hermann et al., 2004). 

In mammals, about 70% of the genome is 5mC methylated (Ehrlich et al., 1982). The 

remaining 30% are mostly composed of long stretches of CpG dinucleotides rich 

regions, so-called CpG islands (CGI), that are hypomethylated in somatic cells (Deaton 

& Bird, 2011). CGIs contain transcription factor binding- and transcriptional start sites 

and function as promoter regions. The by-default hypomethylated CGI promoters are 

usually associated with highly transcribed genes, and hypermethylation of high-CpG-

density CGIs is correlated with stable and heritable silencing of the associated genes 

(Deaton & Bird, 2011; Messerschmidt et al., 2014). However, DNA methylation alone 

is not sufficient for silencing of gene expression, the repressive effect is permitted 

either by a change of transcription factor binding to the promoter (Kribelbauer et al., 

2017; Yin et al., 2017) or by recruitment of repressive epigenetic effector proteins like 

methyl-CpG-binding domain (MBD) containing proteins (Q. Du et al., 2015).  

Methylation of the cytosine-5 residue on unmethylated CpGs is introduced by the de 

novo DNA-methyltransferases DNMT3A, DNMT3B and DNMT3L, while maintenance 

of the DNA methylation state after replication is secured by DNMT1 (Bostick et al., 

2007; Gowher et al., 2005; Hermann et al., 2004). The mechanism of function of all 

DNA methyltransferases is discussed in more detail in section 1.3.1. 

On a global level, DNA methylation is important for the stable repression of 

endogenous retrotransposons, pericentromeric repeats and for X-inactivation during 

dosage compensation (Messerschmidt et al., 2014). Global CpG methylation is reset 

in a major event during embryonic development before it is reinstalled following a 

specific plan to determine cell-type specific expression profiles that drive differentiation 

(Figure 6a) (W. Reik et al., 2001; Xia & Xie, 2020). Only a few genomic regions called 

imprinted genes evade this global reprogramming event and retain the parental 

methylation status (Wolf Reik & Walter, 2001). During the somatic cell cycle, DNA 

methylation landscapes are rather stable. Passive dilution of DNA-methylation marks 

throughout somatic cell division is prevented by the maintenance DNA 
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methyltransferase DNMT1 (J. Song et al., 2012). For the active reprogramming of a 

5mC-repressed genomic locus, the recruitment of a protein from the ten eleven 

translocation (TET) family is necessary (Figure 6b) (Kohli & Zhang, 2013). TET 

enzymes remove 5mC by a stepwise oxidation process that results in the removal of 

the oxidized base by the cellular base excision repair mechanisms (Rasmussen & 

Helin, 2016). 

 
Figure 6: Epigenetic reprogramming events in mammalian cells. a, Sperm cells and 
mature oocytes carry distinct DNA methylation patterns inherited during gametogenesis. 
Immediately after fertilization, the paternal genome is actively demethylated. The maternal 
genome is passively demethylated during DNA replication cycles. Epigenetic reprogramming 
occurs around the blastocyst stage, when lineage specific remethylation of the genome is 
initiated. The methylation status of imprinted genes (dotted lines) is not changed during this 
global reprogramming event. EM = embryonic lineages; EX = extraembryonic lineages. Image 
taken from Reik et al., 2001. b, DNA methylation at CpG promoters is recognized by repressive 
factors like methyl-CpG binding domain containing proteins (MBD), which inhibit the 
transcription of genes regulated by the methylated promoter (top). During transcriptional 
reprogramming events, TET enzymes are recruited to the methylated promoter (centre), 
leading to its demethylation and enabling the binding of TFs and activating transcription 
(bottom). TF = transcription factor. Image taken from Greenberg & Bourc’his, 2019. 

CpG methylation itself can have mutagenic capacity. The 5mC base is easily 

deaminated to thymine, which is not recognized as a mutation of the DNA during 

replication, resulting in a C to T transition mutation (Duncan & Miller, 1980). At the 

same time, CpG methylation is crucial for genome stability, with loss of function 

mutations in DNA methyltransferases resulting in aneuploidy, polyploidy, chromosomal 

breaks and fusions and reactivation of retroviral elements (Chédin, 2011; Dodge et al., 

2005; R. S. Hansen et al., 1999; Karpf & Matsui, 2005). Consequently, DNA 

methylation needs to be tightly regulated to secure genome integrity and phenotypic 

stability.   
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1.1.6. Regulatory RNAs 

Besides the well-described functions of RNA as a transmitter of information during 

transcription and translation, additional functions of RNA as a structural component of 

chromatin receive increasing interest in studies of epigenetic regulation. Two 

chromatin regulatory mechanisms that involve RNA structures and are of particular 

interest for the presented work will be described in the following paragraphs. 

Noncoding RNAs 

The common view of the mammalian genome as an assembly of ~20,000 protein 

coding genes embedded in a much larger environment of transcriptionally inert, often 

repetitive DNA that lacks any peculiar function for the survival of cells, has been revised 

for many years now. Diverse high-throughput approaches have revealed that 

messenger RNA (mRNA) transcripts make up only 3-7% of the cellular RNA mass, 

while 63-85% of the whole genome can be transcribed into any form of RNA (Dykes & 

Emanueli, 2017). Most of the RNA mass is made up from ribosomal RNA (rRNA) and 

transfer RNA (tRNA) that are needed for the process of translation, but there is an 

increasing number of highly conserved transcripts emerging, that have neither mRNA 

nor rRNA or tRNA function and are called “noncoding RNAs” (ncRNAs) (Dykes & 

Emanueli, 2017; Guttman & Rinn, 2012). The importance of long noncoding RNAs 

(lncRNAs) emerged in the course of genome-wide association studies (GWAS), which 

found that more than 90% of the SNPs that are associated with disease development 

lie outside of coding regions (Hindorff et al., 2009; Luo & Chen, 2020; Minotti et al., 

2018). lncRNAs can regulate chromatin function and gene expression in various ways 

and are an integral part of the epigenetic machinery. lncRNAs can act as scaffolds for 

the recruitment of specific chromatin remodelling complexes to target loci (Han & 

Chang, 2015; Jacob et al., 2013; Tsai et al., 2010). The process of transcription of a 

noncoding RNA alone can reorganize chromatin architecture in cis or trans (Mishra & 

Kanduri, 2019; Pisignano et al., 2019). lncRNAs can regulate gene expression by 

directing repressive or activating epigenetic complexes to target genes (Dykes & 

Emanueli, 2017; O’Leary et al., 2017). The lncRNAs MALAT1 and Saf have been 

shown to regulate alternative splicing of pre-mRNAs of different oncogenes, thereby 

increasing tumorigenesis of cells (Änkö & Neugebauer, 2010; Tripathi et al., 2013; 

Villamizar et al., 2016). Furthermore, lncRNAs can regulate alternative splicing by 

targeting epigenetic complexes to the transcribed gene, thereby changing the local 
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chromatin environment and favouring exclusion or inclusion of the respective exons 

(Gonzalez et al., 2015). Finally, lncRNAs have been shown to play a role in LLPS-

driven chromatin subdomain formation (Grosch et al., 2020). Consequently, the 

association of epigenetic complexes with three-dimensional lncRNA structures is a 

prevalent mechanism for the targeting and regulation of epigenetic activities at different 

times during transcription. 

R-loops 

R-loops are three-stranded nucleic acid structures consisting of a single-stranded RNA 

invading a DNA duplex (Figure 7a). R-loops are generated during transcription at 

characteristic sites in the mammalian genome (Sanz et al., 2016). R-loops can form at 

GC-rich regions where one DNA strand contains significantly more guanine (G) bases 

than the other, a characteristic that is called GC-skew (Figure 7a, b). If transcription 

runs along the cytosine (C) rich DNA template-strand, the newly formed G-rich mRNA 

can re-anneal with the DNA template and force the non-template strand into a single-

strand conformation (Ginno et al., 2012). The DNA:RNA heterohybrid structure of the 

R-loop is stabilized by the establishment of a G-quadruplex (GQ) structure in the non-

template DNA strand (C. Y. Lee et al., 2020). 

45% of all human genes show a GC skew in their 5´ regions, between -500 bp 

upstream and +1500 bp downstream of the gene starting site (Figure 7b) (Ginno et 

al., 2012; Sanz et al., 2016). The GC skew is a characteristic of strong, unmethylated 

CpG island (CGI) promoters of human housekeeping genes (Hartono et al., 2015), and 

R-loops protect from de novo DNA methylation at these regions (Figure 7c), although 

the exact mechanism remains to be defined (Ginno et al., 2012, 2013; Sanz et al., 

2016). Long after the discovery of co-transcriptional DNA:RNA hybrid formation in 

prokaryotes (Masukata & Tomizawa, 1990), the first regulatory mechanism including 

R-loop formation in mammalian cells was discovered by Daniels and Lieber, who 

proposed a role for DNA:RNA hybrid formation in immunoglobulin class switch 

recombination (Daniels & Lieber, 1995; Ribeiro de Almeida et al., 2018; K. Yu et al., 

2003). Generally, R-loop formation is not only a side product of transcriptional activity 

(Niehrs & Luke, 2020; Sanz et al., 2016). The formation of cotranscriptional R-loops 

and GQs has been observed to further increase the rate of transcription (C. Y. Lee et 

al., 2020), a mechanism that can also explain transcriptional activation by antisense 

transcription (Boque-Sastre et al., 2015). Recently, further regulatory mechanisms 
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linking the stability of cotranscriptional R-loops with the activity of the transcription 

machinery have been described in Arabidopsis thaliana (C. Xu et al., 2021). 

 
Figure 7: R-loops form over unmethylated CpG promoters. a, R-loops form at regions 
featuring a GC-skew during transcription of the C-rich DNA strand. The synthesized mRNA 
(wavy line) re-anneals with the DNA template strand to form an R-loop (top). If the G-rich DNA 
strand is transcribed (bottom), no R-loop can be formed. Open circles represent unmethylated 
CpGs. b, R-loop prone CpG promoters are characterized by high GC content (GC%), an 
increase in observed CpG frequency (CpG o/e) around ±500 bp of the TSS, and a sharp 
increase of GC skew starting at the TSS. c, CGI promoter strength correlates with GC skew 
and the amount of CpG methylation. All graphs were taken from Ginno et al., 2012. 

The occurrence of R-loops at a genomic locus can be differentiated into regulatory and 

unscheduled R-loop formation. While the untimely formation of R-loop structures poses 

a threat to genome integrity (Crossley et al., 2019), their controlled formation has 

diverse regulatory functions on chromatin structure, transcription and the maintenance 

of genome integrity (Crossley et al., 2019; Niehrs & Luke, 2020). Besides the inhibition 

of DNA methylation, the formation of R-loops at CpG promoters can be related to 

several other characteristic epigenetic states. CGI promoters in different human cells 

that are prone to R-loop formation show an increase in H3K4 di- and trimethylation, 

elevated acetylation levels and low H3K27me3 levels at their TSS (Ginno et al., 2013; 

Sanz et al., 2016) and are linked to highly expressed genes. Consistently, there is 

binding of activating epigenetic complexes and depletion of repressive complexes at 

these sites (Sanz et al., 2016). Like the formation of R-loops, the presence of these 
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epigenetic modifications correlates with the extent of GC skew, R-loop potential and 

CpG enrichment of the CGIs (Sanz et al., 2016). This correlation depicts the tight 

network that links the formation of R-loops at CGI promoters with the regulation of the 

recruitment and activity of chromatin modifying complexes (Niehrs & Luke, 2020).  

 

1.2. Epigenetic effector proteins  

All modifications to the epigenome on histones or DNA are dynamic and can actively 

be changed in response to extracellular cues, as well as to signals from the local 

chromatin environment. This flexibility is enabled by the interaction of different 

chromatin effector proteins that can either set or erase those marks directly, or 

specifically recognize existent marks to induce the recruitment of other epigenetic 

modifiers. To illustrate a picture of the complex interactions controlling chromatin 

modification patterns genome-wide, the following paragraphs will exemplify prominent 

protagonists of epigenetic regulation. 

1.2.1. “Writers” of chromatin modifications 

Epigenetic modifications on histones are added post-translationally to their N-terminal 

tails. The first described “writer” of histone modifications was a histone 

acetyltransferase (HAT) in Tetrahymena (J. E. Brownell et al., 1996; James E. Brownell 

& Allis, 1995). The group illustrated a model in which histone acetylation, which had 

already been described to be associated with active genes, was actively transferred to 

the amino-terminal tails of histones by histone acetyltransferases in complex with the 

transcription machinery. Although the model was still crude at that time, it prospectively 

provided a mechanistic link between the active deposition of a HPTM and the process 

of local changes in gene expression, that was consequentially validated in later studies 

(Carrozza et al., 2003; Galarneau et al., 2000; Kuo et al., 1997). 

The discovery of epigenetic effector proteins that write repressive chromatin 

modifications was more challenging. Using reverse genetics, several groups screened 

for genes that were essential for the suppression of position effect variegation (PEV) 

in Drosophila melanogaster and S. Pombe (Allshire et al., 1995; Reuter & Spierer, 

1992; Wallrath, 1998), and classified the identified genes into the so-called Su(var)-

family. However, this group of genes united only by their ability to install a repressive 

chromatin state was mechanistically diverse, containing histone deacetylases, protein 
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phosphatases and other uncharacterized heterochromatin associated genes. Rea et 

al. managed to isolate and characterize the human and mouse homologues of 

Su(var)3-9, the proteins SUV39H1 and Suv39h1, respectively (Rea et al., 2000) and 

described their SET-domain dependent methyltransferase activity on lysine 9 of 

histone H3. They proposed a model, in which the methylation of H3K9 induces the 

local formation of heterochromatin that was supported by findings of another group 

(Melcher et al., 2000) and describes a mechanism for the active silencing of genes 

following H3K9 methylation by compaction into higher order chromatin. At this point, 

other SET domain containing proteins like the Enhancer Of Zeste Homolog 2 (EZH2) 

and the Lysine Methyltransferase 2A (KMT2A, MLL1 or HRX) were known in 

mammals, but the group could not observe any methyltransferase activity of either 

protein on free histones. This observation was clarified when EZH2 (Czermin et al., 

2002; Kuzmichev et al., 2002; Müller et al., 2002) and MLL1 (Dou et al., 2006) were 

isolated in complex with their associated proteins, upon which they showed in vitro 

catalytic activity on H3K27 and H3K4, respectively. The SET-domain containing 

protein family emerged as an extensive group of enzymes able to methylate histone- 

and non-histone proteins, with activating ( e.g. MLL1) as well as repressive (e.g. EZH2) 

function on gene expression, depending on their specific targets (Herz et al., 2013).  

Besides epigenetic writers setting histone acetylation via HAT domains or methylation 

marks via SET domains, there also exists a subset of mammalian protein kinases, 

which among other targets, also phosphorylate histone substrates. The ataxia 

telangiectasia mutated kinase (ATM) phosphorylates the histone variant H2A at serine 

139, producing the histone variant γH2AX as an early event during DNA damage 

response (DDR) (Burma et al., 2001). Besides its role in energy homeostasis (Hardie, 

2007), the adenosine monophosphate–activated protein kinase (AMPK) directly 

activates genes in response to the AMPK-signalling pathway by phosphorylating serine 

36 of histone H2B (Bungard et al., 2010). There are multiple studies linking histone tail 

phosphorylation to histone acetylation and gene activation (Rossetto et al., 2012), but 

kinases have not been in the focus as epigenetic writer proteins, supposedly due to 

the high number of other signalling and maintenance functions regulated by kinases in 

the cell.  

Another group of proteins adding PTMs to histones are the RING domain containing 

E3 ubiquitin ligases. While posttranslational poly-ubiquitination of proteins marks them 
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for proteasomal degradation (Glickman & Ciechanover, 2002), the addition of a single 

ubiquitin residue serves as a signal for protein-protein interaction. Several proteins that 

exhibit E3 ligase activity on histones and thus act as essential epigenetic effector 

proteins have been described. The Ubiquitin Like With PHD And RING Finger Domains 

1 protein (UHRF1) flags hemimethylated chromatin regions for maintenance 

methylation by DNMT1 after replication (W. Qin et al., 2015). The RING1A/B 

subdomains of Polycomb repressive complex 1 (PRC1) ubiquitylate H2A to recruit 

PRC2, subsequently leading to the formation of a polycomb silencing complex 

(Blackledge et al., 2014). Finally, the E3 ubiquitin protein ligase BRE1 

monoubiquitylates H2B in Saccharomyces cerevisiae, to recruit the Complex Of 

Proteins Associated With Set1 (COMPASS) and induce methylation of H3K4 (Jung 

Shin Lee et al., 2007). Thus, ubiquitination of histones can constitute an important 

signal for the installation and maintenance of chromatin states. However, ubiquitination 

will only play a marginal role in the experimental section of this work. 

In addition to writers of HPTMs, DNA methylation writers edit the epigenome by 

transferring a methyl residue to the fifth carbon (C5) of cytosine bases of the genomic 

DNA. The DNA methyltransferases DNMT1, DNMT2, DNMT3A and DNMT3B all share 

a conserved catalytic domain containing six signature motifs important for their activity 

on C5 (Robertson, 2001; Xie et al., 1999), while the related protein DNMT3L contains 

only 4 of those motifs and a truncated N-terminal domain and lacks methyltransferase 

activity. However, this protein strongly stimulates the activity of DNMT3A and B by 

formation of multiprotein complexes (Aapola et al., 2000; Gowher et al., 2005; Jia et 

al., 2007). The different DNA methyltransferases hold distinct roles in the distribution 

of C5 methylation (5mC) in the genome. In all vertebrates, cytosine is mainly 

methylated in the context of CpG dinucleotides (Deaton & Bird, 2011), with long 

stretches of CpG (CGIs) mostly lacking 5mC and acting as active promoters, while 

“single” CpGs and CpGs in endogenous transposable elements, LINE- and LTR 

promoter regions are generally hypermethylated to prevent aberrant transcription 

(Messerschmidt et al., 2014). The cell-type specific patterns of DNA methylation are 

set by DNMT3A and B after a wave of global demethylation during embryonic 

development and are maintained by DNMT1 throughout somatic cell replication 

(Greenberg & Bourc’his, 2019; W. Reik et al., 2001). While the orchestrated de-novo 

DNA methylation by DNMT3A/B during embryogenesis and gametogenesis is crucial 
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for the development of a healthy organism, the DNMT3 proteins are hardly expressed 

in somatic tissues (Okano et al., 1998). However, mutation of the de-novo 

methyltransferases in somatic tissues is implicated in the development of cancer (M. 

S. Kim et al., 2013; Roll et al., 2008). DNA methyltransferases covalently transfer a 

methyl group to the C5 of a cytosine base in a three-step mechanism (S. S. Smith et 

al., 1992) and 5mC can actively be removed only in an even more complicated 

oxidation process catalysed by ten eleven translocation (TET) enzymes (Rasmussen 

& Helin, 2016). Generally, the writing of DNA methylation rather functions to reinforce 

the constant and stable silencing of repetitive sequences and genes that are 

dispensable for the active cellular program than for the dynamic regulation of gene 

expression upon external signals.  

In conclusion, the writing of epigenetic modifications is conducted by a variety of 

effector proteins which can share common catalytic domains. Those enzymes edit their 

targets specifically, depending on the pre-existing chromatin context and their 

interaction with other proteins in multiprotein complexes. This complex formation is 

often guided by proteins that “read” the existing chromatin status. These chromatin 

readers will be explained in the following paragraph.   

1.2.2. Reading chromatin modifications 

The “reading” of HPTMs by protein domains is an important component of epigenetic 

regulation. The coupling of reading and writing of chromatin marks is often used as a 

mechanism for the maintenance and spreading of specific modifications. Ligand-

specific reading domains for the mono-, di- and trimethylated states of lysines, for 

arginine methylation, lysine acetylation and serine/threonine phosphorylation on H3 

have been discovered (Figure 8a). Reading domain and catalytic domain are often 

found on the same protein, with some epigenetic writers even featuring multiple 

reading domains (Torres & Fujimori, 2015). The catalytic activity of the protein can be 

influenced by the reading domain by different mechanisms (Figure 8b). The DNA 

methyltransferase DNMT3A contains an ATRX-DNMT3-DNMT3L (ADD) domain that 

recognizes unmodified H3K4, and a PWWP domain that reads trimethylation of H3K36 

(Dhayalan et al., 2010; Yingying Zhang et al., 2010). DNMT3A is targeted to chromatin 

regions marked with H3K36 trimethylation (Figure 8b, top). In the presence of 

unmodified H3K4, but not in the presence of trimethylated H3K4, binding of the ADD 

releases DNMT3A from its autoinhibitory form (X. Guo et al., 2015) (Figure 8b, 



37 
 

bottom). The combination of both mechanisms leads to efficient DNA methylation of 

genomic regions carrying a combination of both marks.  

The readout of HPTMs by reading domains can also confer substrate specificity to an 

epigenetic enzyme (Torres & Fujimori, 2015). Besides its catalytic JmJC domain, the 

histone demethylase KDM4A (also: JMJD2A) contains two C-terminal plant 

homeodomains (PHDs) and a tandem tudor domain (Figure 8a) (Huang et al., 2006; 

J. Lee et al., 2008). KDM4A catalyses the demethylation of H3K9me3 and me2. Acting 

as a full-length protein in in vitro experiments, binding of the tandem tudor domains to 

trimethylated H3K4 drastically increased the catalytic demethylase activity on H3K9 

(Lohse et al., 2013) (Figure 8b, centre). This suggests that in the presence of the 

activating H3K4me3 mark, KDM4A efficiently stabilizes the existent active chromatin 

state by removing heterochromatin-associated H3K9me2/3. 

 

 
Figure 8: Diversity and function of HPTM readers. a, Representative overview of reading 
domains using the example of N-terminal HPTMs on H3. Readers of arginine and lysine 
methylation are coloured in shades of purple, acetylation readers in orange and 
phosphorylation readers in blue. Epigenetic effector proteins mentioned in the main text are 
annotated at the bottom. Image taken from Musselman et al., 2012. b, Different models for the 
coupling of reading domains to enzymatic activity. Reading domains can direct catalytic 
domains of the same polypeptide or complex to their site of action, modulate the substrate 
specificity by readout of neighbouring HPTMs or increase the catalytic activity by binding to 
HPTMs. The image was adopted from Torres et al., 2015. 

The connection of HPTM reading and writing activity can also be mediated between 

different proteins in a multiprotein complex. The Polycomb repressive complex 2 
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(PRC2) catalyses trimethylation of H3K27 via its EZH2 subunit (Kuzmichev et al., 

2002). Another subunit, the embryonic ectoderm development protein (EED), 

recognizes H3K27me3 via its WD40 domain and directs the PRC2 complex to regions 

carrying this mark, leading to the development and maintenance of extensive PRC2 

repressed domains in a self-enhancing mechanism (Margueron et al., 2009). Besides 

directing PRC2 to modified targets, the binding of EED to H3K37me3 also allosterically 

activates PRC2 catalytic activity (Margueron et al., 2009) (Figure 8b). The essential 

role of HPTM reading domains in other epigenetic multiprotein complexes is described 

in section 1.3. 

Analogous to the readers of HPTMs, the DNA methylation state of a genomic locus 

can be “read” by a group of proteins that contain a methyl-CpG-binding domain (MBD) 

(Q. Du et al., 2015). This MBD family contains four proteins that bind to methylated 

CpG independent of the sequence context (MeCP2, MBD1, MBD2, and MBD4), and 

one protein that does not bind to methylated DNA (MBD3) (Menafra & Stunnenberg, 

2014; Yildirim et al., 2011). As reader proteins, MBD containing proteins exert their 

function over the recognition of the methylation state of a genomic locus, thereby 

targeting epigenetic complex proteins to methylated CpGs (Q. Du et al., 2015). MBDs 

play a role in processes like the regulation of histone modification patterns, chromatin 

remodelling, DNA repair or alternative splicing (Maunakea et al., 2013). MBD proteins 

establish a link between a local epigenetic signal and the directed reorganization of 

chromatin, either by direct interactions with chromatin or by the assembly of chromatin 

remodelling and deacetylation complexes (Bornelöv et al., 2018; L. Wang et al., 2020; 

Yildirim et al., 2011). Thus, despite the lack of an innate enzymatic function, they 

regulate crucial processes during development and cancer formation (Q. Du et al., 

2015). Due to their unique ability to read CpG methylation specifically and in a 

sequence-independent manner, MBDs are used in several biotechnological 

applications (Jeltsch et al., 2020). 

Another function of DNA methylation readers is the maintenance of DNA methylation 

patterns after replication. This function is conferred by the Ubiquitin Like With PHD And 

Ring Finger Domains (UHRF) family of proteins, which recognize hemimethylated DNA 

and recruit the maintenance methyltransferase DNMT1 (Arita et al., 2008; Bostick et 

al., 2007; Jeltsch, 2008). 



39 
 

Reading domains contribute to the complexity of the epigenetic gene regulation 

network by integrating the information that is indicated by the nature, combination, and 

number of chromatin modifications at a gene. Thus, even reading proteins completely 

lacking catalytic activity should not be underestimated in their biological function. For 

instance, bromodomain (BRD) containing proteins belong to an evolutionary 

conserved family of proteins recognizing acetylation of lysine, primarily in the context 

of histone lysine acetylation (Fujisawa & Filippakopoulos, 2017). The BRD containing 

protein BRD4 acts as a transcriptional regulator by direct recruitment of the 

transcriptional apparatus and reorganization of chromatin architecture (B. A. Gibson et 

al., 2019; Muhar et al., 2018; Rathert et al., 2015; Zuber, Shi, et al., 2011). In fact, 

many BRDs are potent targets for epigenetic therapies in a number of diseases 

(Filippakopoulos & Knapp, 2014). This emphasizes the need for a better understanding 

of the complex conjunctions inside the epigenetic network that sustain healthy gene 

expression programs in cells.  

1.2.3. Erasing chromatin modifications 

For all HPTMs described in the above sections, epigenetic enzymes removing those 

modifications have been discovered (Hsu et al., 2000; Mosammaparast & Shi, 2010; 

Seto & Yoshida, 2014; Ting et al., 2019). The most important epigenetic eraser 

enzymes which take part in the regulation of gene expression are histone deacetylases 

(HDACs) and lysine demethylases (KDMs).  

In mammals, there are 18 different histone deacetylases divided into 4 classes that 

catalyse the removal of an acetyl group from the amino terminus of lysine, either in a 

Zn2+ or a NAD+ dependent reaction (Seto & Yoshida, 2014). Of the 18 mammalian 

HDACs, not all are catalytically active, and only class I and class II HDACs play a major 

role in the regulation of gene expression (Mariadason, 2008). In general, HDACs are 

transcriptionally repressive epigenetic effector proteins as they reduce the accessibility 

of chromatin by removing histone acetylation. The family members HDAC1 and 

HDAC2 are responsible for about 50% of HDAC activity in the nucleus (Dovey et al., 

2013; Kelly & Cowley, 2013). Their substrate specificity, their recruitment to DNA and 

their catalytic activity strongly depend on their association with complex partners 

(Figure 12), which will be further explained in section 1.3.1. 
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The lysine specific demethylase 1 (LSD1) was the first discovered enzyme shown to 

be able to remove the methylation of histone proteins (Shi et al., 2004). LSD1 can 

demethylate mono- and demethylated H3K4 and H3K9 and is part of multiple 

epigenetic complexes. As LSD1 was the main chromatin regulator that was 

investigated during this work, its function and relevance will be discussed in detail 

below.  

Besides LSD1, histone lysine methylation can be removed by a set of proteins which 

contain the so-called Jumonji domain (JMJD). JMJD-containing demethylases can 

demethylate mono-, di- and trimethylated lysines in a Fe(II) and α-ketoglutarate 

dependent oxidative reaction, and specific enzymes for demethylation of each 

regulatory important lysine residue on H3 and H4 have been identified (Klose et al., 

2006; Shin & Janknecht, 2007; Tsukada et al., 2006). More recently, JMJD containing 

proteins have also been associated with the demethylation of arginine residues (Meng 

et al., 2018).  

As antagonist eraser enzymes for all HPTM writer proteins have been described, it is 

only consequential that there exists a group of enzymes counter-regulating DNA 

methyltransferase activity. However it was decades after the successful isolation of 

active DNA methyltransferases from mammalian cells (Roy & Weissbach, 1975; 

Sneider et al., 1975), when Tahiliani et al. identified three ten eleven translocase (TET) 

enzymes, TET1, TET2 and TET3 as proteins featuring the ability to convert 5-methyl 

cytosine to 5-hydroxymethyl cytosine (Tahiliani et al., 2009). TET enzymes are capable 

of further iterative oxidation of 5-hydroxymethyl cytosine (5hmC) to 5-formylcytosine 

(5fC) and 5-carboxylcytosine (5caC). The oxidized products 5fC and 5caC can be 

removed by thymine DNA glycosylase (TDG) and the resulting abasic site is repaired 

by a base excision repair (BER) mechanism (Kohli & Zhang, 2013; H. Wu & Zhang, 

2014), recuperating unmodified cytosine at this position. Other models for the removal 

of 5mC by TET propose an effect of 5hmC, 5fC and 5caC on the maintenance 

methylation by DNMT1 (H. Wu & Zhang, 2014). Independent of the adopted model, 

demethylation of 5mC is a complex mechanism involving multiple steps and protein 

complexes. The importance of TET enzymes becomes evident in their involvement in 

crucial biological processes with major rearrangements of gene expression programs. 

Such processes are haematopoiesis (Lio & Rao, 2019; Rasmussen & Helin, 2016), 
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embryonic development (Dawlaty et al., 2014) and cancer development (Rasmussen 

& Helin, 2016; Scourzic et al., 2015). 

The lysine specific demethylase LSD1 

For a long period of time during the history of histone modification studies, histone 

methylation was thought to be an irreversible signal once transferred to a histone 

protein, in contrast to histone acetylation and phosphorylation that could be 

enzymatically erased (Jenuwein, 2001). In 2004, Shi et al. described the lysine specific 

demethylase 1 (LSD1) as the first identified active histone demethylase (Shi et al., 

2004). LSD1 had been detected before as part of the corepressor complexes NuRD 

(Tong et al., 1998), CoREST (You et al., 2001), HDAC (Hakimi et al., 2002; Humphrey 

et al., 2001) and CtBP (Shi et al., 2003), but so far it had been identified as the 

“hypothetical protein KIAA0601”. Based on sequence homology analysis, this 

prevalent corepressor complex protein was suggested to have FAD dependent amine 

oxidase function. Shi then characterized LSD1 as a protein that specifically 

demethylated H3K4me2 peptides in vitro, depicting it as an evolutionary conserved 

transcriptional corepressor (Shi et al., 2004). 

Shi et al. further investigated the catalytic properties of full-length recombinant LSD1 

on methylated histone peptides and native histones isolated from HeLa. They could 

show that LSD1 demethylates mono- and dimethylated H3K4, but not trimethylated 

H3K4 or dimethylated H3K9 (Shi et al., 2004). By experiments with a C-terminal 

deletion mutant (amino acids 1-427), they identified the C-terminal amine oxidase (AO) 

domain as responsible for the catalytic activity on H3K4me.  

LSD1 removes the methyl groups from H3K4 in two successive oxidative reactions, 

with flavin acting as a cofactor. The first step in the demethylation reaction is the FAD 

mediated two-electron oxidation of the methylated lysine (Figure 9). The resulting 

imine intermediate is hydrolysed in a non-enzymatic reaction to release formaldehyde, 

leaving a monomethylated amine at the lysine residue. The oxidation reaction is 

repeated to remove the remaining methyl group, producing unmodified H3K4. 

Reduced FADH2 is re-oxidized by oxygen, producing H2O2 as a second side-product 

of the catalytic reaction (Forneris et al., 2005; Shi et al., 2004). The reaction 

mechanism provides one explanation for the specificity of LSD1 for mono- and di, but 
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not trimethylated H3K4 as a substrate, as the chemical nature of amine oxidase 

reactions requires a protonated nitrogen on the substrate (Shi et al., 2004). 

 

 
Figure 9: Reaction mechanism for the demethylation of H3K4me2 by LSD1. The methyl 
groups are removed successively in an oxidative reaction using FAD as a cofactor. Each 
removal is achieved in a two-step mechanism under the production of hydrogen peroxide and 
formaldehyde. The image was taken from Shi et al., 2004. 

 

An important step towards the better understanding of the biological function of LSD1 

was the crystallization of human LSD1 in complex with its cofactor FAD (Stavropoulos 

et al., 2006) (Figure 10). LSD1 consists of 3 main domains, a N-terminal Swi3-Rsc8-

Moira (SWIRM) domain, the catalytic amine oxidase domain (AOD) and a protruding 

tower domain. SWIRM domains are evolutionary conserved domains found in a 

number of chromatin-associated proteins (Yoneyama et al., 2007). The SWIRM 

domain of LSD1 has been found to interact with the N-terminal tail of H3 (Tochio et al., 

2006) and it is hypothesized that substrate binding by the groove between AOD and 

SWIRM is crucial for catalytic activity of LSD1 (Burg et al., 2016; Stavropoulos et al., 

2006).  
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Figure 10: Crystal structure depicting the different domains of human LSD1. Two 
orthogonal views of the full-length protein are shown. The tower domain (green) protrudes from 
the amine oxidase domain (AOD, blue). The groove formed by the SWIRM (yellow) and AOD 
is needed for interaction of LSD1 with the H3 tail. The Flavin-adenine dinucleotide (FAD) 
cofactor is shown in purple. The image was taken from Stavropoulos et al., 2006. 

The hydrophobic catalytic chamber of LSD1 is formed by the AOD and the tower 

domain and is relatively spacious, leaving room for the FAD binding and substrate 

binding site (Stavropoulos et al., 2006). There are three additional binding pockets 

close to the catalytic chamber, possibly recognizing side-chains of the H3 tail to modify 

LSD1 catalytic activity depending on the histone modification environment 

(Stavropoulos et al., 2006). Tight interactions of LSD1 and the H3 tail backbone 

surrounding H3K4 have been demonstrated, and are suggested to contribute to 

substrate specificity (M. Yang et al., 2007). The tower domain of LSD1 is formed by 

two antiparallel α-helices (termed TαA and TαB) that form a coiled-coil and extend 

approximately 100 Å from the AOD. The tower domain serves as a binding platform for 

regulatory proteins like CoREST (S.-A. Kim et al., 2020). Based on its role in the 

formation of the catalytic chamber of LSD1, it is suggested that binding of interacting 

proteins to the tower domain might regulate its catalytic activity (Stavropoulos et al., 

2006). 
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Recent crystallization of LSD1 in complex with its interactor CoREST and a 

reconstituted nucleosome as substrate has expanded the findings made by 

Stavropoulos and Tochio (S.-A. Kim et al., 2020; Stavropoulos et al., 2006; Tochio et 

al., 2006). Kim et al. found that the interaction of LSD1 with the nucleosome in complex 

with CoREST is supported by the interaction of LSD1 with linker DNA, while CoREST 

interacts with the nucleosomal core over its SANT domain (Figure 11). Using 

biochemical assays, Kim et al. showed that the demethylase activity of LSD1 on 

nucleosome substrates is also dependent on its interaction with the extranucleosomal 

DNA and on the binding of CoREST to the nucleosome (S.-A. Kim et al., 2020). 

Interestingly, in their assays they also observed considerable demethylase activity of 

previously described catalytic mutants of LSD1 (Stavropoulos et al., 2006), suggesting 

that the activity of LSD1 is strongly modulated by the existent cofactor environment. 

 

Figure 11: Crystal structure of LSD1 in complex with CoREST and the nucleosome. 
Truncated versions of the proteins (aa171-852 of LSD1 and aa286-440 of CoREST) and a 191 
bp DNA molecule were used for crystallization. The AOD and SWIRM domain of LSD1 are 
shown in yellow, the tower domain is shown in orange. The CoREST SANT2 domain is pink 
and the linker domain red. The part of the H3 tail that inserts into the catalytic pocket of LSD1 
is represented as a blue tube. The different histone proteins are shown in pastel colours. The 
image was taken from Kim et al., 2020. 
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LSD1 is mainly described as a transcriptional repressor, consistent with its catalytic 

activity to remove the activating H3K4me2 mark, and its association with repressive 

complexes (Maiques-Diaz & Somervaille, 2016; Y. Song et al., 2020). However, LSD1 

has also been described to demethylate H3K9me2 and H3K9me1 in cells, thus 

functioning as a transcriptional activator in association with the androgen- or the 

estrogen-related receptor (Carnesecchi et al., 2017; Metzger et al., 2005; Wissmann 

et al., 2007). However, this catalytic activity could not be validated on peptide level by 

multiple groups and is in conflict with published crystal structures of LSD1 in 

association with H3 (S.-A. Kim et al., 2020; Shi et al., 2004; M. Yang et al., 2007). A 

splice variant of LSD1, LSD1+8a which is found in neuronal cells, has been shown to 

demethylate H3K9 during neuronal differentiation in vivo (Laurent et al., 2015). 

However, recombinantly expressed LSD1+8a is not able to demethylate H3K9 

peptides in vivo, but only retains this ability when purified from neuroblastoma cells 

using tandem affinity purification (S.-A. Kim et al., 2020; Laurent et al., 2015). The 

biological meaning and functional mechanism of LSD1 activity on H3K9, as well as 

proposed activities on H4K20me (Jianxun Wang et al., 2015) remain diffuse, and are 

most probably limited to specific cell types and interactions with specific complex 

partners. 

LSD1 is directed to its target sequences via interaction with various transcription 

factors and targeting of its repressive activity plays an important role during many 

processes that involve cellular reprogramming (Ferrari-Amorotti et al., 2013; X. Hu et 

al., 2009; Y. Lin et al., 2010; Maiques-Diaz & Somervaille, 2016; S.-T. Su et al., 2009; 

G. Sun et al., 2010). However, LSD1 also binds promiscuously at transcriptionally 

active sites and enhancers all over the mammalian genome (Garcia-Bassets et al., 

2007; Whyte et al., 2012). It is supposed that LSD1 either resides at these loci in an 

inactive state, that H3K4me is protected by local factors, or that the repressive activity 

of LSD1 is counterbalanced by activating epigenetic complexes. 

LSD1 acts as a transcriptional repressor as part of multiple epigenetic repressor 

complexes, like the CoREST/HDAC/LSD1 complex (M. G. Lee et al., 2005; Y. Song et 

al., 2020), the SIN3A/HDAC complex (Y. Yang et al., 2018) or the NuRD complex (Y. 

Wang et al., 2009) (see section 1.3.1). Besides its demethylase activity, LSD1 has 

been shown to have regulatory functions that are independent of its catalytic activity 

on a genome-wide scale (F. Gu et al., 2020; Maiques-Diaz et al., 2018).  
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LSD1 is a paradigmatic example for the networking complexity of epigenetic regulation 

of gene expression. Its catalytic activity is modulated by the histone code that is present 

on its target substrate, by its interaction with transcription factors or nuclear receptors 

and by accessory proteins binding to its tower domain. The recruitment of LSD1 to 

target loci is mediated by a multitude of transcription factors and other chromatin 

binding proteins, and once it is bound to a target its activity can be counterbalanced by 

other epigenetic effector proteins. Also, the activity of LSD1 can be regulated by 

several posttranslational modifications (Perillo et al., 2020). Finally, even if LSD1 is 

devoid of its catalytic activity, it still has regulatory function by serving as a scaffolding 

protein for epigenetic complexes. Consequently, although it has intensively been 

studied for many years now, the biological role of LSD1 has not been fully captured so 

far (Maiques-Diaz & Somervaille, 2016). 

1.3. Formation of complex epigenetic networks 

Chromatin-related processes like the regulation of transcription, DNA replication or 

DNA repair are regulated by the local combination of chromatin modifications that 

originate from a vast pool of different HPTMs and DNA modifications. The intricacy of 

this so-called “histone code” (Strahl & Allis, 2000) is further increased by cofactors like 

the nuclear localization of the chromatin locus, the number of added modifications and 

the combinatorial effects of different modifications, either on the same histone tail or 

on neighbouring histones. Thus, the connection of a specific histone modification and 

its regulatory outcome is not linear but has to be interpreted by the integration of all 

surrounding factors (Strahl & Allis, 2000). This complex task is performed by a network 

of epigenetic effector proteins that are connected via a multiplicity of highly specific 

protein-protein and protein-DNA interaction domains (Malovannaya et al., 2011; Zhao 

et al., 2017). Chromatin regulation can work in self-enforcing epigenetic circuits that 

are fuelled by the local accumulation of histone PTMs, followed by the recruitment of 

enzymes recognizing these HPTMs, and leading to subsequent deposition of further 

HPTMs by associated protein complexes (Margueron et al., 2009). These circuits 

enable the switching between opposing chromatin states in a way that is tightly 

regulated and highly dynamic at the same time. While this complexity safeguards 

epigenetic control mechanisms from unintended mistakes, it complicates the 

investigation of single units of epigenetic regulation. To illustrate the process of 
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chromatin regulation by chromatin effector complex formation, several complexes will 

be exemplified in the following paragraphs. 

1.3.1. LSD1 and the different HDAC complexes 

The histone deacetylases HDAC1 and HDAC2 play a major role in the regulation of 

chromatin structure and function (Dovey et al., 2013; Kelly & Cowley, 2013). They 

execute distinct roles as subunits of different multiprotein complexes (Figure 12). 

Interestingly, LSD1 can interact with all three of the major HDAC complexes (S.-A. Kim 

et al., 2020; Y. Wang et al., 2009; Y. Yang et al., 2018), highlighting the role of LSD1 

as an important networking regulator. Although the deacetylation of histones usually is 

associated with gene repression, the individual outcome of HDAC binding is dependent 

on its association with different coregulators (Adams et al., 2018). 

An unambiguously repressive HDAC complex is the HDAC/LSD1/CoREST complex 

(Figure 12) (You et al., 2001). In this complex, the physical interaction of HDAC1 and 

LSD1, mediated by the repressor protein CoREST, facilitates the catalytic activity of 

both enzymes in a co-dependent manner. This mutual activation leads to the efficient 

demethylation and deacetylation of target chromatin (M. G. Lee et al., 2005; Y. Song 

et al., 2020). LSD1 is the effector of the repressive activity of the complex, but the 

removal of either HDAC or CoREST severely impacts the demethylase activity of LSD1 

on target genes (M. G. Lee et al., 2005; Maiques-Diaz & Somervaille, 2016). The 

HDAC/LSD1/CoREST complex regulates essential cell programs like hematopoietic 

differentiation, neuronal development and malignant proliferation (Fuentes et al., 2012; 

F. Gu et al., 2020; Majello et al., 2019; Saleque et al., 2007; Takagi et al., 2017). 

In association with the Sin3 complex, HDAC1/2 and LSD1 regulate essential cell-type 

specific gene expression programs during differentiation and development (Streubel et 

al., 2017). Sin3A and Sin3B complexes are multifaceted corepressor complexes that 

can assemble around various TFs, Sin-associated proteins (SAPs) and even TETs 

(Adams et al., 2018; Chandru et al., 2018; Fleischer et al., 2003; Swanson et al., 2004; 

Yi Zhang et al., 1997). The role of the Sin3/HDAC complex in transcriptional regulation 

is ambivalent, depending on the context and combination of subunits, it can either have 

activating or repressive function on transcription (Adams et al., 2018). However, in 

association with LSD1 the Sin3/HDAC complex represses the expression of multiple 

oncogenes (Y. Yang et al., 2018). 
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In combination with MBD containing proteins, the chromodomain helicase CHD4 (also 

called Mi2-β), and different histone chaperone and zinc-finger proteins, HDAC1/2 and 

LSD1 can form the nucleosome remodelling and deacetylation (NuRD) complex 

(Figure 12) (Bornelöv et al., 2018). The NuRD complex has a key role in the 

reprogramming of ES cells during early differentiation (Reynolds et al., 2012). NuRD 

has an affinity for open chromatin and can be found widely distributed over the genome 

(Bornelöv et al., 2018; Stevens et al., 2017). The repressive activity of NuRD is 

executed by two catalytic mechanisms: the deacetylation of histones by HDAC1/2 and 

chromatin remodelling by CHD4. On a local level, NuRD induction by differentiation 

signals leads to the compaction of chromatin, the loss of TF binding and RNA-

polymerase II accessibility and transcriptional repression (Bornelöv et al., 2018; 

Reynolds et al., 2012). The observation of a comprehensive reorganization of global 

chromatin architecture, following the clustering of NuRD-occupied domains, suggests 

the existence of additional and more global mechanisms of NuRD dependent 

reprogramming (Bornelöv et al., 2018; Stevens et al., 2017). 

 

Figure 12: Composition of the different HDAC/LSD1 complexes. Top: HDAC1 and 2 are 
mostly redundant in their biological function and can associate with different epigenetic 
complexes. The function of HDAC1/2 in association with the Sin3 complex can either be 
activating or repressive, depending on the chromatin context. As subunit of the NuRD complex, 
HDACs contribute to repressive chromatin remodelling. In association with CoREST and 
LSD1, HDAC1/2 act as transcriptional repressors by promoting the demethylation of H3K4. 
Bottom: The HDAC/LSD1 complexes are targeted to DNA and chromatin by association with 
different reading domains. The image was taken from Kelly & Cowley, 2013. 
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In conclusion, the association of HDAC1/2 and LSD1 with different chromatin 

complexes integrates their repressive deacetylase activity into a comprehensive 

chromatin silencing process. This process involves the target identification by reading 

domains and TFs (Figure 12), the fine-tuning of enzymatic activity by associated 

proteins, the remodelling of local chromatin structure, and the formation of large 

repressive domains by clustering of the protein complex with chromatin (Bornelöv et 

al., 2018; Y. Song et al., 2020; Stevens et al., 2017). In addition to the HDAC 

complexes, LSD1 directly interacts with a variety of other coregulators like 

SNAIL/SLUG (Ferrari-Amorotti et al., 2013), the PRC2 complex (Y. Jin et al., 2017) 

and MLL1 (Jianxun Wang et al., 2007). This makes LSD1 a versatile chromatin 

regulator, which is embedded tightly into the network of epigenetic gene regulation. 

 

1.3.2. The ZNF10-KRAB complexes 

The family of Krüppel-associated box (KRAB) domain containing zinc-finger proteins 

(KRAB-ZFPs) is a large group of transcription factors with repressive gene regulatory 

function. KRAB-ZFPs have been shown to be essential for the stable silencing of 

transposable elements in the genome, mostly by recruitment of the Tripartite Motif 

Containing 28 (TRIM28 or KAP-1) protein (Jacobs et al., 2014; Wolf & Goff, 2009). 

Mammals contain 200-500 different KRAB-ZFPs, each targeting a different set of 

transposable elements (Imbeault et al., 2017). This sparked the idea that KRAB-ZFPs 

might have co-evolved in an arms race with new transposons invading the genome, 

with new KRAB-ZFPs constantly evolving by gene duplications to inhibit their 

transposable activity and prevent damage caused by random integration (Imbeault et 

al., 2017; Jacobs et al., 2014). However, this cannot be the only driver of evolution and 

conservation of KRAB-ZFPs, as KRAB-ZFPs still exist long after the transposons they 

target have lost the ability for transposition and/or transcription. KRAB-ZFPs lack an 

innate catalytic activity, however they represent strong regulators of transcriptional 

repression. The recruitment of KRAB-ZFPs to a genomic locus induces the formation 

of a de novo heterochromatic environment, leading to the silencing of nearby genes by 

a position-effect-variegation (PEV) like mechanism (Sripathy et al., 2006; 

Tchasovnikarova et al., 2015). This shows that KRAB-ZFPs contain the innate ability 

to repress actively transcribed genes, and this feature has extensively been used for 

the epigenome editing of endogenous genomic loci (Thakore et al., 2016). 
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Furthermore, KRAB-ZFPs can regulate gene expression by modulating the chromatin 

state of target retrotransposons in the proximity of transcription start sites (Chuong et 

al., 2017; Ecco et al., 2016). In doing so, KRAB-ZFPs can use transposable elements 

in the mammalian genome as “regulatory hubs” for the binding of different transcription 

factors, enabling the regulation of gene expression by global reorganization of 

chromatin architecture (Chuong et al., 2017; Ecco et al., 2016). 

KRAB-ZFPs consist of an N-terminal ~75 amino acid KRAB domain linked to a tandem 

array of DNA-binding, cysteine and histidine containing C2H2-zinc-finger modules (P. 

Yang et al., 2017). Most KRAB-ZFPs have a KRAB domain that is composed of the 

two KRAB subdomains KRAB-box A and B, although it has been shown that 

subdomain A is sufficient for transcriptional repression, while subdomain B acts only 

as enhancer of silencing by KRAB-box A (Vissing et al., 1995). In this work, the focus 

will be on ZNF10 and its KRAB domain, as this domain is most commonly used in 

epigenome editing and transcriptional regulation experiments. 

The repressive activity of KRAB-ZFPs is mediated by recruitment of KAP-1 (TRIM28) 

over the KRAB domain (Messerschmidt et al., 2012; Wolf & Goff, 2009), which 

subsequently acts as a scaffolding protein for different epigenetic silencing complexes 

(Figure 13a). For example, KAP-1 can recruit the Mi-2/NuRD complex (D. C. Schultz 

et al., 2001) and the H3K9-specific SET Domain Bifurcated 1 (SETDB1) histone lysine 

methyltransferase (David C Schultz et al., 2002). Consequently, sequence-specific 

KRAB recruitment leads to the local assembly of a large epigenetic silencing complex 

and the formation of a constitutive heterochromatin domain (Nishibuchi & Déjardin, 

2017; P. Yang et al., 2017). 

KRAB-ZFPs are targeted to their site of action by an array of zinc-finger domains, each 

with a recognition motif for the binding of four specific nucleotide bases in the major 

groove of DNA (Figure 13b, c) (Brayer & Segal, 2008). In humans, each KRAB protein 

may have 4-34 zinc-finger domains (Urrutia, 2003), theoretically enabling the specific 

recognition of a sequence with a length of up to 90 bp.  
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Figure 13: The mechanisms behind KRAB mediated chromatin silencing. A, Schematic 
depicting the silencing complex forming around KRAB-ZFPs. The KRAB domain recruits 
heterochromatin proteins containing a H3K9me3 reading domain (HP1) and the scaffolding 
protein KAP-1 (TRIM28). KAP-1 induces local histone deacetylation and H3K9 trimethylation 
by recruitment of NuRD and SETDB1. B, Schematic explaining the sequence specific DNA 
recognition by a three-fingered zinc-finger domain of ZFs. The tandem recognition structure is 
stabilized by arrays of cysteine and histidine residues (red circles), which interact with zinc ions 
to form the C2H2-zinc module. This structure supports the extrusion of fingerprint amino acid 
sequences, which specifically bind individual DNA base sequences. C, Structural model of the 
recognition of a DNA sequence by a three-fingered zinc-finger domain. Each zinc-finger 
consists of an α-helix (red) and two β-sheets (yellow). The C2H2-zinc module is built up by the 
C-terminus of the α-helices and invariant loop regions (green) wrapped around the zinc ions 
(blue). Sequence-specific DNA binding is performed by the α-helices in the major groove of 
DNA. The figure was taken from Yang et al., 2017. 

Besides their ability to recruit NuRD and SETDB1 via KAP-1, KRAB-ZFPs have been 

shown to interact with the human silencing hub (HUSH) complex, consisting of the 

Transcription Activation Suppressor (TASOR or D14ABB1E), the M-Phase 

Phosphoprotein 8 (MPHOSPH8) and Periphilin 1 (PPHLN1). Tchasovnikarova et al. 

identified the HUSH components as enhancers of PEV in the haploid human leukaemia 

cell line KBM7 (Tchasovnikarova et al., 2015). Furthermore, they showed an 

interaction of the HUSH components with SETDB1, and that HUSH-mediated gene 

repression of transgenes integrated into sites of high H3K9me3 was targeted by 

MPHOSPH8. The main, evolutionary conserved mechanism for the stable silencing of 

endogenous retroviruses at sites of KRAB-ZFP binding is the formation of a repressive 

heterochromatin domain, executed by the assembly of SETBD1 and the 

heterochromatin protein 1 (HP1) in a complex around KAP-1 (Nishibuchi & Déjardin, 
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2017; David C Schultz et al., 2002). Silencing mediated by the HUSH complex is 

suggested to have evolved later as an additional mechanism, as only silencing of 

evolutionarily young LINEs is dependent on recruitment of D14ABB1E (Robbez-

Masson et al., 2018). The biological relevance and detailed mechanism of this 

regulatory complex formation remain to be determined. 

 

1.3.3. Chromatin remodelling complexes 

An essential part of transcriptional regulation is connected to the three-dimensional 

remodelling of chromatin from an accessible to an inaccessible chromatin state and 

vice versa (Cairns, 2009). In interphase nuclei of eukaryotic cells, DNA is tightly packed 

into a 30 nm fiber consisting of stacked nucleosome core particles (Grigoryev & 

Woodcock, 2012). Although this form of highly organized packaging enables the 

orderly storage of long DNA strands using minimal space, it must be resolved during 

cellular processes such as transcription, replication, recombination, or DNA repair 

(Cairns, 2009; Venkatesh & Workman, 2015). Chromatin remodellers are organized in 

large multi-subunit complexes to enable target identification and activity regulation of 

chromatin remodelling (Längst & Manelyte, 2015). Four families of ATP-dependent 

chromatin remodelling complexes have been identified (Längst & Manelyte, 2015; 

Narlikar et al., 2013). The SWI/SNF complex in yeast was the first ATP-dependent 

coactivator complex described (Côté et al., 1994), and other helicases carrying a highly 

conserved ATPase core have since been identified in all eukaryotes (Narlikar et al., 

2013). Chromatin remodellers can perform several functions to open up condensed 

chromatin regions, like the sliding of histone octamers along the DNA, the exchange 

of single histone core particles to variants or changing the nucleosomal DNA 

conformation (Becker & Workman, 2013). They share the ability to overcome the 

energetic barrier needed to break DNA-histone interactions in the nucleosome using 

the energy from ATP hydrolysis, thus paving the way for other proteins to access DNA 

(Hargreaves & Crabtree, 2011; Narlikar et al., 2013; Santoro et al., 2002). Depending 

on the nature of the recruited chromatin remodelling complexes (CRCs), the 

transcriptional output of a gene can either be active, as in the case of human SWI/SNF 

(Soutoglou & Talianidis, 2002), or repressive, as for the nucleolar remodelling complex 

NoRC (Santoro et al., 2002). Remodelling activity is strongly dependent on the local 

chromatin context (Längst & Manelyte, 2015), making chromatin remodelling an 
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important mediator between the histone code and the transcription machinery. Thus, 

to secure a controlled process of chromatin remodelling, proteins with catalytic 

remodelling activity depend on the association with HPTM readers and modifiers in 

multiprotein complexes, in order to find their targets and prepare the chromatin 

environment for the structural reorganization (Längst & Manelyte, 2015). Mutations 

related to subunits of chromatin remodelling complexes play a role in the development 

of various cancers (Hodges et al., 2016; B. Li et al., 2007), underlining the importance 

for the investigation of epigenetic complex formation. Chromatin remodelling is 

inextricably linked to the regulation of gene expression by changes in chromatin 

modifications. However, it will not be in the focus of this work. 

 

1.4. Epigenetics in development and cancer 

The previous paragraphs have illustrated the diversity of epigenetic mechanisms that 

regulate gene expression programs in cells. In the following sections, the physiological 

consequences of defects in the epigenetic regulatory system will be described. 

Following a general illustration of critical events of epigenetic reprogramming, the 

aftermath of epigenetic malfunction will be exemplified using the example of the lysine-

specific demethylase 1 (LSD1), as this protein was in the focus of this thesis. 

1.4.1. Implications of epigenetic defects during embryonic development 

Somatic cells of mammalian organisms are governed by stable and heritable gene 

expression patterns that determine their cell-type specific morphology and 

functionality. These expression patterns are regulated by the targeted recruitment of 

transcription factors (TFs) and chromatin modifying enzymes to promoter and 

enhancer regions, resulting in the consequential activation or repression of associated 

genes (Gökbuget & Blelloch, 2019). Cells of a certain lineage commit to their specific 

cell-fates during embryonic development, a process that is orchestrated by epigenetic 

mechanisms (Mikkelsen et al., 2007; Xia & Xie, 2020). To execute this transition, 

extensive epigenetic reprogramming from the pluripotent chromatin state to a 

chromatin state driving the gene expression pattern of the respective differentiated cell 

type is necessary (Messerschmidt et al., 2014; Xia & Xie, 2020). Mistakes occurring 

during this vast reorganization event have global consequences for the developing 

organism, ranging from the development of chronic diseases (Jakovcevski & Akbarian, 
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2012; Portela & Esteller, 2010; Tough, 2016) over severe embryonic growth defects 

(Messerschmidt et al., 2012) to embryonic lethality (W. Lin & Dent, 2006; Z. D. Smith 

& Meissner, 2013). 

During a healthy somatic cell life cycle, the transition from pluripotent stem cells to 

differentiated cell lineages is irreversible. Several important epigenetic “barriers” have 

been identified in adult organisms that prevent the reprogramming of somatic cells 

back to stem cells (Jiekai Chen et al., 2013; Soufi et al., 2012). However, it was 

possible to overcome these barriers to engineer induced pluripotent stem cells (iPSCs) 

(Papp & Plath, 2013). The deregulation of epigenetic mechanisms that trigger the 

reactivation of pluripotency genes or genes enabling irregular differentiation can lead 

to malignant transformation of cells (Flavahan et al., 2017). Mutations in a single 

epigenetic effector protein that may be acquired during somatic cell growth can have 

severe consequences for the global homeostatic chromatin state, by inducing 

oncogene activation, tumour suppressor silencing or adaptive cell fate transitions 

(Flavahan et al., 2017). 

1.4.2. LSD1 and embryonic development 

The lysine specific demethylase LSD1 acts as an epigenetic regulator of transcription. 

The complex modes of action of LSD1 are explained in detail in section 1.2.3. The 

expression of LSD1 during embryonic development is essential for the survival of the 

embryo, with homozygous genetic deletion of the LSD1 AOD in mouse preimplantation 

embryos being lethal at embryonic day <7.5 (Jianxun Wang et al., 2007). LSD1 

orchestrates the establishment of cell-type specific developmental programs by 

directing co-activator (WDR5) and co-repressor (CoREST, HDAC) proteins to the 

promoters of developmental genes after initial organ commitment (Jianxun Wang et 

al., 2007). Conditional knockout of LSD1 in embryonic stem cells (ESCs) in vitro leads 

to the aberrant expression of transcription factors regulating anterior/posterior 

patterning and limb development (Foster et al., 2010).  

Besides promoter regulation, LSD1 can associate with the nucleosome remodelling 

and deacetylase (NuRD) complex to decommission enhancers that drive expression 

of ESC genes like Oct1, Nanog and Sox2, thereby paving the way for differentiation of 

ESCs (Whyte et al., 2012). On a global level, LSD1 regulates the maintenance of DNA 

methylation during development. This can either be mediated by the removal of lysine 

methylation on DNMT1, or by alterations of chromatin loci that serve as a substrate for 
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DNMT1 (Jing Wang et al., 2009). In conclusion, the interference with the regulatory 

activity of LSD1 in stem- or progenitor cells leads to severe, distinct and cell-type 

specific defects in differentiation and development (Di Stefano et al., 2007; Fuentes et 

al., 2012; Vinckier et al., 2020; Jianxun Wang et al., 2007), underlining its essential 

role in cellular reprogramming, while the distinct mechanisms of action remain to be 

fully described. 

1.4.3. Diseases associated with the deregulation of epigenetic factors 

With the field of epigenetics growing and getting more attention over the past decades, 

the interest in finding epigenetic sources for diseases is increasing as well. One field 

of medical science trying to associate epigenetics with distinct diseases is 

neurobiology. Deregulation of DNA methylation and histone modification states have 

been found in neurodegenerative diseases like Alzheimer´s disease, Parkinson´s 

disease and even epilepsy (Landgrave-Gómez et al., 2015), but no mechanistic links 

between chromatin states and disease progression have been shown. Still, there are 

increasing hints that neurological disorders could benefit from epigenetic therapies 

(Jakovcevski & Akbarian, 2012). The Rett syndrome, a progressive 

neurodevelopmental disorder, is caused by mutations in the Methyl-CpG-binding 

protein 2 (MeCP2) (Amir et al., 1999; L. Wang et al., 2020) and the immunodeficiency, 

centromeric instability and facial anomalies (ICF) syndrome, a disease that also 

includes mental retardation of patients, is raised by mutations in the DNMT3B gene (R. 

S. Hansen et al., 1999). Interestingly valproic acid, a drug used to treat various types 

of seizure disorders and manic depression (Davis et al., 1994), acts as a histone 

deacetylase inhibitor and might have neuroprotective effects (Y. Su et al., 2004), 

although the mechanistic links still have to be discovered. 

Besides the ICF syndrome, other diseases related to disfunctions of the immune 

system are being investigated for the influence of epigenetics on their progression 

(Portela & Esteller, 2010). Differential DNA methylation patterns in the MHC cluster 

have been shown to be a risk factor for the development of rheumatoid arthritis (Y. Liu 

et al., 2013) and patients with systemic lupus erythematosus (SLE) show 

downregulated HDAC activity in monocytes, leading to aberrant acetylation of histones 

(Leung et al., 2015). However, despite intensive research in this field, no epigenetic 

therapies for autoimmune diseases have been developed so far (Jeffries, 2018; 

Karagianni & Tzioufas, 2019). 
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Epigenetic gene regulation sustains the normal execution of gene expression 

programs. Consequently, defects in this regulatory system can lead to aberrant cell 

proliferation, cell-cycle progression, cell invasion and thus the development of cancer 

(P. A. Jones et al., 2016). Fortunately, significant progress in the development and 

establishment of epigenetic therapies for the treatment of different cancers has been 

made over the past decade. Drugs targeting DNMTs, HDACs, IDH1 and 2, histone 

methyltransferases (HMTs) and chromatin remodelling proteins have already been 

approved for therapeutic use by the US Food and Drug Administration (FDA), and 

many more epigenetic drugs currently undergo preclinical or clinical trials (Bates, 

2020). DNA hypomethylating agents and histone deacetylase inhibitors are used for 

treatment of acute myeloid leukaemia (ALL) (Bohl et al., 2018) as well as for the 

combinatorial treatment of solid tumours, e.g. in breast (Connolly et al., 2017) and 

prostate cancer (Ferrari et al., 2019). In these hormone dependent tumours, epigenetic 

therapies are applied to re-sensitize resistant cancers to canonical treatments by 

reactivation of target gene expression. This supportive feature to overcome relapsing 

tumour growth is in the focus of studies searching for novel treatments for other 

cancers with high rates of resistance development (Brown et al., 2014; Moufarrij et al., 

2019; Olino et al., 2020). The prospects for an increasing number of epigenetic 

therapies for cancer are promising. However, the highly plastic nature of epigenetic 

networks, which respond to inhibition of a single subunit with dynamic adaptions of 

coregulatory processes, renders epigenetic therapies susceptible to resistance 

development (Quagliano et al., 2020; Rathert et al., 2015). A better mechanistic 

understanding of the epigenetic changes leading to malignant cell growth, and of the 

processes that a targeted therapy could manipulate to effectively inhibit tumour growth, 

will be needed to boost the establishment of efficient cancer specific treatments 

(Quagliano et al., 2020).  

1.4.4. LSD1 and cancer 

LSD1 has been identified as a therapeutic target in many cancers (Verde et al., 2017). 

The oncogenic properties of LSD1 are mediated both by its catalytic and non-catalytic 

functions and can be targeted by specific antagonist molecules in cancer therapy 

(Fiskus et al., 2014; Vinyard et al., 2019). In acute myeloid leukemia (AML), LSD1 

sustains the oncogenic potential of leukemia stem cells by inhibiting differentiation 

pathways (Harris et al., 2012; Schenk et al., 2012). In ER negative breast cancer, LSD1 
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overexpression can serve as a biomarker for an aggressive phenotype and is essential 

for tumour survival and growth (Lim et al., 2010; Y. Yang et al., 2018). At the same 

time, LSD1 can inhibit epithelial to mesenchymal transition and retain chemo-

sensitivity of breast cancer cells, therefore acting as a tumour suppressor (Y. Wang et 

al., 2009; Y. Yang et al., 2018). Thus, the effective role of LSD1 must be determined 

for each clinical picture. As a coregulator of hormone signalling, LSD1 plays an 

important role in a variety of hormone-driven cancers like breast-, prostate- and 

bladder cancer (Benedetti et al., 2019; Kauffman et al., 2011; Metzger et al., 2005; 

Wissmann et al., 2007).  

LSD1 can contribute to carcinogenesis as a transcriptional regulator by demethylating 

H3K4 or via its interaction with hormone receptors, but it can also change tumour 

pathogenicity by demethylation of non-histone targets or interaction with lncRNAs (Lian 

et al., 2017; Majello et al., 2019; M. Sun et al., 2016). These multiple modes of action 

underline the importance for LSD1 as a target for epigenetic therapies in cancer, and 

a number of drugs are currently undergoing clinical trials (Y. Fang et al., 2019) (Table 

1). A promising candidate is the highly selective small-molecule inhibitor ORY-1001, 

which has been shown to effectively increase H3K4me2 levels at LSD1 target genes, 

inducing differentiation of leukemic stem cells in AML and reducing tumour growth in 

small cell lung cancer (SCLC) (Augert et al., 2019; Y. Fang et al., 2019; Maes et al., 

2018). The inhibitor molecule GSK2879552 shows promising effects in AML, SCLC 

and prostate cancer (Y. Fang et al., 2019; Gao et al., 2020; Stewart & Byers, 2015), 

changing carcinogenic gene expression patterns by modulating hormone receptor 

binding and reactivating tumour suppressor signalling pathways. 

Besides the development of cancer therapies based on targeting LSD1, LSD1 

inhibitors are currently being tested for application in the treatment of 

neurodegenerative diseases like Multiple Sclerosis, Alzheimer´s disease and 

Huntington´s disease (Y. Fang et al., 2019) (Table 1). ORY-2001 has been shown to 

be brain-permeable, safe and effective to reduce cognitive impairment in mouse 

models for neurodegenerative disorders (Maes et al., 2016). Although these studies 

are still in a very early stage, they show great promise given the existent limitations in 

the treatment of neurodegenerative diseases. 
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Table 1: LSD1 inhibitors in clinical trials. The table represents the clinical status in October 
2019. The table was taken from Fang et al., 2019. A constantly updated status can be reviewed 
online at www.clinicaltrials.gov. 

 

 

1.5. Methods for the investigation of chromatin effector complexes 

1.5.1. Challenges  

The complexity of epigenetic gene regulation poses a great challenge for the 

investigation of the effects of individual epigenetically active proteins on transcription. 

The expression of a specific gene is modulated by the recruitment of TFs and 

chromatin modifiers, and this recruitment is dependent on the repressive or activating 

state of the surrounding chromatin (Gao et al., 2020; Kribelbauer et al., 2017; Mazzio 

& Soliman, 2012; Tycko et al., 2017). However, not only the local chromatin state or 

the conformation of proximal promoter regions is involved in the regulatory process, 

gene expression can additionally be dependent on the epigenetic state of one or 

multiple distal enhancer elements, which modulate gene expression over the range of 
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large distances (H. K. Long et al., 2016). Thus, the translational outcome of a single 

gene is a stochastic event under the influence of various epigenetic and gene-

regulatory processes with high spatiotemporal complexity (Nicolas et al., 2017; Tycko 

et al., 2017). Defining the role of a single regulatory factor inside this complex 

interaction network still poses a great challenge, and requires a sophisticated 

experimental approach.  

Studies of the epigenome face the challenge of monitoring effects that can have a 

global impact on the chromatin environment, that are interconnected with multiple 

(possibly unknown) other epigenetic processes, and that are dynamically changing 

upon external signals or counteracting mechanisms. The easiest way to tackle these 

challenges is to reduce the complexity by performing in vitro experiments, although 

this will first require a good hypothesis to be able to perform a meaningful experiment 

with results that can be transferred to the whole cell or organism. Advances in high 

throughput technologies have significantly improved the investigation of global 

changes on protein-, RNA- or DNA-level. Still, these methods usually deliver only a 

snapshot of the cellular state and represent an average value of a diverse 

heterogenous cell population. By combination of multiple state-of-the-art methods, an 

approach that dynamically traces changes in epigenetic systems in a comprehensive 

manner can be created, aiming to define the nodes that hold together the epigenetic 

regulatory network. Ideally, this approach would be universally applicable to living cells 

of different developmental or mutagenic background, and able to detect any arising 

protein interactions, independent of individual predictive hypotheses.  

1.5.2. In vitro methods 

With the advances in producing modified histone peptide arrays (Rathert et al., 2008), 

isolating whole nucleosomes from mammalian cells (O’Neill & Turner, 2003) and even 

creating specifically modified recombinant designer nucleosomes (Neumann et al., 

2009; Simon et al., 2007), there are many ways to obtain substrates for biochemical in 

vitro activity screening of epigenetic effector proteins. These biochemical assays can 

be used for the identification of epigenetic reader-, writer- or eraser-protein substrates 

and the characterization of mutant variants of those proteins (S.-A. Kim et al., 2020; X. 

Wang et al., 2017; Weirich et al., 2016). They provide a good tool for the definition of 

protein-substrate interactions and the impact that different combinations of histone tail 

modifications have on this interaction (Dou et al., 2006; S.-A. Kim et al., 2020; 
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Kungulovski et al., 2016; Yingying Zhang et al., 2010). However, observations from 

those assays sometimes fail to translate into the cellular context, and the extent to 

which complex interactions of proteins in this context can be investigated is very 

limited.  

To identify interactions of epigenetic effector proteins in multiprotein complexes, 

coprecipitation experiments are the most common way to go (Malovannaya et al., 

2011). The protein of interest can be precipitated from cellular lysate using a protein-

specific antibody or a peptide tag that was biotechnologically attached to the protein 

before harvesting of the cells (Bantscheff et al., 2011; Elion, 2007). To identify specific 

proteins that form stable physical complexes with the target conditions, precipitates 

from the solution can be analysed using SDS-PAGE followed by detection with specific 

antibodies. To analyse the whole set of proteins coprecipitated with the target, the 

samples can be digested with specific proteases after precipitation and analysed with 

high-performance liquid chromatography (HPLC) and mass spectrometry (Bantscheff 

et al., 2011; Malovannaya et al., 2011; Weigt et al., 2016). Although these methods 

are powerful to identify all proteins physically interacting with a protein of interest, low 

abundance proteins might be missed and functional interactions without a physical 

component will be missed as well. Also, coprecipitation experiments require either the 

availability of high-quality antibodies for every target or the overexpression of a 

peptide-tagged protein in cells. This problem can be solved by precipitating the 

proteins using a covalent inhibitor molecule tagged with biotin for pulldown (Maes et 

al., 2018), but the availability of suitable compounds is another limiting factor. 

1.5.3. In vivo methods 

To study epigenetic effector proteins in their endogenous context of modified chromatin 

and interacting epigenetic complexes, methods that are working in a native cellular 

system or even a whole organism must be applied. Many epigenetic mechanisms are 

highly conserved throughout evolution and thus allow for manifold model organisms 

being used in epigenetic research, such as S. cerevisiae, Tetrahymena, C. elegans or 

Drosophila melanogaster (Allis et al., 2007). However, differences in the abundance of 

histone PTMs and in the usage of similar effector proteins are significant (Garcia et al., 

2007; Kouzarides, 2002), leaving only the mouse model as similar enough to the 

human system to be used in experiments that aim to reveal therapeutically relevant 

data. Epigenetic processes during development and differentiation are studied in 



61 
 

mouse embryonic stem cells (mESCs) (Scarola et al., 2015) or induced pluripotent 

stem cells (iPSCs) generated from mouse or human fibroblasts (Papp & Plath, 2013). 

Epigenetic signal transduction, mechanisms of chromatin modification and remodelling 

and cancer development are studied in immortalized cell lines from various tissues and 

will be regarded as in vivo experiments in this work. 

Overview of existing methods 

Fluorescence microscopy-based methods to study proteins in an endogenous cell 

context are widely used to monitor the abundance, localization, and dynamics of 

molecular interaction. As an improvement of simple colocalization microscopy using 

fluorescent antibodies, fluorescence resonance energy transfer (FRET) microscopy 

(Clegg, 1995; P. G. Wu & Brand, 1994) has been developed, in which the proteins of 

interest are biotechnologically coupled to fluorescent proteins or dyes with concerted 

excitation and emission spectra. The energy emitted from one FRET partner upon 

excitation can excite fluorescence in the other partner only if the proteins are in 

proximity, allowing for the detection of colocalization by measuring the signal emitted 

by the second partner with a resolution down to 10-100 Å.  

A major drawback of FRET microscopy is the need to genetically engineer the cells 

before analysis to couple fluorophores to the proteins of interest. For samples that 

cannot at all or hardly be altered biotechnologically, like patient samples or hard to 

engineer primary cells, the proximity ligation assay (PLA) can be used as an alternative 

to FRET (Fredriksson et al., 2002; Söderberg et al., 2008). In PLA, two proteins of a 

complex are targeted by specific antibodies, each coupled to a different DNA probe. 

The DNA probes are ligated and amplified via a fluorescence-coupled rolling-circle 

amplification in situ. While PLA is a very sensitive method to detect protein interactions 

directly in a cell, it is rather complex to establish this method in respect to the 

informational output that can be expected, and it requires the availability of suitable 

antibodies for each target. 

An ever-growing field in epigenetic research is the biotechnological application of 

protein reading domains for the detection or targeted editing of epigenetic signals. To 

this end, either DNA sequence-specific targeting domains (zinc-fingers, TALEs or 

dCas9; reviewed in Rots & Jeltsch, 2018) or epigenetic modification-specific reading 

domains (Jeltsch et al., 2020) can be applied. Fused to fluorescent proteins, the 

domains can be used for visualization of epigenetic modifications via fluorescence 
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microscopy. A more sophisticated method for the readout of epigenetic modifications 

at distinct genomic loci is the combination of epigenetic reading domains and 

bimolecular fluorescence complementation (BiFC) microscopy (Kerppola, 2006) to 

engineered bimolecular anchor detector (BiAD) sensors (Lungu et al., 2017). While 

BiFC alone can be used to visualize interactions of proteins, the BiAD system can be 

applied to monitor not only the steady state, but also dynamic changes in the co-

occurrence of different epigenetic signals. However, both methods require some 

establishment before they can be applied and have limitations as regards their 

sensitivity.  

Besides the detection of epigenetic modifications with fluorescence microscopy, 

chromatin reading domains can be used to investigate the downstream effects of 

chromatin effector complexes. Reading domains for DNA-methylation (Serre et al., 

2009; Vucic et al., 2009) or histone PTMs (Kungulovski et al., 2016) are a specific and 

reliable alternative to polyclonal antibodies in chromatin immunoprecipitation (ChIP) 

experiments followed by qPCR or Illumina sequencing (ChIP-seq), that are performed 

to detect global changes of epigenome modifications (Kungulovski et al., 2016).  

Epigenetic reporter systems 

Synthetic biology has generated the development of various reporter gene systems, 

which allow for the direct readout of transcriptional changes of a synthetic promoter. 

Synthetic reporter genes have been used to study the induced activation of 

transcription (Biggar & Crabtree, 2001; Fiering et al., 1990; Ho et al., 1996), as well as 

the induced stable repression of genes (Ayyanathan et al., 2003). Advances in lentiviral 

technology (Mátrai et al., 2010) have enabled the creation of stable cell lines with the 

reporter genes integrated into the endogenous chromatin environment of host cells or 

organisms. Using the dynamic readout of reporter fluorophore expression, the 

dynamics and stability of epigenetic silencing and heterochromatin formation have 

been studied in different settings and with different recruitment methods (Gilbert et al., 

2013; Hathaway et al., 2012; Keung et al., 2014). The various approaches can be 

differentiated by the site of expression of the reporter gene in the host. Depending on 

their localization on artificial chromosomes (Bintu et al., 2016; Tycko et al., 2020), their 

targeted integration into a specific genomic locus (Braun et al., 2017; Hathaway et al., 

2012; Headley et al., 2019; Keung et al., 2014) or into a random genomic site (Gilbert 

et al., 2013), reporter gene expression is subject to different subsets of endogenous 
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regulatory mechanisms. These endogenous mechanisms function as barriers 

hindering the intended change of gene expression (Headley et al., 2019) and alter the 

dynamics and stability of the introduced chromatin modulation (Bintu et al., 2016). 

Although reporter gene-based methods have been extensively used to study the 

process of the transition between active and repressed chromatin states, many 

questions remain unanswered. The transcriptional response of reporter gene 

repression occurs at different dynamics and sometimes remains incomplete (Bintu et 

al., 2016; Headley et al., 2019; Tycko et al., 2020; Yeo et al., 2018). How are the 

barriers preventing the induced silencing of transcription composed? And which 

endogenous coregulators need to be co-recruited to achieve efficient silencing of gene 

expression? These questions were challenged during the work on this thesis, by 

combination of the synthetic reporter gene approach with a comprehensive RNAi 

library targeting 1104 chromatin related genes (Rathert et al., 2015).  

1.5.4. A novel approach to capture the complexity of epigenetic gene 

regulation 

Since the proposal of the "histone code", the model that gene expression programs 

are encoded in the form of covalent HPTMs subsists (T. Jenuwein & Allis, 2001). 

However, it is now clear that the information that is packaged in the histone code is not 

just transmitted as a cumulative readout of single histone modifications. Instead, the 

biological outcome of a code can vary, depending on the individual combination with 

other HPTMs, with chemical modifications of DNA, the presence of regulatory RNAs 

and the formation of large structural domains by condensation effects. The 

transcriptional activity of a genomic locus is seen as a statistical event, which is 

controlled by this complex chromatin environment, the availability of TFs and the 

presence and status of cis-regulatory elements (Nicolas et al., 2017; Tycko et al., 

2017). To complement the intricacy of the “input” information provided by the chromatin 

environment, epigenetic transcriptional regulators have evolved to work in complexes 

of several domains providing reading-, writing-, erasing- or remodelling function. 

Depending on the local histone code, singular complex partners can be exchanged to 

adapt the regulatory activity of the complex. The regulatory capacity of this vast 

network of epigenetic factors is enormous, and the complexity poses a great challenge 

for the investigation of single nodes or connections inside this network.  
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To set about this challenge, a comprehensive RNAi screening approach was combined 

with the recruitment of an epigenetic repressor domain to a synthetic reporter gene in 

the presented work. Several high-throughput screening approaches have been 

developed to capture the intricacy of biological pathways and regulatory networks. 

Genetic screenings can be performed using RNA interference (RNAi) with small hairpin 

RNAs (shRNAs), which reduce the expression of specific target genes by induction of 

mRNA cleavage and degradation (Martin & Caplen, 2007). To apply this method for 

genome-wide high-throughput screenings, the RNA scaffolds were improved and 

integrated into lentiviral transduction vectors, to be able to stably integrate them into 

the genome of mammalian cells (Brummelkamp et al., 2002; Fellmann et al., 2013; 

Pelossof et al., 2017; Zuber, McJunkin, et al., 2011). Combined with the lentiviral 

technology, extensive shRNA and CRISPR-RNA libraries are being used for the high-

throughput screening of novel therapeutic targets in different cancers (S. Chen et al., 

2015; Shalem et al., 2014; Tzelepis et al., 2016; Zuber, Shi, et al., 2011), of nodes in 

regulatory networks (Parnas et al., 2015) or of functional non-coding RNAs (S. J. Liu 

et al., 2017). These approaches constantly provide new insights into the tumorigenesis 

and resistance development of cancer cells (Rathert et al., 2015).  

The measurable output of common screening methods is a change in the proliferative 

activity or in the grade of differentiation of the monitored cells. By introduction of a 

targetable fluorescent reporter gene, the key innovation of the presented work was the 

direct coupling of an RNAi screen to a discrete transcriptional output of a gene that is 

confidently regulated by the chromatin effector of interest. Transcriptional regulation is 

a complex and dynamic process (Tycko et al., 2017). To be able to experimentally 

describe isolated mechanisms of transcriptional regulation, it is essential to have 

robust knowledge about the surrounding influence factors. The presented approach 

aimed to master a balancing act between the reduction of complexity and the 

comprehensive analysis of regulatory interactions. On the one hand, it was aimed to 

reduce the variability of input factors leading to a transcriptional signal by installation 

of a controlled system with an easy read-out. At the same time, it was essential to 

sustain the integration of the reporter gene and the analysed chromatin regulator into 

the complex endogenous epigenetic network of eukaryotic cells. In doing so, it was 

anticipated to identify and characterize novel functional dependencies of chromatin 

regulators in their activity at a transcribed gene.  
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2. Principal aims of the study 

Epigenetic research faces the challenge of the high complexity and tight coregulation 

of effectors in epigenomic networks. Although many isolated mechanisms of epigenetic 

gene regulation are well-described, solid methods for the comprehensive analysis of 

specific processes as parts of the bigger epigenomic network are missing. The aim of 

this work was to expand the toolbox of existing methods by an approach that will help 

to capture and describe the complexity of transcriptional regulation. 

2.1. Development of a modular reporter system for the dynamic investigation 

of epigenetic complexes 

The regulation of transcription by the induced modification of chromatin structure is a 

dynamic process (Amabile et al., 2016; Bintu et al., 2016; Tycko et al., 2017). To 

comprehensively describe this process, experimental approaches must be able to 

trace various types of input information, e.g. about interactions of chromatin regulators, 

the presence of specific epigenetic marks, transcription factor concentrations, and the 

location of the gene within the nucleus. However, all approaches that are available so 

far have strengths in the integration of certain input signals, while they fail to detect 

other factors completely. The extensive collection of experimental data remains an 

essential premise for the eventual generation of a predictive theoretical framework for 

eukaryotic gene regulation. To expand the available experimental toolbox, the aim of 

this work was to create a robust reporter system for transcriptional activity, with an 

easy and dynamic readout and the ability to compensate for cell-to-cell variances of 

transcription. The system was designed to enable the induced recruitment of a 

chromatin regulator to a fluorescent reporter gene, followed by the detection of 

transcriptional changes using flow-cytometry. It was aimed to integrate the reporter 

gene into an endogenous chromatin environment to allow for the detection of 

regulatory dependencies of the investigated chromatin regulator on endogenous 

cofactors. The reporter system was planned to have a modular design. Like this, the 

application of the method for the investigation of different chromatin regulators should 

be enabled. The goal was to optimize the reporter system in a way that it could be used 

for the characterization of catalytic mutants of epigenetic regulators. Once the 

sensitivity of the system to report on the effect of catalytic activities on transcriptional 

regulation would be validated, it was planned to analyse whether it could also be used 

to test small molecule inhibitors of chromatin effectors.  
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The most important novelty of the planned reporter system would be the ability to 

detect the dependency of chromatin effector proteins on the recruitment of 

endogenous coregulators. The capacity of the system to provide this function was 

planned to be validated using RNAi. 

Eventually, it was aimed to obtain a robust fluorescent reporter system that could be 

applied for the analysis of the dynamics of chromatin conformation changes, of 

functional interactions of chromatin regulators inside eukaryotic regulatory networks, 

and for the analysis of small molecule inhibitors. If all these goals could be achieved, 

the reporter would present a valuable tool for the collection of experimental data that 

is needed to build a model for epigenetic transcriptional regulation. 

 

2.2. Identification and characterization of novel interactors of LSD1 as a 

highly networking transcriptional repressor 

The application of high-throughput methods represents a suitable way to meet the 

immense number of functional interactions that constantly take place in the epigenetic 

network with an equally high number of descriptive data points. The lysine specific 

demethylase LSD1 constituted an interesting candidate for the analysis of functional 

relationships in this network, as it is known to exert its repressive activity in cooperation 

with multiple coregulatory complexes (Maiques-Diaz & Somervaille, 2016). The aim 

was to identify novel coregulators of LSD1 as a transcriptional repressor by combining 

the reporter system with a comprehensive RNAi screen. Using this approach, it was 

planned to screen 1104 chromatin related genes for their connection to LSD1 induced 

transcriptional repression. The strongest candidate emerging as a coregulator in this 

screen should be validated, and the functional interaction with LSD1 should be 

characterized comprehensively. Using various biochemical methods, it was aimed to 

fully describe the succession of molecular mechanisms that need to be activated in a 

cell to induce the stable silencing of a reporter gene.  
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2.3. Analysis of the repressive complexes forming around the KRAB domain 

in different cell lines 

The KRAB domain of ZNF10 is commonly used as a repressive domain in synthetic 

biology and CRISPRi approaches (Alerasool et al., 2020; Bintu et al., 2016; Tycko et 

al., 2020). However, the mechanisms and functional interactions mediating the 

installation of heterochromatin following KRAB binding to a genomic locus are ill-

defined, leading to unsatisfactory or inexplicable results in epigenome editing 

approaches using this domain (Alerasool et al., 2020; Yeo et al., 2018; Ying et al., 

2015). The aim of this project was to combine the synthetic reporter system with RNAi 

to characterize the mechanisms of KRAB induced transcriptional repression, and to 

detect variances in repressive complex formation between different cell lines. The 

results from this project could help to improve the efficiency of epigenome editing 

approaches using the KRAB domain, by revealing cell-type specific modes of KRAB 

induced transcriptional silencing.  
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3. Materials and methods 

Most of the methods described in this section are also described in the methods section 

of Appendix 1. The descriptions in this thesis provide additional context and detail 

compared to the published methods. 

3.1. Cloning 

The fluorescent reporter constructs used in this work were assembled in a modular 

way, to build a reporter cassette consisting of an array of TetR binding sites (tetO), a 

variable promoter sequence (synP) and either mCherry or turboGFP as reporter 

fluorophore (Figure 15 and Appendix Figure 2). Expression of the reporter 

fluorophore was coupled to an antibiotic resistance (Blasticidin or Puromycin) via a 

P2A sequence to allow for antibiotic selection of cells expressing the reporter. The 

reporter cassette was cloned into a pMSCV (Addgene #75085) vector backbone using 

Gibson Assembly® (D. G. Gibson et al., 2009) to enable retroviral integration into the 

target cell lines. Following optimization of the modular reporter cassette, further 

experiments were performed using a reporter construct with 6x tetO sites upstream of 

a constitutive EF1A promoter driving the expression of mCherry. The resulting 

fluorescent reporter construct is called synP-mCherry throughout this work and the 

attached publication. 

The LSD1 construct was kindly provided by Tim Somervaille. All rTetR- and TetR-

effector fusion constructs were cloned into a pRRL lentiviral vector backbone under 

control of a SFFV promoter (Appendix Figure 1). Expression of the fusion constructs 

was coupled to a Hygromycin resistance gene via a P2A sequence using standard 

cloning methods. All effector domains and full-length proteins used in this study are 

listed in Table 2. 

For cloning of the plasmids used for RNAi, 97-mer oligonucleotides containing the 

target-specific 22 bp guide sequences were ordered as ultramers from Integrated DNA 

Technologies (www.idtdna.com). The oligonucleotides were amplified using Platinum 

Pfx DNA Polymerase (Thermo Fisher Scientific) and primers adding EcoRI and XhoI 

restriction sites. The PCR products were digested with EcoRI-HF and XhoI and 

introduced into the SGEN vector (Addgene #111171) containing a mirE shRNA 

cassette (Fellmann et al., 2013) via T4 DNA ligase (NEB) reaction. The SGEN vector 

is a construct for the lentiviral transduction of cells, on which the expression of the mirE 
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shRNA cassette is driven from a SFFV promoter and coupled to the expression of 

eGFP. The identity of all constructs was confirmed using Sanger sequencing 

(Microsynth SEQLAB).  

Table 2: Overview of chromatin regulators used in this study. The accordance of each 
cloned construct with the respective sequence listed under the CCDS accession number was 
verified on amino acid level using Sanger sequencing. 

chromatin regulator domain CCDS # sequence length 

LSD1 full-length 30627.1 aa 0-852 

ZNF10 KRAB domain 9283.1 aa 0-98 

DNMT3A methyltransferase domain 1718.2 aa 612-912 

EHMT1 preSET and SET 7050.2 aa 1002-1296  

CBX3 full-length 5398.1 aa 0-182 

EED full-length 8273.1 aa 0-442 

 

3.2. Cell culture, lentiviral transduction and flow cytometry 

NIH/3T3 cells (ATCC® CRL-1658™), iMEF cells (kind gift of Prof. Thomas Jenuwein 

(MPI Freiburg)), and the retroviral packaging cell lines Lenti-X 293T and Platinum-E 

were cultivated in DMEM high glucose media (Sigma-Aldrich) supplemented with 10% 

FBS, 4 mM L-glutamine, 1 mM sodium pyruvate, 10 mM HEPES (pH 7.3), 50 U/ml 

penicillin and 50 mg/ml streptomycin in an incubator providing 37°C and 5% CO2. For 

cultivation of iMEF cells, 0.1 mM β-mercaptoethanol and 1x non-essential amino acid 

solution (Sigma-Aldrich) were additionally added to the medium. The cell lines K562, 

murine MLL–AF9;NrasG12D AML cells, and MCF7 were cultivated in RPMI-1640 

medium (Sigma-Aldrich) supplemented with 10% FBS, 4 mM L-glutamine, 1 mM 

sodium pyruvate, 10 mM HEPES (pH 7.3), 50 U/ml penicillin and 50 mg/ml 

streptomycin.  

For retroviral packaging of pMSCV vectors, 20 µg of plasmid were precipitated for 20 

min in HBS buffer (140 mM NaCl, 25 mM HEPES, 0.75 mM Na2HPO4, pH 7.0) 

together with 125 mM CaCl2 and 10 µg GagPol helper plasmid. The mix was added to 

a 10 cm dish with Platinum-E cells growing at 75-85% confluence in supplemented 

DMEM. After 16 h, the media was replaced with fresh supplemented DMEM. 24 h after 

transfection with calcium-precipitated DNA, the medium was replaced with 5 ml of 
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target cell medium. Supernatant containing the virus was collected 40-50 h after 

transfection, filtered through a 0.45 µm filter and added to the target cells at 50-70% 

confluence. To increase transduction efficiency, 4 µg/ml polybrene (SIGMA) were 

added to the medium. To obtain single integrations of viral constructs into the target 

cell genome, a final multiplicity of infection (MOI) of 10% of cells was desired. The MOI 

was adjusted by either further dilution of the virus in target cell medium or by performing 

multiple rounds of infection on the same cells. MOIs were tested via flow cytometry 2 

days after transduction before starting antibiotic selection. Antibiotic selection with 7.5-

10 µg/ml Blasticidin or 2-3 µg/ml Puromycin (concentrations were adjusted for each 

cell line after selection control tests) was performed for 7 days. 

For retroviral packaging of pRRL-vectors for infection of murine cell lines, plasmids 

were mixed with helper plasmids pCMVR8.74 (Addgene #22036) and pCAG-Eco 

(#35617) and 3x w/w excess of polyethyleneimine 25K (PEI) in serum free DMEM. The 

mix was added to Lenti-X cells residing in 2 ml supplemented DMEM at 75-90% 

confluence. Media exchanges and transduction of target cells were performed as 

described for pMSCV. Cells expressing pRRL-rTetR-effector-P2A-Hygro were 

selected with 500 µg/ml Hygromycin and cells expressing SGEN with 2.5 mg/ml 

Neomycin for 7 days. For creation of stable human cell lines, cells were first transduced 

with a plasmid expressing the mouse high affinity cationic amino acid transporter 1a, 

to act as a surface receptor for the ecotropic murine retroviral leukemia virus produced 

by the method described for murine cells. Using pCMV-VSV-G (Addgene #8454) as 

the envelope plasmid for transduction of human cells requires working under biosafety 

level S2 conditions. Virus particle production was performed as described for Lenti-X 

and human cells were infected 2-3 times to achieve high MOI before selection with 3 

µg/ml Puromycin for 7 days, gaining cell lines that can be transduced with the murine 

pCAG-Eco and handled at biosafety level S1. Recruitment of the rTetR-fusion proteins 

was started 12 days after transduction with SGEN by treatment with 1µg/ml 

Doxycycline. Expression of GFP and mCherry was analysed every 1-3 days using a 

MACSQuant Vyb flow cytometer. Laser settings were optimized for each stable cell 

line and kept constant over the course of the experiment. Flow cytometry data were 

analysed using FlowJo©. 
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Construction of stable cell lines using lentiviral transduction 

Lentiviral vectors are a useful tool for the genetic manipulation of cells and have been 

optimized for the application in various biological settings (Mátrai et al., 2010). As 

opposed to γ-retroviral vectors (γ-RVs), lentiviral vectors can also be used to transduce 

non-dividing as well as dividing cells and have a higher packaging capacity of up to 10 

kb. Commonly used lentiviral vector systems are derived from the human pathogen 

HIV-1, and multiple adjustments of the design have been conducted to ensure 

biosafety of the method (Figure 14). The HIV elements Gag and Pol, coding for viral 

matrix, capsid, and nucleocapsid components and reverse transcriptase and integrase 

components, respectively, are binned on an extra plasmid called packaging plasmid 

(Figure 14a) (Vigna & Naldini, 2000). In third generation constructs, the Rev sequence 

facilitating nuclear export of viral transcripts is outsourced to another plasmid (Figure 

14b). The envelope plasmid expresses viral surface glycoproteins determining tropism 

of the final particle, e.g. the vesicular stomatitis virus G glycoprotein (VSV-G) for 

transduction of human cells, under a strong CMV promoter. The viral Ψ- and LTR 

elements needed for packaging of the sequence into a virus particle and reverse 

transcription and integration into the host genome, respectively, are only present on 

the transfer plasmid containing the gene of interest. This ensures that the viral 

elements coded on the packaging and envelope plasmids are not present in the viral 

particles used for transduction of target cell lines. Deletion of several HIV genes that 

are essential for replication limits the innate replicative capacity of the engineered 

virus. In doing so, the ability for replication of the transgene before encapsulation is 

restricted to the presence in an engineered cell line like HEK293T (ATCC® CRL-

3216™) (Vigna & Naldini, 2000). 

In biotechnological research, the lentiviral system is used for genetic engineering (S. 

Chen et al., 2015) and epigenome editing (Alerasool et al., 2020) of mammalian cells, 

for generation of induced pluripotent stem cells (IPSCs) (Sommer et al., 2009) and for 

comprehensive genetic screens (Shalem et al., 2014; Tzelepis et al., 2016; Zuber, Shi, 

et al., 2011). Although slightly more complex in design and handling, the creation of 

stable cell lines using lentiviral gene transfer is at an advantage in many ways in 

comparison to introduction of genes via transient transfection. Lentiviral gene transfer 

allows the creation of cell lines stably expressing a constant and low amount of a gene 

of interest, which can be used for long term experiments while minimizing toxic effects 
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from overexpression. mRNA copy numbers are much more comparable to 

endogenous expression levels than in transient transfection, with up to several 

thousand copies per cell (Fliedl et al., 2015). By fine-tuning transduction conditions 

and/or the establishment of clonal colonies by single-cell sorting, homogenous cell 

populations expressing an optimal amount of target protein can be established. Finally, 

gene expression from the viral construct can be put under the control of an inducible 

promoter, further reducing limitations by toxicity of the gene of interest.  

 

 

Figure 14: Overview of the lentiviral virus production system. a, Schematic view of the 
elements needed for the production of an infectious virus particle in a second generation 
lentiviral system. The transfer plasmid contains the transgene of interest and viral elements 
needed for expression and packaging of the sequence. Further viral precursor proteins are 
coded on the packaging plasmid. The envelope plasmid determines the tropism of the virus 
particle. Replication of the viral sequences is restricted to their expression in engineered 
packaging cell lines. b, Overview of the engineering process to increase the biosafety of viral 
constructs. Based on the HIV-1 provirus, several generations of packaging constructs have 
been developed. Packaging plasmids provide all elements needed for production of the virus 
particle, while LTRs and the Ψ-element are deleted. This ensures that the helper plasmid can 
neither be replicated, nor be packaged into the virus. The envelope plasmid provides target-
cell specific surface proteins. Image taken from (Vigna & Naldini, 2000). 
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3.3. Pooled RNAi screening 

To find novel coregulators of LSD1 during its activity as a transcriptional repressor, a 

comprehensive RNAi screen was performed in NIH/3T3 cells expressing the synP-

mCherry reporter and rTetR-LSD1. The SGEN shRNA-mirE library consisting of 5459 

shRNAs targeting 1010 chromatin-associated murine genes was kindly provided by 

Johannes Zuber. The method is also described in the methods section of Appendix 

1. The RNAi screen for coregulators of KRAB in iMEF cells was performed accordingly, 

with slight adaptations that are described in the results section.  

3.3.1. Cell culture and cell sorting 

60 µg of the library plasmid pool was used to produce a batch of lentiviral supernatant 

for the transduction of NIH/3T3 synP-mCherry reporter cells expressing rTetR-LSD1, 

following the protocol described in section 3.2. To ensure a library representation of 

statistically >500 cells receiving each shRNA, while providing conditions that lead to 

the uptake of maximum one retroviral plasmid per cell, a total of 30 million cells were 

infected with 10% transduction efficiency. Two days after transduction, the cells were 

harvested, united and then split into three replicates for independent selection with 2.5 

mg/ml Neomycin for 7 days. After selection, T0 samples to test representation of 

shRNAs in the starting population were taken, and the treatment with 1µg/ml 

Doxycycline (DOX) was started. Throughout selection and DOX treatment, a minimum 

of 3 x 106 cells per replicate was maintained at each passage to preserve library 

representation. The silencing progress induced by recruitment of rTetR-LSD1 was 

monitored by flow cytometry analysis of the mCherry signals every 2-3 days.  

After 14 days of DOX treatment, cells were sorted into mCherry-positive and mCherry-

negative populations using a FACS Aria III. The mCherry- positive population was 

defined by gating the top 6-8% of the mCherry expressing population in each replicate, 

the mCherry-negative population by gating the lowest 75-80% of mCherry expressing 

cells in each replicate. To retain representation of all shRNAs enriched in the 

respective populations, a minimum of 5 x 105 cells was sorted for the mCherry-positive 

sample, a minimum of 6 x 106 cells for the negative sample. The 10-fold difference in 

the chosen cut-offs was motivated by the assumption that only a fraction of shRNAs 

would influence LSD1-mediated silencing and thus enrich in the mCherry-positive 

population. 
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A biologically and technically independent replicate was performed by repeating the 

whole process from virus production to cell sorting, resulting in two additional replicates 

that were analysed in parallel with the first three replicates in the final analysis. 

3.3.2. Preparation of an Illumina sequencing library 

For preparation of a DNA library compatible with standard Illumina sequencing, 

genomic DNA was extracted from the sorted cell populations. Cells were lysed by 

resuspending cell pellets in extraction buffer (10 mM Tris pH 8, 150 mM NaCl, 10 mM 

EDTA), adding 10% SDS and 80 µg Proteinase K (NEB) and incubating for 24 h at 

55°C. DNA was isolated in three rounds of phenol extraction using Phase Lock Gel™ 

tubes (Quantabio) followed by precipitation of DNA overnight in 70% ethanol at -80°C. 

DNA was collected by centrifugation at 15,000xg for 30 min at 4°C, the pellet was 

washed once with 70% ethanol and air-dried at room temperature. The DNA pellet was 

resuspended in elution buffer (10mM Tris pH 8.5). To add random barcodes and 

sample barcodes to the shRNA sequences isolated with the genomic DNA of the sorted 

populations, primers binding in the mirE sequence were designed (MM2P51_for and 

MM2P71_rev, see Table 3).  

Random barcodes were added to enable identification of DNA-sequences enriched 

due to amplification bias, sample barcodes to enable pooled amplification of all 

samples in one Illumina sequencing run. For each sample, DNA from at least 106 cells 

was used as template in multiple parallel 50μL PCR reactions, each containing 1 μg 

template, 1x AmpliTaq Gold buffer, 0.2 mM of each dNTP, 2 mM MgCl2, 0.3 μM of 

each primer and 1.25 U AmpliTaq Gold Polymerase (Life Technologies). Each sample 

was amplified with an individual sample barcode primer using the following cycling 

parameters: 95 °C for 10 min; 28 cycles of {95 °C for 30 s, 54 °C for 45 s and 72 °C for 

60 s}; 72 °C for 7 min. PCR products were combined for each sample, purified from a 

1% agarose gel and 20 ng per sample were transferred to a second round of PCR. In 

this PCR, standard Illumina P7 adaptors and the Illumina N708 index were added to 

all sequences using primers MM2P52_for and MM2P72_rev_N708 (total product 

length = 428 bp). Cycling parameters were the same as for PCR1, only using 10 ng 

template per reaction and 6 cycles of amplification.  
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The final libraries were resolved on a 1% agarose gel, cleaned up using the NucleoSpin 

Gel and PCR Clean‑up Kit (Macherey-Nagel), pooled in equimolar amounts and 

analysed on an Illumina HiSeq 3000 deep sequencer. Read length was 150 bp, 

covering the sample barcodes and the 22 nucleotides of the shRNA guide strand. 

Sequencing was performed using standard Illumina primers. 

Table 3: List of primers used for the amplification of shRNA sequences for Illumina 
sequencing.  

name sequence purpose 

MM2P51_for ACGACGCTCTTCCGATCTNNNNNNYYYYTAGT
GAAGCCACAGATGTA addition of random barcodes 

(N) and sample barcodes (Y) 
in PCR1 MM2P71_rev CAGACGTGTGCTCTTCCGATCTTGGATGTGGA

ATGTGTGCGAGG 
MM2P52_for AATGATACGGCGACCACCGAGATCTACACTCT

TT CCCTACACGACGCTCTTCCGATCT addition of Illumina P7 
adaptors and Illumina 
standard index N708 

MM2P72_rev_
N708 

CAAGCAGAAGACGGC 
ATACGAGATCAGAGAGGGTGACTGGAGTTCA
GACGTGTGCTCTTCCGATC 

 

3.4. Chromatin immunoprecipitation (ChIP) 

3.4.1. Preparation of Drosophila melanogaster spike-in chromatin 

To enable sample-to-sample normalization in ChIP experiments, spike-in of chromatin 

from a different species before IP has been established (Bonhoure et al., 2014). Spike-

in chromatin should meet the following criteria: The chromatin modification of interest 

has to be present as a similar epitope in both the tested and the spike-in species, the 

species have to be different enough to enable identification of spike-in material in the 

enriched sequences, and ChIPseq data for the modification of interest in the spike-in 

organism must be available to be able to choose control regions for the specific 

enrichment of sequences carrying the epitope. Chromatin isolated from the Drosophila 

melanogaster Schneider 2 cell line (S2) has been shown to serve well as a spike-in 

control for ChIP on mammalian cells (Egan et al., 2016). To isolate chromatin, S2 cell 

pellets (kindly provided by Pavel Bashtrykov) were resuspended in 250 µl TM2+ buffer 

(10 mM Tris pH 7.4, 2 mM MgCl2, 0.5 mM PMSF, EDTA-free protease inhibitor) per 

106 cells and incubated on ice for 1 min, before adding NP-40 to a final concentration 

of 0.6% and incubating on ice for another 5 min. Cells were spun down at 1000xg for 

10 min at 4°C and the supernatant was discarded. The pellet was washed gently with 

250 µl TM2+ and nuclei were sedimented by centrifugation at 1000xg, 10 min, 4°C. 
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The nuclei were resuspended in 100 µl TM2+ buffer and absorption at 260 nm was 

determined using NanoDrop. The suspension was pre-heated to 37°C for 2 min before 

adding 1 mM CaCl2 and 400 U Micrococcal Nuclease (NEB) per 10 µg chromatin, 

vortexing and incubating at 37°C for 5 min. The MNase reaction was stopped by 

placing the samples on ice and immediately adding 2 mM EGTA, 300 mM NaCl and 

0.1% TritonX. The samples were vortexed and cleared by centrifugation at 13,000xg, 

10 min, 4°C. Fragmentation of chromatin was analysed by digesting a part of the 

sample with 40 µg Proteinase K (NEB) for 2 h at 54°C, cleaning up the DNA fragments 

with the Macherey Nagel Nucleospin Mini Kit and resolving on a 1.5 % agarose/TPE 

gel.  

3.4.2. Crosslinked ChIP on mononucleosomes 

For analysis of changes in histone modifications at the synthetic promoter, 

mononucleosomes were isolated from NIH/3T3 reporter cells after 4 and 14 days of 

DOX treatment. Cells were grown to 70-90% confluency in a 10 cm dish. After washing 

once with 10 ml PBS (Sigma-Aldrich), cells were crosslinked with 1% formaldehyde 

(Thermo Fisher Scientific) in PBS for 15 min at room temperature. Crosslinking was 

quenched with 200 mM glycine for 5 min. Cells were washed twice with 10 ml PBS and 

harvested with a cell scraper in 10 ml fresh PBS. Cells were pelleted by centrifugation 

at 700xg for 5 min and washed once more with PBS. For long-term storage, 500 nM 

Trichostatin A (TSA) was added to the cells before freezing at -80°C. For fractionation 

of chromatin into mononucleosomes, 5x106 cells were lysed in 125 µl lysis buffer (10 

mM Tris pH 7.4, 2 mM MgCl2, 0.6 % Igepal-Nonidet P40, 0.5 mM PMSF, 1 mM DTT, 

5 mM sodium butyrate) with protease inhibitors for 15 min on ice. 

Chromatin was fractionated with 300 Units Micrococcal nuclease (MNase)(NEB) for 16 

min at 37°C. MNase digestion was stopped by adding 10 µM EDTA, 0.1% TritonX-100 

and 0.1% sodium deoxycholate. Samples were incubated on ice for 15 min before 

taking samples for analysis on a LabChip® GX Touch™ Nucleic Acid Analyzer (Perkin 

Elmer). Samples were diluted by adding 800 µl Complete IP buffer (20 mM Tris pH 8, 

2 mM EDTA, 150 mM NaCl, 0.1 % Triton X, 1 mM PMSF, 5 mM sodium butyrate) with 

protease inhibitors. Cellular debris was removed by spinning down the samples for 10 

min, 15,000xg, 4°C. The supernatant was snap-frozen in aliquots of 70 µg chromatin 

and stored at -80°C.  
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For IP, one aliquot per reaction condition was thawed and 5% of each sample were 

taken aside as input. For pre-clearing of the samples, 20 µl of Dynabeads Protein G 

(ThermoFisher) and 5 µg rabbit or mouse IgG were added, depending on the species 

of the IP antibody. Samples were pre-cleared by rotation at 4°C for 2 h. The beads 

were removed using a magnetic rack and the supernatant was split into equal volumes 

for target IP and IgG control. 2.5 µg IP antibody or IgG were added to the samples and 

binding of the antibodies was performed overnight at 4°C. 20 µl Protein G beads per 

sample were pre-blocked overnight in 0.1 % BSA in Complete IP buffer. In the morning, 

the pre-blocked beads were collected using a magnetic rack, the blocking solution was 

removed, and the beads were resuspended in fresh Complete IP buffer. The beads 

were split equally to the IP and IgG samples and antibody-bead binding was performed 

for 2 h at 4°C with rotation. The target-antibody-bead complexes were collected using 

a magnetic rack and the unbound supernatant was discarded. The beads were washed 

once with IP Wash 1 buffer (20 mM Tris pH 8, 2 mM EDTA, 50 mM NaCl, 1% TritonX, 

0.1% SDS), twice with High Salt buffer (20 mM Tris pH 8, 2 mM EDTA, 500 mM NaCl, 

1% TritonX, 0.01% SDS), once with Lithium Chloride buffer (10 mM Tris pH 8, 1 mM 

EDTA, 0.25 M LiCl, 1% NP-40, 1% sodium deoxycholate) and twice with TE buffer 

(10mM Tris pH 8, 1 mM EDTA). DNA fragments were eluted from the beads in two 

rounds of incubation with 1% SDS/100mM NaHCO3. De-crosslinking and removal of 

RNA in the eluates and the input samples was performed at 65°C with 2 µg RNAse A 

for a minimum of 16 h. Proteins were removed from all samples by digestion with 60 

µg Proteinase K for 2 h at 45°C. DNA fragments were purified using a Chromatin IP 

DNA purification Kit (Active Motif) and analysed via quantitative PCR in a CFX96 Real-

time PCR detection system (Bio-Rad). 

3.4.3. High sensitivity ChIP and library preparation for LSD1 ChIPseq 

High sensitivity ChIP 

As LSD1 binding to chromatin in the nucleus is in great parts indirect and mediated by 

interaction partners, a super sensitive ChIP method optimized for proteins with low 

binding affinities was used for LSD1 ChIPseq. To this end, the ChIP-IT High 

Sensitivity® Kit (Active Motif) was used following manufacturer´s protocol. In brief, 2 x 

107 NIH/3T3 cells were fixed with 1% formaldehyde solution for 15 min. Crosslinking 

was stopped using the provided Stop Solution and cells were harvested using a cell 

scraper. Cell pellets were washed twice in ice-cold PBS and resuspended in 5 ml per 
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107 cells of Chromatin Prep Buffer supplemented with PIC and PMSF. Cell membranes 

were lysed in a chilled dounce homogenizer. Nuclei were separated from the lysate by 

centrifugation and lysed in ChIP Buffer supplemented with PIC and PMSF.  

Nuclei and chromatin were fractured by sonication in a EpiShear™ probe sonicator 

(Active Motif) for a total of 20 min in intervals of 20 sec pulse/ 30 sec pause at 40% 

amplitude with incubation on ice. Fractionation of chromatin was analysed on 1.5% 

agarose gel and a LabChip® GX Touch™ Nucleic Acid Analyzer (Perkin Elmer) after 

purification of a sample fraction according to the protocol.  

To maximize the amount of chromatin precipitated with the LSD1 antibody, 

immunoprecipitation was performed in 3 parallel reactions using 25 µg input chromatin 

each. The chromatin samples were incubated with 4 µg LSD1 antibody (ab17721, 

Abcam) each overnight at 4°C. Binding of 30 µl Protein G agarose beads per sample 

was performed for 3 h at 4°C.Washing and elution of the beads was performed as 

described in the protocol. During the column loading step, reaction 1 and 2 were 

combined on one column to concentrate the final DNA yield. Elution was performed 

twice with 25  and 30 µl of elution buffer. Eluted DNA fragments were analysed on a 

LabChip® GX Touch™ Nucleic Acid Analyzer.  

Library preparation 

For preparation of Illumina sequencing libraries, the NEBNext® Ultra™ II DNA Library 

Prep with Sample Purification Beads Kit (NEB) was used following the manufacturer´s 

protocol. In brief, 1 µg of input DNA and 50 µl of cleaned up ChIP sample were 

subjected to the 5´phosphorylation and dA-tailing step before ligation with the NEBNext 

Adaptors (use adaptors undiluted for input, diluted 1:25 for ChIP sample). No size 

selection was performed. For addition of Illumina indices, the input was amplified in 3 

cycles of PCR with the standard Illumina primers i705 and i503 (taken from NEBNext 

Multiplex Oligos Kit for Illumina) and the ChIP sample was amplified in 11 cycles of 

PCR using i706 and i504 (taken from the NEBNext Multiplex Oligos Kit for Illumina). 

The PCR reaction was purified following the manufacturer´s protocol and samples 

were analysed on a LabChip® GX Touch™ Nucleic Acid Analyzer. The samples were 

analysed on an Illumina HiSeq 3000 deep sequencer using standard Illumina primers 

with a read length of 150 bp. 
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3.5. Immunofluorescence microscopy 

3.5.1. Sample preparation 

For immunostaining of nuclear epitopes with specific antibodies followed by 

fluorescence microscopy, NIH/3T3 cells were cultivated on microscopy cover slips to 

a confluency of 70-90%. The cover slips were washed three times for 5 minutes with 

2ml of room-temperature PBSCa2+/Mg2+ before incubation with 4% paraformaldehyde 

(PFA) in PBS for 10 min at RT to crosslink proteins and nucleic acids. Cells were 

washed again as described and cellular and nuclear membranes were permeabilized 

for the antibodies by incubating the slides in 0.5% TritonX in PBSCa2+/Mg2+ for 5 min at 

4°C. After repeated washing, unspecific antibody binding sites were blocked by 

incubating the coverslips for 1h in 5% milk powder in PBSCa2+/Mg2+ or 5% BSA in 

PBSCa2+/Mg2+, depending on the downstream antibody. Primary antibodies were diluted 

in the respective blocking medium to a concentration of 0.5–3.3 µg/ml and coverslips 

were incubated with the antibody dilution at 4°C overnight. To remove unspecific 

binding of the primary antibodies, after incubation the cover slips were washed 3 times 

for 5 min with PBSCa2+/Mg2+, before incubation with the secondary Alexa-Fluor® coupled 

antibodies at a concentration of 1 µg/ml in the respective blocking solution for 2 h at 

RT. The cells were washed again as described to remove unspecific binding of the 

antibodies. In the second washing step, 1 µg/ml DAPI was added to the PBSCa2+/Mg2+ 

to stain heterochromatic regions as a nuclear marker. The coverslips were mounted 

on microscopy slides using either Mowiol® solution or Molecular Probes™ ProLong™ 

Gold Antifade Mountant. To obtain ideal fluorescence images, cells were imaged 18-

72 h after mounting. 

3.5.2. Image acquisition and analysis 

For quantification of S9.6 staining, samples were analysed on a Zeiss Axio 

Observer.Z1 microscope equipped with a Plan-Apochromat 63x/1.40 Oil DIC M27 

objective and an AxioCam MRm camera. The following excitation and emission filters 

were used: Blue channel: excitation filter 335-383 nm, emission filter 420-470 nm; red 

channel: excitation filter 538-562 nm, emission filter 570-640 nm; green channel: 

excitation filter 450-490 nm, emission filter 500-550 nm. Z-stacks covering the whole 

nucleus were acquired applying an interval of 450 nm, and images were subjected to 

deconvolution using a constrained iterative algorithm and the ZENblack software 
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(Zeiss), before generating maximum intensity projections. Quantitative image analysis 

was done with CellProfiler™ version 2.2. Nuclei were identified via the DAPI staining. 

 

3.6. DNA:RNA hybrid immunoprecipitation (DRIP) 

For analysis of the presence of DNA:RNA hybrids at genomic loci, DNA:RNA hybrid 

immunoprecipitation (DRIP) followed by qPCR was performed. NIH/3T3 cells 

expressing the synthetic reporter construct were cultivated at densities ensuring 

constant exponential growth and harvested at a confluency of 80-100% in a 10 cm 

culture dish (~10x106 cells). Adherent cells were washed twice with 10 ml PBS to 

remove medium and serum, before crosslinking cellular proteins and nucleic acids by 

addition of 1% methanol-free formaldehyde in PBS for 10 min at RT. Crosslinking was 

quenched by addition of 500 mM glycine and shaking for 5 min at RT. The cells were 

washed again twice with 10 ml PBS to remove formaldehyde and glycine and 

harvested by scraping with a cell scraper in 5 ml fresh PBS. Crosslinked cells were 

collected by centrifugation for 8 min at 600xg and washed again carefully with 10 ml 

PBS to remove residual formaldehyde. Before the final collection step, cells were split 

into aliquots of 2-3 x 106 cells and spun down again at 600xg. PBS was removed and 

the pellets were either snap-frozen in liquid nitrogen before storing at -80°C or directly 

subjected to cells lysis. For extraction of nucleic acids, cells were lysed in 300 µl DRIP 

lysis buffer (50mM HEPES-KOH at pH 8, 140 mM NaCl, 1 mM EDTA at pH 8, 1% 

Triton X-100, 0.1% Na-Deoxycholate, 1% SDS) and incubated on ice for 30 min with 

repeated homogenization of the sample with a pipette tip to achieve complete lysis of 

the nuclei. Chromatin was fragmented by sonication of the samples in an Active Motif 

EpiShear™ probe sonicator (Active Motif) for a total of 4 min in repeated cycles of 20 

sec pulse/30sec pause at 40% amplitude. For digestion of free RNA strands in the 

samples, chromatin was treated with 50 µg RNase A per 2 x 106 cells in a buffer of 300 

mM NaCl, 7 mM Tris (pH 8) and 7 mM EDTA for 1.5 h at 37°C. To remove proteins 

and reverse the crosslinks, the samples were treated with 200 µg Proteinase K at 65°C 

for >16 h. Nucleic acids were extracted from the samples in two rounds of extraction 

with phenol using Phase Lock Gel™ tubes, followed by precipitation with 70% ethanol 

and 300 mM sodium acetate at -20°C overnight. Precipitated nucleic acids were 

washed once with Ethanol, air-dried at RT and resolved in 50 µl elution buffer (5 mM 

Tris pH 8.5).  
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Before performing immunoprecipitation, 25 µl Dynabeads Protein G (ThermoFisher) 

per sample were blocked in PBS with 0.5% BSA for 1 h to prevent unspecific binding 

of antibodies to the beads. After blocking, the beads were incubated with 2 µg S9.6 

antibody per sample in 400 µl DRIP IP buffer (50 mM HEPES/KOH pH 8, 0.14 M NaCl, 

5 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate) for >4 h at 4°C to form 

antibody-bead complexes. For DRIP, 1.5 µg nucleic acids prepared as described were 

diluted in 400 µl DRIP IP buffer, before adding 100 ng Drosophila melanogaster spike-

in DNA/RNA (prepared from crosslinked D. melanogaster chromatin using the same 

protocol as for the samples), taking 10 % aside as input and adding the antibody-bead 

complexes. DRIP was performed by rotating the samples overnight at 4°C. To remove 

unspecifically bound nucleic acids, the beads were washed once with 1 ml IP Wash 1 

Buffer (20 mM Tris pH 8.0, 2 mM EDTA, 50 mM NaCl, 1% Triton X-100, 0.1% SDS), 

twice with 1 ml High Salt Buffer (20 mM Tris pH 8, 2 mM EDTA, 500 mM NaCl, 1% 

Triton X-100, 0.01% SDS), once with 1 ml IP Wash 2 Buffer (10 mM Tris pH 8, 1 mM 

EDTA, 0.25 M LiCl, 1% NP-40, 1% sodium-deoxycholate) and twice in TE buffer (pH 

8). Nucleic acids were eluted by heating the beads to 65°C for 15 min in 50 µl elution 

buffer (50 mM Tris pH 8, 10 mM EDTA, 1% SDS). The eluate was transferred to a new 

tube, the beads were resuspended in 50 µl fresh elution buffer and the two elution 

fractions were united. Nucleic acids from the IPs and the inputs were cleaned up using 

the Macherey-Nagel™ NucleoSpin™ Gel and PCR clean-up Kit. The amount of 

precipitated DNA was quantified using the ORA™SEE qPCR reagent (HighQ) and 

qPCR primers amplifying 120-130 bp fragments of the EF1A promoter or the annotated 

endogenous regions. Cq values were normalized to input and Drosophila spike-in 

control. 

3.7. Co-precipitation of proteins with DNA:RNA hybrids 

To determine association of endogenous proteins with DNA:RNA hybrid structures in 

cells, NIH/3T3 cells were grown to a confluency of 80-90% in a 10 cm dish and 

harvested with trypsin. During the whole protocol, protein low binding tubes were used. 

Cell pellets were washed once in PBS and lysed in 1 ml cell lysis buffer (85 mM KCl, 

5 mM HEPES pH 8, 0.5 % NP-40, protease inhibitor) per 10 x 106 cells for 15 min on 

ice. 100 µl Dynabeads Protein G were pre-blocked in 0.5% BSA in PBS for 2 h at 4°C. 

After lysis of the cell membranes, nuclei were collected by spinning down the samples 

at 15,000xg for 1 min. The supernatant was removed, and nuclei were lysed in 750 µl 
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nuclei lysis buffer (10 mM Tris pH 7.5, 200 mM NaCl, 2.5 mM MgCl2, 0.2 % sodium 

deoxycholate, 0.1 % SDS, 0.5 % Triton X-100) by sonication for 4 min in intervals of 

20 sec pulse / 30 sec pause at 40% amplitude. 5 % v/v were taken aside as input 

before dilution of the sample with 2.3 ml RSB+T buffer (10 mM Tris pH 7.5, 200 mM 

NaCl, 2.5 mM MgCl2, 0.5 % Triton X-100). Unspecific targets of mouse IgG antibodies 

were removed from the samples by incubating with 10 µg mouse IgG and 70 µl 

Dynabeads Protein G for 1 h at 4°C. The beads were locked using a magnetic rack 

and the pre-cleared supernatant was split into 3 Eppendorf tubes. To each tube, 32 µl 

of the pre-blocked beads, 0.1 ng RNase A per µg genomic DNA and either 4 µg of the 

S9.6 antibody or 4 µg mouse IgG were added. The third tube received no antibodies 

to serve as a bead-only control. IP was performed by rotation of the samples at 4°C 

for 2 h. To remove unspecific binding, the beads were washed 4 times with RSB+T 

and twice with RSB buffer without Triton X-100. Specifically bound proteins were eluted 

by incubating the beads in 30 µl LAP+DTT (125 mM Tris-HCl pH 6.8, 5 % SDS, 0.004 

% Bromophenol Blue, 10% β-mercaptoethanol, 100 mM DTT, 20 % glycerol) at 70°C 

for 10 min. The beads were locked using a magnetic rack and the supernatant was 

transferred to a new tube. 38 µl LAP+DTT were added to the input sample and all 

samples were heated to 95°C for 10 min before subjecting to SDS-PAGE and Western 

Blot for detection of co-precipitated proteins.  

3.8. SDS-PAGE and Western Blot 

For the specific immunodetection of proteins, SDS-PAGE followed by Western Blot 

analysis was performed. To this end, cells washed with PBS to remove residual serum 

were lysed in cell lysis buffer (Cell Signaling Technology®) for 30 min on ice. After 10 

and 20 min of incubation, lysate was sonicated with an EpiShear Probe Sonicator 

(Active Motif) for 2 cycles of 20 seconds to release nuclear protein. Lysate was spun 

down at 15,000xg for 10 min, the supernatant was mixed with 2x SDS sample buffer 

(125 mM Tris-HCl pH 6.8, 5 % SDS, 0.004 % Bromophenol Blue, 10% β-

mercaptoethanol, 100 mM DTT, 20 % glycerol) and boiled at 95°C for 10 min. Proteins 

were resolved by SDS-PAGE on a 12% polyacrylamide gel. Proteins were transferred 

to an Immobilon-FL PVDF membrane at 300 mA for 90 min using a wet-tank blotting 

system. Proteins were detected using the mouse monoclonal rTetR antibody 

(#631131, TAKARA), and the rabbit polyclonal anti-DDX19A antibody (orb242165, 

Biorbyt) at manufacturer´s recommendations in combination with an HRP-coupled 
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secondary antibody. Imaging was performed on a FusionFX detection system 

(VILBER) and SuperSignal™ West Femto Chemiluminescence substrate 

(ThermoFisher). 

3.9. Quantitative real-time PCR 

To quantify enrichment of specific DNA sequences in IP samples, quantitative real-

time PCR (qPCR) on a CFX Connect Real-Time PCR Detection System (Bio-Rad) was 

used. Specific primers were designed using the NCBI Primer Blast tool 

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) to amplify a single target in the 

mouse genome with a length of 100-140 bp at an annealing temperature of 59-62°C. 

Samples were amplified in a total reaction volume of 15 µl using the ORA™ SEE qPCR 

Green ROX L (HighQu) reagent and a cycling program consisting of an initial 

denaturation step at 95°C for 3 min, followed by 40 cycles of denaturation at 95°C for 

5 sec and 30 sec annealing/elongation at 60°C. Melt curves of the final PCR products 

were analysed from 65°C-95°C in steps of 1°C/10 sec and measurements showing 

multiple peaks in the melt curve analysis were excluded in the analysis of Cq values. 

For analysis of enrichment by IP, sample Cq values were normalized to input and 

Drosophila spike-in. For Drosophila spike-in analysis, specific regions enriched in the 

respective precipitated modification were used as normalization signal for each 

precipitated histone PTM or DNA:RNA hybrids. Measurements showing no product 

after 40 cycles of amplification received a Cq value of 42 in the final analysis.  

For expression analysis of genes on mRNA level, joint reverse transcription (RT) of 

RNA and amplification of cDNA was performed using the Luna® Universal One-Step 

RT-qPCR Kit (NEB). Total RNA was extracted from NIH/3T3 cells expressing shRNAs 

for 13 days using the RNeasy Mini Kit (QIAGEN) following manufacturer´s protocol. 

Concentration of extracted RNA was determined by measuring absorbance at 260 nm 

on a NanoDrop spectrophotometer and 100 ng of RNA per 20 µl reaction volume were 

used for each RT-qPCR reaction performed on a CFX Connect Real-Time PCR 

Detection System (Bio-Rad). Samples were reverse transcribed and amplified in a 

single PCR program, consisting of the initial RT reaction at 55°C for 10 min, followed 

by 1 min denaturation at 95°C and 40 cycles of denaturation/extension at 95°C for 10 

sec / 60°C for 30 sec. Fluorescence signals were read out after every elongation step, 

and after 40 cycles of amplification, final PCR products were analysed by recording 

melt curves ranging from 60-95°C to determine specificity of amplification. qPCR 
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primers were designed to amplify a specific product of 100-140 bp length at an 

annealing temperature of 60-63°C, spanning the border between two exons to ensure 

amplification of a correctly spliced and converted cDNA substrate. qPCR signals of the 

mRNAs of interest were normalized to the signal of mouse β-2 microglobulin (b2M), an 

ubiquitously expressed major histocompatibility complex (MHC) class I protein, for 

internal normalization and compared to the mRNA level in cells expressing a control 

shRNA targeting a luciferase sequence. 

3.10. Purification of LSD1-His 

For overexpression of recombinant 6xHistidin-tagged LSD1 (LSD1-His), codon 

optimized E.coli BL21(DE3) cells were transformed with 50 ng of pET28-LSD1-His 

using heat-shock transformation (42°C, 45 sec). Cells were incubated on LB/2% agar, 

with 35 µg/ml chloramphenicol to select for expression of the optimized codons and 50 

µg/ml kanamycin to select for expression of the plasmid, overnight at 37°C. 50 ml of 

LB medium with 50 µg/ml kanamycin were inoculated with a single colony from the 

overnight culture and incubated at 37°C for 6 h at 150 rpm. For the main culture, 500 

ml of LB/kanamycin were inoculated with 6 ml of the pre-culture and incubated at 37°C, 

150 rpm until the culture reached an OD600 of 0.7. Expression of the LSD1-His 

construct was induced by adding 200 µM isopropyl β-D-1-thiogalactopyranoside 

(IPTG) and overexpression was performed at 17°C, 150 rpm for 14 h. Cells were 

harvested at 5000xg for 15 min at 4°C, the pellet was washed once in 30 ml STE buffer 

(100 mM NaCl, 10 mM Tris pH 8, 1mM EDTA) and frozen at -20°C until further use.  

For purification of LSD1-His, pellets were resuspended in 30 ml sonication buffer (30 

mM KPi pH 7.5, 500 mM KCl, 0.2 mM DTT, 1 mM EDTA, 20 mM imidazole, 10 % 

glycerol) with protease inhibitor and lysed by sonication using an EpiShear™ Probe 

Sonicator (Active Motif). The lysate was cleared by centrifugation and filtration through 

a 0.45 µm CHROMAFIL GF/PET-45/25 filter (MACHEREY-Nagel). Affinity 

chromatography was performed using an NGC™ Chromatography system (Bio-Rad) 

and Ni-NTA superflow beads (Qiagen). Proteins were eluted in elution buffer (30 mM 

KPi pH 7.2, 500 mM KCl, 0.2 mM DTT, 1 mM EDTA, 220 mM imidazole, 10 % glycerol) 

and subjected to dialysis into storage buffer (20 mM HEPES pH 7.2, 200 mM KCl, 0.2 

mM DTT, 1mM EDTA, 10% glycerol). Aliquots were snap-frozen and stored at -80°C. 
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3.11. Peptide binding analysis 

To detect binding of DDX19A to specific histone PTMs on MODified™ Histone Peptide 

Arrays (Active Motif) or peptide arrays synthesised in the lab containing peptides with 

a length of 15 amino acids were used. The arrays were synthesized by sequential 

spotting of amino acids on a cellulose membrane using an Autospot Peptide Array 

Synthesizer (Intavis AG) and the SPOT synthesis method (CITATION). MODified™ 

Histone Peptide Arrays (Active Motif) or synthesized peptide arrays were incubated 

overnight in blocking solution (5% milk powder, 1x PBS, 0.1 % Tween20) at 4°C to 

block unspecific binding epitopes. To remove blocking solution, arrays were washed 

three times for 5 min with 1x PBS/Tween20 and incubated for 10 min in interaction 

buffer (100 mM KCl, 20 mM HEPES pH 7.5, 1 mM EDTA pH 8, 10 % glycerol) to 

equilibrate the array for binding. Binding of DDX19A-GST was performed by incubation 

of 50 nM protein with the pre-blocked array in interaction buffer for 1 h at room 

temperature. The array was washed three times for 10 min in 1x PBS/Tween20 to 

remove unspecific binding of DDX19A to the surface. Bound proteins were detected 

by incubation of the array with an anti-GST antibody (GE Healthcare, #27-4577-01) in 

5% milk/1x PBS/Tween20 for 1 h at room temperature. The array was washed again 

as described and incubated with an anti-goat horseradish peroxidase (HRP) coupled 

antibody in 5% milk/1x PBS/Tween20 for 1 h. The array was washed twice for 10 min 

in PBS/Tween20 to remove residual antibodies and once for 10 min in PBS to 

equilibrate for detection. Protein bound to the surface was visualized via 

chemiluminescence using SuperSignal™ West Femto Chemiluminescence substrate 

(ThermoFisher) and imaging on a FusionFX detection system (VILBER). 

3.12. Co-precipitation of proteins with LSD1 

NIH/3T3 were harvested by trypsinisation. The pellet was resuspended in 2x pellet 

volume of nuclear lysis buffer B (50 mM Tris-HCl pH 7.4, 20% glycerol, 1.5 mM MgCl2, 

420 mM NaCl, 1 mM Na3VO4, 25 mM NaF) supplemented with Protease inhibitor and 

incubated on ice for 15 min. Lysate was homogenized with 25 strokes of a douncer 

(0.01-0.03 mm) and incubated with rotation at 4°C for 30 min. Lysate was cleared by 

spinning down at 4°C, 16 000xg, 30min and the supernatant was transferred to a new 

tube. 1xDP buffer (50 mM Tris-HCl pH 7.4, 5% glycerol, 1.5 mM MgCl2, 150 mM NaCl, 

1 mM Na3VO4, 5 mM NaF) with 0.4% NP40 and protease inhibitors (1.8 ml buffer to 

1ml lysate) was added and the sample was incubated on ice for 10 min before clearing 
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through ultracentrifugation (30min, 4°C / 43.000rpm / TI50.2). The supernatant was 

transferred to a fresh tube an 5% input were taken. The sample was incubated with 

1µg anti-KDM1A antibody per 1mg protein in the lysate overnight at 4°C. 1.5-fold of 

loading capacity of Dynabeads protein G were added for 2h at 4°C with rotation. Beads 

were washed twice with DP/NP40 buffer, twice with DP buffer and twice with 150 mM 

NaCl. Proteins were eluted in 30 µl of 2x SDS sample buffer (125 mM Tris-HCl pH 6.8, 

5 % SDS, 0.004 % Bromophenol Blue, 10% β-mercaptoethanol, 100 mM DTT, 20 % 

glycerol) for 10 min at 70°C and subjected to SDS-PAGE and Western Blot as 

described. 

3.13. Analysis of the integration sites of the reporter gene into the host 

genome 

As the retroviral transduction method described in this work does not include a 

targeting mechanism for the integration of the gene of interest into the host genome, 

integration occurs at random genomic sites. The retroactive determination of the 

reporter gene integration site was performed according to a published method (Ciuffi 

& Barr, 2011). Total genomic DNA was extracted from cells transduced with the synP-

mCherry reporter using the DNeasy Blood & Tissue Kit (QIAGEN). 1 µg of DNA was 

digested with 10 U MseI for 3.5 h at 37°C. The restriction enzyme was heat-inactivated, 

and the fragmented DNA was ligated with phosphorylated double-stranded linker DNA 

(Table 4) using T4 DNA ligase (ThermoFisher Scientific). DNA fragments containing 

the viral 3´LTR were amplified in 3´-direction up to the next MseI site, in a first PCR 

reaction with primers specific for the 3´LTR and the linker sequence, using HotStarTaq 

DNA polymerase (QIAGEN). A second round of PCR with primers specific for the 

primer sequences in PCR1 (Table 4) was performed sequentially to further enrich the 

target fragments. 

Without prior clean-up, the PCR products from PCR2 were cloned into a TOPO™ TA 

vector using the TOPO™ TA Cloning™ Kit for Subcloning, with One Shot™ TOP10 

chemically competent E. coli cells (Invitrogen). The PCR products were sequenced 

using the provided sequencing primers and Sanger sequencing. Mapping of the 

detected sequences to the mouse mm9 genome was performed using the UCSC 

Mouse BLAT Search (https://genome-euro.ucsc.edu/cgi-bin/hgBlat?hgsid=252871179 

_zntn6lAYEHyvUdtjxhSGmHfP7XrP&command=start). 
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Table 4: Oligonucleotides and primers used for the amplification of integrated viral sequences. 

name sequence purpose 

MseI_linkF GTAATACGACTCACTATAGGGCTCCGCT 
anneal and phosphorylate to 
form linker dsDNA 

MseI_linkR TAAGCGGAGCCCTATAGTGAGTCGTATTAC 

INT_3LTR_F TCTTTCATTTGGGGGCTCGT 
amplify sequence between 
linker and 3´LTR (PCR1) INT_link_R GTAATACGACTCACTATAGGGCTCC 

Nest_3LTR_F GTTTCGGTGATGACGGTGAAAAC perform nested PCR on PCR1 
(PCR2) 

Nest_link_R ACTCACTATAGGGCTCCGCTT 

 

3.14. Electrophoretic mobility shift assay (EMSA) 

To analyse binding of LSD1 to nucleic acid structures, electrophoretic mobility shift 

assays (EMSA) with recombinant protein and Cy5-labelled oligonucleotides were 

performed. To prepare nucleic acid secondary structures, unmodified DNA-, RNA- or 

Cy5-labelled DNA oligonucleotides were ordered from Integrated DNA Technologies 

(IDT)(Table 5). Oligonucleotides were diluted to concentrations of 100 µM in ddH2O 

and incubated in TE-50 (10 mM Tris pH 8, 1 mM EDTA, 50 mM NaCl) at equimolar 

amounts to form dsDNA and DNA-bubbles, or at 3x excess of RNA to form DNA:RNA 

hybrids or R-loops. Annealing of oligonucleotides was performed by heating to 95°C 

for 2 min followed by cooling down to 20°C at 5°C/min. The annealed nucleic acid 

structures were resolved for their molecular weight on a 6% acrylamide / 0.5x TBE gel, 

successfully annealed dsDNA, DNA-bubble and R-loop structures were cut out and 

extracted by incubation in extraction buffer (20 mM Tris pH 7.5, 150 mM NaCl, 0.1% 

SDS, 10 mM EDTA). Nucleic acid structures were cleaned up via phenol extraction 

and ethanol precipitation as described in 3.3.2. For determination of KD(app), 26 fmol 

of nucleic acid structures were incubated with LSD1 at concentrations of 2.6-1300 nM 

in EMSA binding buffer (12 mM HEPES pH 8, 0.12 mM EDTA, 120 nM KCl, 1 mM 

DTT, 0.01 % NP40, 12 % glycerol, 50 ng/µl BSA) for 30 min at 37°C. The samples 

were resolved on a 6% acrylamide/0.5x TBE gel and fluorescence of the Cy5-labelled 

DNA oligo was detected using a FusionFX detection system (VILBER).  
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Table 5: Oligonucleotides used for creation of dsDNA, DNA-bubbles and R-loop structures. 

# Name sequence (5' to 3') purpose 

1 FP3_RNA GAAGCUGGGACUUCCGGGAGGAGAGUG
CAA 

Complementary to centre of 
#2 (DNA:RNA hybrid, R-loop) 

2 
vgcoreFP3_ 
DNA_F 

Cy5-CGGGTTGTCAAGAATTTTAACGGCC 
ATTTCTGTGTTGCACTCTCCTCCCGGAAG
TCCCAGCTTCTGTGTTTGTGACAAACGCA
AGCTCATGTAAGTGCTC 

coupled to Cy5, centre 
complementary to #1 
(DNA:RNA hybrid) 

3 
vgcoreFP3_ 
DNA_R 

GAGCACTTACATGAGCTTGCGTTTGTCAC
AAACACAGAAGCTGGGACTTCCGGGAGG
AGAGTGCAACACAGAAATGGCCGTTAAAA
TTCTTGACAACCCG 

complementary to #2 
(dsDNA) 

4 
vgcoreRandom_
DNA_R 

GAGCACTTACATGAGCTTGCGTTTGTCAC
AATTAGTAGACAGTAATTGTCGACAAATG
ATGGTGAGCTATGAAATGGCCGTTAAAAT
TCTTGACAACCCG 

5´and 3´ends complementary 
to #2  
(DNA bubble and R-loop) 
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4. Results 

4.1. Design of the fluorescent reporter system 

The aim of this work was to develop a method with the ability to meet the complexity 

of epigenetic gene regulatory networks. Methodical high-throughput approaches that 

can integrate many nodes of an interaction network in parallel have recently gained in 

importance. Proteomics approaches based on the isolation of multiprotein complexes 

from cells by using small-molecule inhibitors as probes, recombinantly tagged proteins, 

or target specific antibodies, followed by analysis using mass-spectrometry, constitute 

a powerful tool to study interactions of different chromatin regulators (Bantscheff et al., 

2011; Malovannaya et al., 2011; Weigt et al., 2016). These methods are unbiased and 

have contributed to the discovery of novel interactions of epigenetic effector proteins 

in complex with coregulators, with histone PTMs or with small-molecule inhibitors 

(Noberini et al., 2016). However, the information gained by mass-spectrometry based 

proteomics approaches is conditioned by a strong physical association of the 

investigated proteins. Proteins with low abundance, or weak but physiologically 

relevant interactions are missed out in these studies. Furthermore, no conclusions 

about the mechanism of the interaction can be drawn. 

Furthermore, the regulation of transcription is a complex event that is influenced by a 

multitude of factors (Nicolas et al., 2017; Tycko et al., 2017) that cannot be mirrored 

on the whole in an in vitro experiment, and is hard to track thoroughly in vivo. Many 

epigenetically active enzymes have been validated as clinical targets, and their 

mechanisms of action have been characterized in detail to develop specific inhibitors 

for the use in epigenetic therapies (Bates, 2020). However, the treatment with an 

epigenetic drug constitutes a major intrusion into a global, complex and close meshed 

network of gene regulation (X. Gu et al., 2020; Komashko & Farnham, 2010; Quagliano 

et al., 2020). As a response to the treatment with specific small molecule inhibitors, 

endogenous stabilization mechanisms lead to the rewiring of transcriptional networks, 

causing epigenetic cancer therapies to suffer from resistance development (B. E. Li & 

Ernst, 2014; Quagliano et al., 2020; Rathert et al., 2015). Thus, in addition to the 

detailed mechanistic biochemical characterization of individual epigenetic effector 

proteins, there is a persistent need for methods that can capture the function of 

epigenetic regulators as nodes of a complex cellular network. 
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Finally, the multi-subunit complexes assembled by epigenetic coregulators are variable 

among different cell types, and can take over various functions in the same cell 

depending on their local composition on chromatin (Blackledge et al., 2014; Längst & 

Manelyte, 2015; Streubel et al., 2017). The interference with one complex partner can 

induce a switch of functionality of the whole complex (Adams et al., 2018; Son et al., 

2013; J.-R. Yu et al., 2019). Importantly, merely the scaffolding function of a protein as 

subunit of a complex can have an effect on the chromatin regulation by the complex, 

irrespective of the potential catalytic activity of the coregulator (Filippakopoulos & 

Knapp, 2014; Linhares et al., 2020; Maiques-Diaz et al., 2018; David C Schultz et al., 

2002). To fully understand the regulatory function of an epigenetic effector on 

chromatin, a system that monitors the effects on transcription in the context of an 

endogenous coregulator environment is needed. 

4.1.1. Basic concept of the reporter system 

Targeted editing of the epigenome is an established approach in synthetic biology, 

which has demonstrated that the transcriptional activity of an endogenous genomic 

locus of interest can be modulated by the recruitment of a chromatin effector (Pickar-

Oliver & Gersbach, 2019; Rots & Jeltsch, 2018; Thakore et al., 2016). The editing 

approach can be reversed, to use it for the functional characterization of the epigenetic 

effector at a chromatin locus (Bintu et al., 2016), and a similar approach was 

established during this work. Based on the chromatin in vivo assay (CiA) (Hathaway 

et al., 2012), a fluorescent reporter system was designed (Figure 15). The CiA assay 

is based on the introduction of two arrays of DNA binding sites upstream of the 

endogenous Oct4 promoter in ES cells, combined with the replacement of the first exon 

of Oct4 with an in-frame nuclear EGFP. This assay was used to recruit different 

effectors to the locus by chemically induced proximity (CIP), aiming to study the cellular 

dynamics of chromatin regulation. In contrast to the CiA:Oct4 allele, which is located 

in an endogenous repressed chromatin environment in differentiated cells (Headley et 

al., 2019), the reporter gene was randomly integrated into the genome of mouse 

fibroblast cells using lentiviral transduction. This predominantly resulted in the 

integration into transcriptionally active loci (Schröder et al., 2002), and thereby allowed 

for the characterisation of several repressive chromatin effectors using this system 

(Figure 17).  
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The epigenetic reporter system developed in this work was based on the genetic 

engineering of a cell line of interest, in a way that enabled the stable expression of two 

essential components: a fluorescent reporter gene cassette and a chromatin effector 

fused to a DNA binding domain (Figure 15).  

 
Figure 15: A modular fluorescent reporter system to dynamically track the activities of 
epigenetic effectors. a, Modular structure of the two components of the reporter system. 
Modules that were varied during this thesis are the TetR binding site array (n[tetO]), the 
synthetic promoter sequence (synP), the reporter fluorophore (mCherry) and the rTetR 
chromatin effector fusion construct. LTR = viral repeat sequences, Blasti = Blasticidin 
resistance gene, SFFV = constitutive SFFV promoter, Hygro = Hygromcin resistance gene. b,  
Schematic describing the reporter system approach. The gene constructs from a, are 
transduced into target cells using lentiviral gene transfer. Both constructs are stably integrated 
into the host genome. Antibiotic selection results in a reporter cell population with constitutive 
expression of both genes. Upon DOX treatment, the rTetR-effector is recruited to the tetO 
array, and expression of the reporter fluorophore is repressed.  

The sequences encoding the reporter cassette and the effector fusion protein were 

introduced into the cells by lentiviral transduction (Mátrai et al., 2010), resulting in 

random integration of the constructs into the genome. Each component of the system 

was coupled to the expression of an individual resistance gene, enabling antibiotic 

selection for cells expressing the constructs. The reporter system was designed in a 

modular way to enable the exchange of individual parts by standard cloning methods. 
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The complete fluorescent reporter gene cassette consisted of an array of two to six 

Tet-repressor (TetR) binding sites (tetO) upstream of a synthetic promoter sequence 

(synP) that drives the expression of a fluorescent protein, which could be detected 

using flow cytometry to dynamically monitor the activity of the reporter gene (Figure 

15a, b). The second component of the reporter system was a fusion protein of the 

epigenetic effector protein or domain of interest fused to a TetR or reverse TetR (rTetR) 

DNA binding domain. This fusion enabled the dynamic recruitment of the effector 

protein to the tetO-array upstream of the synP element in the absence or presence of 

Doxycycline (DOX) in the culture medium (Gossen et al., 1995; Scholz et al., 2004). 

Once bound, the epigenetic effector can act on the surrounding chromatin, thereby 

inducing activation or repression of transcription depending on its activity. The resulting 

effect on transcription could be monitored and quantified by analysing the signal 

strength of reporter fluorophore expression using flow cytometry. 

4.1.2. Optimization of the promoter and tetO-array modules results in a stable 

system for the analysis of corepressor proteins 

Aiming to explore the potential and constrains of the fluorescent reporter system, 

preliminary experiments were conducted in mouse embryonic fibroblast cells. NIH/3T3 

(ATCC® CRL-1658™) and iMEF (immortalized mouse embryonic fibroblasts, kind gift 

of Prof. Thomas Jenuwein, MPI Freiburg) are well characterized in literature and have 

low demands regarding cultivation methods.  

To begin with, the choice of a suitable fluorophore to be used as the fluorescent 

reporter gene was essential, aiming to maximize the dynamic resolution of the system. 

The fluorescent protein chosen to report on promoter activity should provide stable and 

fast folding at 37°C, while avoiding dimerization of the fluorophores (Cranfill et al., 

2016). The fluorescent protein turnover rate must be high enough to enable the 

tracking of changes in transcription. Finally, to report on the expression of individual 

components of the system in order to permit the combination of multiple fluorophores 

in the same cells, the fluorescence spectra of the individual proteins need to be 

compatible. turboGFP, mCherry and BFP met the mentioned criteria and were used to 

monitor the individual components of the reporter in transduced cells (Evdokimov et 

al., 2006; Shaner et al., 2004; Zimmer, 2002). Both turboGFP and mCherry were 

successfully applied as reporter fluorophores of the synthetic reporter gene (Figure 

16a). 
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The integration of the reporter gene via viral transduction was not targeted and 

occurred at random sites throughout the cell genome (Mátrai et al., 2010). During 

transduction, conditions were chosen that had been tested to ensure a single 

integration site per cell. The result was a heterogenous cell population, with the 

expression strength of the reporter fluorophore varying from cell to cell in the range of 

about 1.5 log10-scales analysed by flow cytometry (Figure 16a).  

 
Figure 16: Establishment of a stable reporter system that can be expressed in different 
cell lines. a, Flow cytometry analysis of NIH/3T3 cells expressing reporter genes with different 
synP elements and reporter fluorophores. Cells expressed either mCherry (red) or turboGFP 
(green) under control of either an EF1A or a PGK promoter. wt = NIH/3T3 cells without 
transduction of a synthetic reporter gene. b, Silencing of fluorophore expression by recruitment 
of rTetR-KRAB to a 4x or a 6x tetO array. NIH/3T3 expressing an EF1A-mCherry reporter gene 
(red) were treated with DOX for 7 days (grey). Dotted lines indicate the median of the 
fluorescence signal. The residual median signal strength is indicated in percent 
(+DOX/noDOX). c, Flow cytometry analysis of different cell lines stably transduced with the 
6xtetO-EF1A-mCherry reporter. Cells were analysed after antibiotic selection for 7 days. 
NIH/3T3 and iMEF = murine fibroblast cell lines; RN2 = murine MLL–AF9;NrasG12D AML cell 
line; K562 = human chronic myelogenous leukemia cell line; MCF7 = human breast 
adenocarcinoma cell line. 

This heterogeneity was expected and desired, since the integration at different sites in 

the genome will result in a diverse transcriptional activity depending on the respective 

chromatin environment. It can be noted that even a cell population derived from a 

single clone would result in differences in fluorescence signal, due to the transcriptional 

plasticity observed in homogenous cell populations (Nicolas et al., 2017; Raj et al., 

2006). The diversity in integration sites and transcriptional activities was desired in this 

work to exclude the identification of locus-specific or clonal effects in the final screening 
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experiments (Meir et al., 2020; Tycko et al., 2017). To monitor changes in 

transcriptional activity at the reporter in the whole cell population, the median of 

expression levels of at least 10,000 cells measured by flow cytometry analysis was 

compared (Figure 16b). 

Due to the modular design of the reporter gene, the number of TetR binding sites 

(tetO), the synthetic promoter sequence (synP) and the fluorophore could be adapted 

to the experimental requirements in a few cloning steps. Two different constitutive 

promoters driving expression of the reporter fluorophore were tested. By performing 

individual experiments with the EF1A and the PGK promoter in NIH/3T3 cells in 

combination with both turboGFP and mCherry as reporter fluorophores, the observed 

median expression from the PGK promoter was consistently stronger than expression 

from the EF1A promoter (Figure 16a). This was contradictory to published reports of 

promoter strength after lentiviral transduction of mammalian cells (J. Y. Qin et al., 

2010), where PGK was shown to result in higher transcriptional activity compared to 

EF1A. However, Qin et al. did not test NIH/3T3 cells, suggesting that NIH/3T3 show 

higher activity of PGK in a cell line specific manner. However, this observation was not 

investigated extensively. For further experiments to test the repressive activity of 

epigenetic effectors, the EF1A promoter was chosen. 

In a next step, the silencing rate achieved by recruitment of an epigenetic regulator 

was optimized by variation of the number of tetO-sites upstream of the EF1A promoter. 

Recruitment of a rTetR-KRAB fusion protein to the synthetic reporter resulted in much 

stronger repression of fluorophore expression when the 4x tetO array was extended 

by two additional tetO sites (Figure 16b). This effect was observed in different 

experiments, but was not reproduced in a way that would allow for quantification of the 

effect. As further expansion by additional tetO sites increased the chance of defective 

recombination events during cloning and transduction of the reporter gene. Thus, the 

combination of six tetO sites in front of the EF1A promoter, driving the expression of 

mCherry as the reporter fluorophore was used as reporter system in further 

experiments, and will be abbreviated as synP-mCherry reporter in the remaining 

thesis. 

By transduction of the synP-mCherry reporter construct, it was shown that the stable 

integration and expression of the reporter gene cassette could be achieved in several 

different cell lines (Figure 16c). This universal applicability is crucial, as transcriptional 
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landscapes and the controlling epigenetic regulatory networks show high variability 

between different cell types (Rahmani et al., 2019). Therefore, although general claims 

about the interactions of epigenetic effector proteins as transcriptional coregulators can 

be drawn from experiments in model cell lines, the relevance of the observed 

interaction must be validated for the specific cell type of interest.  

4.1.3. Characterization of the silencing dynamics of different chromatin 

effectors 

The cascade of changes in the chromatin environment that is required to switch a gene 

from an active to a repressed state and vice versa is complex and incompletely 

understood (Bintu et al., 2016; Headley et al., 2019; Tycko et al., 2017). The starting 

point of this work was to assess the sensitivity of the reporter gene to the recruitment 

of different chromatin effectors. The aim was to determine which chromatin changes 

were sufficient for stable gene repression, and to compare the silencing dynamics upon 

recruitment of functionally different chromatin regulators. Working with a reporter gene 

under control of a strong promoter, several chromatin regulators with the ability to 

assemble repressive multiprotein complexes at their target site were investigated 

(Figure 17a). 

The most common domain used for transcriptional repression of target genes is the 

Krüppel-associated box (KRAB) domain of the zinc finger protein ZNF10 (also: KOX1). 

The KRAB domain recruits the scaffolding protein KAP-1, which in turn recruits various 

repressive epigenetic complexes, leading to H3K9 methylation, histone deacetylation 

and chromatin remodelling at the targeted locus (Alerasool et al., 2020; Beerli et al., 

1998; Margolin et al., 1994). Congruously, recruitment of KRAB to the synP-mCherry 

reporter induced stable repression of the fluorescence signal (Figure 17a). 

As a member of the heterochromatin protein 1 (HP1) family, CBX3 plays a role in 

transcriptional regulation by the installation and stabilization macromolecular 

heterochromatin complexes (Hathaway et al., 2012; Machida et al., 2018; Saksouk et 

al., 2015). HP1 proteins have been shown to efficiently package H3K9me3 modified 

nucleosomes into transcriptionally inactive heterochromatin by their scaffolding and 

oligomerization functions (Canzio et al., 2011, 2013; Hathaway et al., 2012; Machida 

et al., 2018). Thus, silencing of the synP-mCherry reporter by recruitment of CBX3 

provided a valid control model for the maximum dynamics and extend that could be 

expected for induced silencing of the synthetic promoter. Indeed, complete silencing 
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of reporter expression could be achieved. After 7 days of CBX3 recruitment, reporter 

cells resembled untransduced iMEF wildtype cells in the flow cytometry analysis 

(Figure 17a). Interestingly, reporter silencing following the recruitment of the KRAB 

domain of ZNF10 was as efficient as the silencing by CBX3, indicating that the 

repressive complex assembling around KRAB was equally effective. This suggests 

that the ability of a recruited chromatin regulator to assemble a macromolecular 

heterochromatin complex at the synthetic gene constitutes a fast and efficient 

mechanism for the silencing of transcription. 

CBX3 and KRAB both induce the maintenance and spreading of H3K9me3 modified 

heterochromatin domains (Saksouk et al., 2015; David C Schultz et al., 2002). The 

embryonic ectoderm development (EED) protein is a reader of repressive chromatin 

marks and acts as subunit of the repressive PRC2 complex (Margueron et al., 2009). 

Binding of EED to H3K27me3 allosterically activates the lysine methyltransferase 

EZH2 in the PRC2 complex, leading to the generation and spreading of H3K27me3 

domains (Jiao & Liu, 2015; J.-R. Yu et al., 2019). Recruitment of EED to a reporter 

gene has been shown to silence gene expression (Bintu et al., 2016). Recruitment of 

rTetR-EED to the synP-mCherry reporter resulted in partial repression of transcription 

(Figure 17a). After 24 days of recruitment, a bimodal reporter population was 

observed. Overall, it can be stated that reporter silencing by assembly of H3K9me3-

related heterochromatin complexes appeared to be faster and more thorough than by 

recruitment of EED (Figure 17a, d).  
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Figure 17: Different epigenetic effector proteins and protein domains show differential 
silencing dynamics. a-c, Representative flow cytometry analysis of iMEF synP-mCherry 
reporter expression during recruitment of rTetR-effector proteins. Scales above the diagrams 
indicate the duration of DOX treatment, changing their colour from day 0 (red) until the end of 
treatment (grey). The signal of untransduced iMEF cells is shown as dotted histogram. a, CBX3 
and KRAB were monitored for a total of 7 days, EED for 24 days. b, and c, the SET domain of 
EHMT1 and the CD of DNMT3A were monitored for 24 days. d, Dynamics of mCherry 
expression over time upon recruitment of different repressor domains. Nonlinear regressions 
were interpolated from the median mCherry signals obtained in three independent experiments 
(circles) using Graphpad Prism©. Recruitment of the rTetR protein alone was performed twice 
and acted as a negative control. Analysis of rTetR-LSD1 recruitment was only performed once 
in this cell line.  

To test the influence of chromatin modification writing on silencing of gene expression 

from the synthetic promoter, an isolated catalytic SET domain was recruited to synP-

mCherry (Figure 17b). The chosen SET domain of EHMT1 (also: GLP) has been 

shown to be sufficient for the mono- and di-methylation of H3K9 in vitro (Tachibana et 

al., 2008). Recruitment of the SET domain to the synP element reduced mCherry 

expression to ~20% of the initial signal in the course of 14 days, but could not further 

silence expression upon continued recruitment (Figure 17b, d). The dynamics of 

repression were slow and incomplete compared to the effects observed with CBX3 and 

KRAB. This observation was especially interesting, as transcriptional repression by 

those regulators is mediated by trimethylation of the same histone residue (H3K9me3) 

that is targeted by EHMT1.  
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To investigate the effect of DNA methylation on gene expression from the synthetic 

promoter, the functional domain of DNMT3A was recruited (Figure 17c). The catalytic 

domain (CD) of DNMT3A has been used for the targeted introduction of DNA 

methylation in vivo (Vojta et al., 2016). Recruitment of the DNMT3A-CD efficiently 

silenced gene expression from the synthetic promoter, but with prolonged dynamics 

taking 14 to >24 days for the complete silencing of mCherry (Figure 17c, d). The 

bimodal distribution of either fully silenced or strongly expressing reporter cells 

suggested that transcriptional repression achieved by introduction of DNA methylation 

was an all-or-nothing process. 

In conclusion, these data suggested that the ability of a chromatin effector to recruit 

endogenous complex partners had a greater impact on the efficiency of the induced 

transcriptional silencing than the isolated catalytic activity of an effector at the local 

chromatin. In line with this hypothesis, recruitment of a full-length H3K4 demethylase 

to the reporter was shown to efficiently silence transcription (Figure 17d). Fresh 

reporter cell lines were created each time for the independent replicates of KRAB, 

CBX3, EED, EHMT1 and DNMT3A repression, indicating a reproducibility of the 

effects. However, some data points had to be interpolated for missing values in several 

experiments. Although different dynamics can already be observed in the presented 

data, the experiments need to be reproduced extensively and with homogenous cell 

populations to allow for a quantification of the observed effects. Experiments with full-

length EHMT1 and DNMT3A could be conducted to directly compare the augmenting 

effect of coregulator recruitment on gene silencing with the strength of the isolated 

CDs. Still, the ability of the reporter system to reflect endogenous processes of 

transcriptional repression underscored its applicability as a method to analyse 

epigenetic regulatory complexes.  
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4.1.4. The stability and reversibility of induced reporter silencing depend on 

the recruited coregulator 

An interesting question that emerges during the experiments with the induced 

regulation of transcription by the recruitment of chromatin regulators is the stability and 

reversibility of the introduced epigenetic modification (Amabile et al., 2016; Bintu et al., 

2016; Hathaway et al., 2012). Active and repressive chromatin states are stabilized 

during mitosis and meiosis by cellular maintenance machineries that work in positive 

feedback loops (Jaenisch & Bird, 2003). The efficient reprogramming of a chromatin 

locus depends on the chosen recruiting mechanism, the expression level of the 

epigenetic regulator, and on the ability to co-recruit endogenous chromatin modifiers 

to the target site (Rots & Jeltsch, 2018). Only if the spreading and maintenance of the 

introduced chromatin modification by endogenous coregulators is initiated by setting a 

strong reprogramming trigger, sustainable downregulation of transcription is achieved 

(Rots & Jeltsch, 2018). In reporter assays performed in CHO-K1 cells, transcriptional 

repression achieved either by targeted trimethylation of H3K9 or H3K27, or by 

deacetylation of histones, has been shown to be reversed after removal of the targeting 

trigger (Bintu et al., 2016). In contrast, silencing by DNA methylation, introduced by the 

recruitment of DNMT3B, was stably sustained after removing DNMT3B. Interestingly, 

transcriptional repression following the recruitment of KRAB domains has been shown 

to be either reversible or irreversible, depending on the endogenous epigenetic control 

mechanisms that were active along with the reprogramming trigger (Alerasool et al., 

2020; Ying et al., 2015). 

The stability of transcriptional silencing achieved by recruitment of different epigenetic 

effector domains to the synthetic reporter gene was tested using both the inducible 

Tet-ON and the reversible Tet-OFF recruitment system (Figure 18). Consistent with 

published data (Alerasool et al., 2020), DOX-induced recruitment of rTetR-KRAB (Tet-

ON) induced efficient silencing of reporter expression, while fluorophore expression 

was reactivated upon removal of TetR-KRAB binding by the addition of DOX (Tet-OFF) 

(Figure 18a). Bintu et al. proposed a three-state-model for the silencing of transcription 

following repressor recruitment. The model describes the transition from an actively 

expressing chromatin state over a reversibly silent chromatin state to an eventually 

irreversibly silent state as stochastic event that is dependent on the strength and 

duration of the repressive trigger (Bintu et al., 2016). In contrast to their observations 

with this repressor, recruitment of KRAB to the synthetic reporter did not achieve the 



102 
 

transition into an irreversibly silent state, although the recruitment was performed for 

12 days (Figure 18a) compared to 5 days in their system. This suggested that in the 

presented model system in NIH/3T3 cells, although silencing by the KRAB domain was 

efficiently mediated by the recruitment of endogenous coregulators, it did not succeed 

to induce stable silencing, perhaps because the subsequent introduction of DNA 

methylation was not triggered (Bintu et al., 2016; Ying et al., 2015). Analysis of DNA 

methylation after long term KRAB recruitment could be performed to answer this 

question. However, the effect might also be due to different expression levels of the 

effectors or different binding strengths of the DNA binder in the two systems. 

 

Figure 18: The stability of epigenetic silencing depends on the recruited chromatin 
effector. a, Representative flow cytometry analysis of NIH/3T3 synP-tGFP reporter cells 
during recruitment (left) or upon withdrawal (right) of the KRAB domain. Changes of reporter 
expression over time can be followed from top to bottom. Colours indicate the duration of DOX 
treatment. Dotted histograms indicate the maximum silenced (wt cells) or maximum active 
(synP-tGFP cells without effector) state. DOX treatment of the Tet-OFF cells was started 12 
days after transduction of the TetR-KRAB construct. b, Transcriptional silencing of synP-
mCherry by LSD1 is dependent on the constant recruitment with DOX. One representative 
experiment is shown. Numbers indicate the duration of rTetR-LSD1 recruitment. -DOX = 
expression profile after 14 days of LSD1 recruitment followed by 2 days without DOX. c, Flow 
cytometry analysis of iMEF synP-mCherry reporter cells expressing a TetR-DNMT3A-CD 
fusion protein (Tet-OFF system). Numbers indicate the days after infection (p.i.) with TetR-
DNMT3A-CD. +DOX = Expression profile of cells after silencing for 12 days, followed by 10 
days of DOX treatment. wt = untransduced iMEF wild type cells. 

To investigate the stability of reporter silencing with another chromatin regulator, 

rTetR-LSD1 was recruited to synP-mCherry for 14 days (Figure 18b). After removal of 

DOX for 2 days, mCherry expression was fully restored to the original level. The 

reporter expression showed a bimodal distribution at day 14 of DOX treatment and 

although one fraction of the population was completely silenced to the level of 

untransduced NIH/3T3 cells, both populations returned to the initial actively transcribed 
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state in 2 days. This suggested that no sustainable chromatin remodelling towards an 

irreversibly silent state was established during 14 days of LSD1 recruitment.  

The introduction of DNA methylation at a reporter gene has been shown to irreversibly 

silence gene expression (Bintu et al., 2016). To improve the slow silencing dynamics 

observed by recruitment of a rTetR-DNMT3A-CD fusion protein to synP-mCherry 

(Figure 17c, d), DNMT3A-CD was expressed as fusion to TetR. TetR has a 

considerably higher affinity towards tetO sequences in the absence of DOX than 

reverse TetR in the presence of DOX (Kamionka et al., 2004). Consequentially, synP-

mCherry expression was fully silenced 12 days after transduction of the reporter cells 

with TetR-DNMT3A-CD (Figure 18c). In contrast to the Tet-OFF experiments with 

TetR-KRAB (Figure 18a), the addition of DOX after 12 days did not result in a 

reactivation of gene expression, even after 10 days of DOX treatment. This suggested 

that once DNA methylation was introduced, endogenous maintenance mechanisms 

stabilized the repressed state of the reporter genes. In conclusion, the results indicated 

that while the transient repression of transcription from the synthetic promoter could 

be efficiently achieved by multiple chromatin effectors, only the recruitment of the 

DNMT3A-CD managed to establish a heritable repressed chromatin state using this 

setup. The reversibility of reporter gene silencing induced by the recruitment of KRAB 

and LSD1 was observed consistently and repeatedly in multiple experiments. The 

irreversibility of reporter silencing following DNMT3A recruitment was confirmed in the 

lab by Katrin Collmar. 

4.1.5. A reporter system for the analysis of coactivator proteins 

While the creation of a constitutive reporter gene was relatively straightforward, 

establishment of an inducible system needed to report on the activating activities of 

epigenetic effector proteins constituted a challenge. Two different promoters reported 

to have minimal background expression were tested, the TRE3G promoter (Loew et 

al., 2010) and the minPromoter derived from pGL4 (Shimizu et al., 2012; Yoo et al., 

2005). By recruitment of the strong transcriptional coactivator VP64 (Beerli et al., 1998; 

Hirai et al., 2011), transcription from both promoters could be upregulated in different 

cell lines (Figure 19a). However, transcriptional activation by VP64 is mediated by the 

direct recruitment of the transcription machinery (Hirai et al., 2011). To test whether 

expression of the reporter gene could be enhanced by chromatin regulation, the 

bromodomain containing protein 4 (BRD4) was recruited to the TRE3G promoter in 
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NIH/3T3 cells (Figure 19a). BRD4 is a histone acetylation reader that activates gene 

expression by recruitment of other epigenetic coregulators, but does not execute 

catalytic activity on chromatin (Rahman et al., 2011). Targeting of the TRE3G-mCherry 

reporter with rTetR-BRD4 failed to activate transcription of the fluorophore, while the 

same reporter cells could be activated by rTetR-VP64 (Figure 19a). By stable 

recruitment of TetR-BRD4 to the constitutive EF1A promoter, expression of the 

synthetic reporter gene could be increased by a factor of 2.8 (Figure 19b). However, 

recruitment of the TetR without a fused effector domain to the same promoter already 

influenced fluorophore expression. 

 
Figure 19: Different approaches for the establishment of a reporter system monitoring 
the activation of transcription. a, Representative flow cytometry analysis of different reporter 
cell lines with either a TRE3G or a minimal promoter controlling expression of the fluorophore. 
Top: histograms showing the induction of reporter fluorophore expression upon DOX-
recruitment of rTetR-VP64 for the indicated time periods. Bottom: Bar graphs correspond to 
the histograms shown in the top row. Baseline reporter expression is shown in grey (-DOX). 
Numbers on top of the bar graphs indicate the fold-increase of expression upon recruitment of 
the rTetR-effector. b, Representative flow cytometry analysis of NIH/3T3 cells expressing tGFP 
under the constitutive EF1A promoter. Using the Tet-OFF system, either TetR alone (dark grey 
histogram) or a TetR-BRD4 fusion construct (green histogram) were stably recruited to the 
promoter (-DOX). Addition of DOX inhibited recruitment of either construct to EF1A (light grey 
histogram). The dotted histogram represents NIH/3T3 wt cells. Bottom: Bar graphs 
corresponding to the histograms. Numbers on top of the bar graphs indicate the fold increase 
of expression relative to +DOX.  

In conclusion, a significant activation of transcription from minimal promoters could 

only be achieved by recruitment of VP64 to different promoter sequences (Figure 19). 

VP64 has extensively been used as transcriptional transactivator for a long time 

(Gossen et al., 1995; Hirai et al., 2011), but its activation mechanism does not involve 

the assembly of chromatin regulatory complexes. The effects of the recruitment of 
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BRD4 to a transcriptionally silent promoter that were observed so far were weak and 

hard to reproduce. To test the sensitivity of the reporter system to report on the activity 

of epigenetic effector proteins enhancing transcription, recruitment of catalytically 

active epigenetic regulators like histone acetyltransferases (HATs) might be necessary 

(Hilton et al., 2015). 

4.2. Proof of principle 

The repressive activities of the lysine-specific demethylase LSD1 at the fluorescent 

reporter system were in the focus of this thesis, as this protein is a good example for a 

multi-functional and highly networking chromatin effector (Maiques-Diaz & 

Somervaille, 2016; Perillo et al., 2020). LSD1 is known to fulfil a variety of tasks in 

transcriptional repression, depending on its association with different multiprotein 

complexes (Maiques-Diaz & Somervaille, 2016). Having established a reporter system 

that could be silenced by the recruitment of different chromatin effectors including 

LSD1, the next aim was to analyse how this transcriptional repression was 

mechanistically mediated in the cells. In the course of this study, the relevance of the 

catalytic activity of LSD1 and the activity of known coregulators for the induced 

repression of the reporter gene by LSD1 were determined. A particular focus was set 

on the sensitivity of the fluorescent reporter to detect manipulations of the endogenous 

coregulator environment, to validate the applicability of the system to screen for 

functional dependencies of chromatin effectors.  

4.2.1. Investigation of the effect of the catalytic activity of LSD1 on gene 

silencing 

LSD1 acts as an epigenetic repressor of transcription via its catalytic activity by 

removing H3K4 mono- and dimethylation, which are a hallmark of active chromatin 

(Maiques-Diaz & Somervaille, 2016; Shi et al., 2004). The activity of LSD1 is further 

linked to its association with multiple epigenetic regulatory complexes, like the NuRD, 

SIN3A and CoREST complex (Bornelöv et al., 2018; S.-A. Kim et al., 2020; Y. Wang 

et al., 2009; Y. Yang et al., 2018). Through interaction with SNAG domain containing 

transcriptional repressors, LSD1 can repress gene expression independently of its own 

catalytic activity (Y. Lin et al., 2010; Maiques-Diaz et al., 2018).  

To test the influence of the catalytic activity of LSD1 at the synthetic promoter, the 

dynamics of repression following the recruitment of either LSD1 wt or the catalytic 

mutant LSD1 K661A were compared (Figure 20a). The recruitment of an rTetR-LSD1 
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fusion protein to the synP-mCherry reporter resulted in the reduction of reporter 

fluorophore expression to ~10% of the initial signal over the course of 12 days (Figure 

20a). The repression observed upon recruitment of a catalytically inactive mutant 

(K661A) (Stavropoulos et al., 2006) was much less pronounced, although both 

constructs were expressed at similar levels (Figure 20b). 

To analyse the effects of rTetR-LSD1 wt or K661A recruitment on the local chromatin 

environment of the synP element, changes in histone tail modifications were analysed 

in chromatin immunoprecipitation (ChIP) experiments followed by qPCR for the 

promoter sequence (Figure 20c). As expected, the reduction of H3K4 dimethylation 

upon recruitment of LSD1 was abolished by the mutation of the catalytic domain of the 

demethylase.  

 
Figure 20: Characterization of LSD1 activity at the synthetic reporter. a, Flow cytometry 
analysis of NIH/3T3 synP-mCherry reporter cells during recruitment of rTetR-LSD1 wt or the 
inactive rTetR-LSD1 mutant (K661A). Histograms show representative reporter expression 
profiles at day 7 with/without recruitment of rTetR-LSD1 (±DOX). Bars represent the median 
mCherry expression relative to day 0 (n = 4, mean ± S.E.M.). b, Immunodetection of the 
expression levels of the rTetR-LSD1 wt or K661A. Whole-cell lysate of NIH/3T3 cells 
expressing the synP-mCherry reporter and the rTetR-LSD1 fusion protein was loaded. ACTIN 
was used as a loading control.  c, Analysis of histone modification changes at the synP element 
upon recruitment of rTetR-LSD1 wt or K661A using ChIP-qPCR. Inputs for ChIP were isolated 
from NIH/3T3 reporter cells at day 4 (H3K4me2, H3K27ac, H3K27me3) or day 14 (H3K9me3) 
of DOX treatment. (n = 3, mean ± S.E.M., p*≤0.05, p**≤0.01, p***≤0.001, Student´s t-test. n.s. 
= no significance). Panel (b) and (c) were taken from Pinter et al., 2021. 
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Interestingly, even the LSD1 wt only reduced the level of H3K4me2 to ~70% of the 

initial signal. This might be due to the fact that H3K4me2 is an intermediate 

modification state of H3K4. Active transcription is coupled to the recruitment of H3K4 

histone lysine methyltransferases (HMTs) (Krogan et al., 2003; B. Li et al., 2007; 

Morillon et al., 2005) which possibly counterbalance the activity of LSD1 on H3K4me2 

by re-introducing methylation marks as long as the reporter gene is transcribed. The 

catalytic activity of LSD1 is heavily counter-regulated by endogenous factors and thus 

is supposedly not the only factor mediating transcriptional repression by LSD1 

recruitment, which is in line with published data (Maiques-Diaz et al., 2018). 

To determine which other epigenetic effectors could contribute to the observed 

repression of the reporter gene following LSD1 recruitment, changes in other histone 

tail modifications were analysed. ChIP qPCR for H3K9me3, H3K27me3 and H3K27ac 

revealed effects caused by co-recruitment of various other coregulatory proteins 

(Figure 20c). Recruitment of both the wild type and mutant LSD1 led to a decrease in 

H3K27 acetylation and a mild increase in H3K9 trimethylation, suggesting co-

recruitment of HDAC- and H3K9 HMT-complexes (Maiques-Diaz & Somervaille, 2016; 

Y. Yang et al., 2018) to the promoter. This recruitment was independent of the catalytic 

activity of LSD1. A striking difference between the wt and the mutant LSD1 was found 

for H3K27 methylation. Recruitment of LSD1 wt led to a strong increase in H3K27 

trimethylation, while recruitment of the K661A mutant failed to increase H3K27me3. 

This suggested that efficient silencing of expression from the synthetic promoter was 

dependent on the co-recruitment or co-activation of the PRC2 complex after binding of 

LSD1 at this locus. Further experiments supporting this hypothesis are described in 

the sections 4.2.2 and 4.3.3 and in the published manuscript in Appendix 1. 

 

4.2.2. Application of the fluorescent reporter system for epigenetic drug 

screening 

Many epigenetic regulators have been identified as promising targets for novel 

therapies in cancer and other diseases (Bates, 2020; Linhares et al., 2020; Olino et 

al., 2020). However, the search for efficient drugs targeting epigenetic effector proteins 

is still ongoing. High-throughput methods enabling the parallel screening of hundreds 

or thousands of chemical compounds have been used for decades, but the 

identification of highly specific and efficient molecules is still a challenge. Using 
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phenotypic screening methods in cellular systems or organisms, potent molecules 

preventing a specific malignant phenotype can be identified (Facciotto et al., 2019; 

Grüner et al., 2016; L. H. Jones & Bunnage, 2017; B. Wu et al., 2019). However, these 

methods do not necessarily provide information about the biological mechanisms that 

led to the observed phenotype, complicating the characterization of the drug’s mode 

of action, which is a condition for its approval, rendering these methods less attractive 

for pharmaceutical companies (L. H. Jones & Bunnage, 2017). Pharma companies 

have been focussing on target-based approaches, where an identified candidate is 

easier to characterize. In those approaches, a known target important for the 

development of a specific disease is screened against a library of compounds (Drewes 

& Knapp, 2018; Markossian et al., 2018). Top hits are then further characterized for 

their pharmacological applicability as a drug.  

All drug screening approaches require the combination with other methods to be able 

to characterize the effect of a compound molecule on the interaction profile, enzymatic 

activity, stability, localization, and transcription regulatory activity of a target protein. A 

compound screen for small-molecule inhibitors of epigenetic target proteins has been 

developed by Headley et al. (Headley et al., 2019), but this method represents rather 

a phenotypic than a target-based approach. LSD1 is an interesting drug target for many 

diseases (see section 1.4). To test whether the synthetic reporter system could be 

used for the identification of chemical compounds that interfere with LSD1’s repressive 

activity, reporter cells were treated with several established chemical compounds 

targeting epigenetic effector proteins during recruitment of LSD1 (Figure 21a-e), and 

their effect on LSD1 silencing was monitored. 
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Figure 21: Chemical inhibition of endogenous coregulators impairs the silencing 
activity of LSD1 at synP-mCherry. a-d, NIH/3T3 synP-mCherry cells expressing an rTetR-
LSD1 fusion protein were treated with small molecule inhibitors in parallel with recruitment of 
rTetR-LSD1. Treatment with an LSD1 inhibitor (a), an HDAC inhibitor (b), an EZH2 inhibitor 
(c) or a G9A/GLP inhibitor (d) was started with the addition of DOX. DMSO was used as 
control. Bars represent the median mCherry signal measured with flow cytometry, relative to 
cells with inhibitor treatment, but without DOX (n=3; mean±S.E.M.). Circles indicate 
independent replicates. Sorted cell populations were used for the experiment shown in c. e, 
Representative flow cytometry analysis of NIH/3T3 cells corresponding to the data shown in a 
and b. The dotted lines indicate the median mCherry signal. 

The selective small molecule inhibitor of LSD1, GSK-LSD1 (Alsaqer et al., 2017; 

Takagi et al., 2017), reduced the repressive effect of LSD1-recruitment to the synthetic 

promoter, but did not fully prevent the silencing activity (Figure 21a, e). This was in 

line with published data, stating that the repressive activity of LSD1 is not only 

conferred by its catalytic activity on H3K4me1/2 (Maiques-Diaz et al., 2018) and 

confirmed the observations from the presented ChIP experiments (Figure 20). 

Interestingly, inhibition of HDAC activity with Trichostatin A (TSA), a pan-HDAC 

inhibitor (Yoshida et al., 1990), strongly interfered with LSD1-mediated silencing in a 

concentration-dependent manner, starting at day 2 of DOX induced recruitment 

(Figure 21b, e). This suggested that local histone deacetylase activity was an early 
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and important factor for the repressive function of LSD1. Histone deacetylation is a 

general hallmark of chromatin remodelling and heterochromatin formation (Adams et 

al., 2018; Bornelöv et al., 2018; Saksouk et al., 2015). Furthermore, the enzymatic 

activities of LSD1 and HDAC have been reported to be coupled directly by physical 

association of the proteins in the CoREST complex, and HDACs are found as subunits 

of multiple other repressive complexes containing LSD1 (Y. Song et al., 2020; Y. Wang 

et al., 2009; Y. Yang et al., 2018). 

Having demonstrated that the reporter system was sensitive to monitor the inhibition 

of either LSD1 or a tightly associated complex partner, silencing in the presence of 

further small molecule inhibitors targeting different epigenetic complexes was tested. 

No influence of the H3K9-specific methyltransferase activity of G9A/GLP was observed 

during inhibition with the small-molecule inhibitor BIX01294 (Figure 21d) 

(Soumyanarayanan & Dymock, 2016). However, the molecule showed toxic effects 

after 4 days of treatment with this concentration. Titration of the compound should be 

considered to evaluate the effect on LSD1 reporter silencing. 

Interestingly, inhibition of the PRC2 complex with GSK-343, a competitive inhibitor of 

EZH2 (Soumyanarayanan & Dymock, 2016), reduced silencing of reporter expression 

by LSD1 (Figure 21c). This observation further supported the hypothesis of a co-

activation of PRC2 at the synthetic reporter upon recruitment of LSD1. Furthermore, 

the findings validated the reporter system as a tool for high-throughput screenings of 

unknown chemical inhibitors for their activity on LSD1 mediated silencing. Due to the 

modular structure of the reporter system, it could easily be adapted for the screening 

of small molecule inhibitors of other chromatin effectors. 

 

4.2.3. Investigation of the roles of essential LSD1 coregulators using RNAi 

Following the observation that other epigenetic coregulators were involved in the 

repression of the synthetic promoter by recruitment of LSD1, the effect of shRNA 

interference with specific known cofactors of LSD1 on reporter silencing was 

monitored. In theory, the suppression of an essential LSD1 interaction partner using 

RNAi should lead to a reduced activity of LSD1 and in result to a stabilization of 

mCherry expression in spite of the DOX-induced recruitment of LSD1 (Figure 22a). 

Different control shRNAs targeting either expression of the rTetR-LSD1 construct itself 
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(shLSD1 and shrTetR) or the known interactors of LSD1, Chd5 and Sap130 (Kolla et 

al., 2015; Y. Yang et al., 2018), were stably expressed in NIH/3T3 synP-mCherry 

reporter cells. Chd5 is a homologue of the NuRD subunits Chd3 and Chd4, and has 

chromatin remodelling, helicase and DNA binding function (Kolla et al., 2015). Sap130 

is a poorly characterized corepressor protein that is tightly associated with the 

SIN3A/HDAC complex (Fleischer et al., 2003; Y. Yang et al., 2018). The dynamics of 

reporter silencing upon recruitment of rTetR-LSD1 under suppression of the respective 

coregulators was followed using flow cytometry. Compared to the silencing progress 

in cells expressing a neutral control shRNA (shControl), silencing under suppression 

of the complex partners Chd5 and Sap130 was significantly impaired (Figure 22b, c). 

The effect of suppression of these complex partners on the strength of repression was 

comparable to the effect caused by a direct targeting of the rTetR-LSD1 construct by 

shLSD1 or shrTetR (Figure 22c). This illustrated the potential of the system to screen 

for and characterize mechanistic connections that contribute to the concerted 

epigenetic repression of gene expression.  

 
Figure 22: Investigation of coregulators of LSD1 using RNAi. a, Schematic representation 
of the targeted suppression of LSD1-interacting proteins using RNAi. The association of rTetR-
LSD1 with endogenous complex partners (grey and green ovals) is essential for efficient 
reporter silencing. The presence of a known interaction partner is selectively reduced via 
expression of specific shRNAs (green). Endogenous proteins essential for the silencing of 
mCherry can be identified by a reduced silencing activity of LSD1 following DOX recruitment, 
that is observed in flow-cytometry analysis. b, Representative flow cytometry analysis of 
reporter fluorophore expression after 7 days of rTetR-LSD1 recruitment to synP-mCherry. 
NIH/3T3 cells stably expressed the reporter system and the indicated shRNAs for 10 days 
before addition of DOX. Untreated synP-mCherry cells are shown as a control (noDOX). c, Bar 
graph depicting the residual mCherry signal upon recruitment of rTetR-LSD1 for 7 days in cells 
expressing the indicated shRNAs. Bars show the median reporter expression relative to day 
0, corresponding to the examples shown in (b). shControl: non-targeting shRNA; shLSD1 and 
shrTetR: shRNAs suppressing the rTetR-LSD1 construct; shChd5 and shSap130: shRNAs 
targeting known interactors of LSD1. The variance of expression in cells without DOX is shown 
representatively for 3 replicates of cells expressing a control shRNA (noDOX). (n=3, 
mean±S.E.M., Student´s t-test, p**≤0.01, p≤0.001). 
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In conclusion, the reporter system could successfully be applied to detect functional 

dependencies of the silencing activity of LDS1 on associated complex partners, both 

by chemical inhibition and by suppression with RNAi. This sensitivity validated the 

system for the application in high-throughput RNAi screens for the identification of 

coregulators of LSD1 as a transcriptional repressor. 

 

4.3. A functional LSD1 coregulator screen reveals a novel transcriptional 

regulatory cascade  

Having established that the system can be used to identify functional dependencies of 

chromatin regulation, the next step was to expand this function towards a high-

throughput screening method. To this end, the fluorescent reporter cell lines were 

combined with the expression of a chromatin-focused shRNA library, to screen for 

functional interaction partners of LSD1 that contribute to its repressive activity. Most of 

the results presented in this chapter, together with the establishment of the method, 

were described in a paper that was published in Nucleic Acids Research (Pinter et al., 

2021) and is attached in Appendix 1. 

As described before, LSD1 was chosen as primary candidate in the screening for 

functional interaction partners for multiple reasons. Although the reaction mechanism 

and substrate specificity of LSD1 have been studied extensively since its discovery as 

a histone demethylase (Culhane & Cole, 2007; Forneris et al., 2007; F. Gu et al., 2020; 

Maiques-Diaz & Somervaille, 2016; Metzger et al., 2005), the diversity of gene 

regulatory functions engaged by LSD1 remains to be fully elucidated. Its dual function 

as a demethylase of both repressive and active histone modifications, its integration in 

a multiplicity of epigenetic complexes and its regulatory function as subunit of 

multiprotein complexes (Forneris et al., 2007; Laurent et al., 2015; Maiques-Diaz et al., 

2018; Maiques-Diaz & Somervaille, 2016; Metzger et al., 2005; Zibetti et al., 2010) 

indicate that LSD1 is tightly embedded in a network of epigenetic regulation 

mechanisms. This renders the demethylase an interesting target for epigenetic 

network analysis. The persistent gaps in the knowledge about the activities of LSD1 

as a transcriptional regulator, despite almost two decades of intensive studies by many 

groups, suggest that common experimental approaches do not suffice to fully capture 

the different modes of action of LSD1, and possibly other chromatin effectors.  
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4.3.1. A chromatin focused RNAi screen detects novel and known coregulators 

of LSD1 activity 

Aiming to gain novel insights into the epigenetic network surrounding LSD1 as a 

transcriptional repressor, an RNAi screen was performed. The RNAi screen was 

designed to analyse a comprehensive set of possible coregulators of a given chromatin 

effector of interest (LSD1 in this case) in a highly parallel way. To this end, the 

fluorescent reporter system was combined with the expression of a shRNA library 

(Fellmann et al., 2013) that comprised shRNAs targeting 1104 chromatin-related 

genes with 5-6 different hairpins per gene (Rathert et al., 2015). The screening 

procedure is described in section 3.3 and Appendix 1. In brief, NIH/3T3 cells stably 

expressing synP-mCherry and rTetR-LSD1 were virally transduced with the shRNA 

library in a way that led to the integration of a single shRNA construct into each cell 

(Figure 23). Cells expressing an shRNA construct were enriched using antibiotic 

selection. Expression of the shRNA construct could be monitored during the entire 

experiement by measuring the expression of GFP from the same vector. DOX 

treatment was started 7 days after transduction of the cells with the shRNA library, and 

the dynamics of mCherry expression was followed by flow cytometry over the course 

of 14 days of rTetR-LSD1 recruitment. After this time, mCherry expression was 

silenced in most of the population. Cells that showed impaired LSD1 activity 

(mCherry+) were enriched using FACS sorting (Figure 23). The main population, 

which was silenced upon LSD1 recruitment (mCherry-), was also collected as a 

control. Genomic DNA was isolated from both populations, and shRNA guide 

sequences present in the populations were amplified and prepared for Illumina 

sequencing using PCR. The pooled library plasmids used for transduction of the cells 

were also amplified to determine the input representation of each shRNA. The 

amplified shRNA guides from the sorted positive and negative populations and from 

the input pool were sent for Illumina sequencing and analysed for representation of 

each shRNA. To be able to determine the statistical significance of any observed 

enrichment effects, five replicates were conducted independently, and the data was 

analysed in parallel.  
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Figure 23: Workflow for the shRNA screening procedure. A chromatin-focused shRNA 
library is virally transduced into NIH/3T3 cells expressing the synP-mCherry reporter and 
rTetR-LSD1. After antibiotic selection for integration of the shRNA construct and DOX-induced 
recruitment of rTetR-LSD1 to synP-mCherry for 14 days, cells are FACS-sorted into silenced 
(grey) and active (red) populations. Genomic DNA is isolated from both populations and the 
enrichment of shRNA guide sequences in each population is analysed using Illumina 
sequencing. The figure was adopted from Pinter et al., 2021. 

After filtering of shRNAs with weak representation in the input pool out of the data set, 

gene scores were determined for the remaining 1010 genes. To this end, the shRNA 

enrichment scores (read counts in the mCherry+ over mCherry- population) were 

averaged for all shRNAs targeting the same gene in each independent replicate before 

calculation of the final gene score by taking the average over all replicates (Figure 

24a). The top 100 genes exerting either a positive or a negative effect on LSD1 

silencing were analysed by functional enrichment analysis using the Cytoscape plug-

in ClueGO (Bindea et al., 2009), to determine the biological processes involved in the 

repressive activity of LSD1 at the reporter gene (Appendix 1, Figure 2c). In line with 

published data describing the biological functions of LSD1, biological pathways 

identified in the RNAi screen included lysine acetylation (Y. Yang et al., 2018), lysine 

methylation (M. G. Lee et al., 2005; Shi et al., 2004), chromatin silencing (Jing Wang 

et al., 2009) and chromatin remodelling (Y. Wang et al., 2009). Interestingly, “DNA 

conformation change” was also identified as a biological process influencing the 

silencing of the reporter gene by LSD1 recruitment The ClueGo analysis was 

performed by Philipp Rathert. 

On the single gene level, the screen identified several known interactors of LSD1 as 

top scoring hits (Figure 24b): Gatad2b as part of the NuRD complex (Bornelöv et al., 

2018; Y. Wang et al., 2009), Sap25 as part of the SIN3A/HDAC complex (Shiio et al., 

2006; Y. Yang et al., 2018) and Dnmt3a as a direct interactor (Petell et al., 2016). The 

candidate gene exhibiting the most significant enrichment among the top 10 hits, 

indicating a consistently high scoring in each of the five biological replicates, was the 

DEAD-box RNA helicase Ddx19a. The influence of Ddx19a suppression on the 
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repressive activity of LSD1 at the synP-mCherry reporter was validated with two 

independent shRNAs in single RNAi experiments (Figure 24c, d). However, the 

functional connection of this helicase with LSD1 silencing remained unclear. 

 

 
Figure 24: RNAi screening for interaction partners of LSD1 in NIH/3T3 cells. a, Scatter 
plot showing the effect of all genes included in the shRNA library on LSD1-induced silencing. 
The gene score represents the Ln of the average enrichment score (= read ratio 
mCherry+/mCherry- population) of all shRNAs per gene across five independent replicates. 
Genes imposing a positive effect on LSD1 induced silencing are coloured in blue, genes having 
a negative effect are highlighted in red. The position of PRC2 genes mentioned later in this 
thesis is highlighted. b, Close-up from a, showing the top 10 candidates identified in the screen. 
Spot size represents the significance of enrichment over all replicates. c, Validation of two 
shRNAs targeting Ddx19a (shDdx19a.1/2). Histograms show representative mCherry 
expression profiles in rTetR-LSD1 reporter cell populations treated with DOX for 7 days. 
Untreated populations are shown for comparison (light grey histograms) An shRNA directly 
targeting rTetR-LSD1 was used as a positive control. d, Bar graphs showing the median 
mCherry signals corresponding to the histograms in c,. Values are relative to day 0. Circles 
represent individual replicates (n=3; mean±s.e.m.). Figures were adopted from Pinter et al., 
2021. 

In general, proteins from the DEAD-box containing helicase family have RNA 

unwinding activity and play a role in several cellular processes involving mRNA 

processing and nuclear export (Alcázar-Román et al., 2006; Mikhailova et al., 2017; 
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Okamura et al., 2018; Zolotukhin et al., 2009). DDX19A had not yet been described as 

an interactor of LSD1 in interaction analyses performed by other groups (Malovannaya 

et al., 2011; Sehrawat et al., 2018), thus it represented an interesting candidate for 

further characterization. Regarding the function of DEAD-box helicases in mRNA 

processing and -export, the chance that the discovery of DDX19A as a top hit in the 

screen was a false-positive result originating from changed protein levels of parts of 

the reporter constructs had to be ruled out. The levels of both rTetR-LSD1 and mCherry 

in NIH/3T3 synP-mCherry cells stably expressing two different shRNAs targeting 

Ddx19a were compared to cells expressing a control shRNA (Figure 25). This 

revealed that neither the baseline expression of the rTetR-LSD1 effector, nor of the 

reporter fluorophore was changed in cells with suppression of Ddx19a (Figure 25a, b), 

ruling out a false-positive result on this account. The specificity of Ddx19a suppression 

for LSD1 mediated silencing was further supported by experiments with recruitment of 

rTetR-KRAB to the synP element, in which the suppression of Ddx19a did not influence 

the silencing dynamics following KRAB binding (Figure 25c). 

As mentioned before, DDX19A had not emerged as an interactor in published 

coprecipitation experiments analysing interaction partners of LSD1 (Malovannaya et 

al., 2011; Sehrawat et al., 2018). To validate these data, coprecipitation experiments 

detecting DDX19A after pulldown of LSD1 from NIH/3T3 cell lysate was performed 

using different methods. These experiments also failed to detect a physical interaction 

of the two proteins (Figure 25d), suggesting that a direct physical interaction of LSD1 

and DDX19A in NIH/3T3 cells was either too weak to detect or completely absent.  
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Figure 25: DDX19A does not interfere with the expression of reporter components and 
is not a strong physical interactor of LSD1. a, Immunodetection of the rTetR-LSD1 fusion 
construct in whole cell lysate of NIH/3T3 reporter cells expressing the indicated shRNAs. Cells 
were harvested 13 days after transduction with the shRNA construct. ACTIN was used as a 
loading control. b, Stability of reporter fluorophore expression in NIH/3T3 synP-mCherry cells 
expressing the indicated shRNAs without DOX treatment. Median mCherry signals are shown 
relative to the day of transduction with the shRNA constructs (n = 3, mean±s.e.m.). c, 
Dynamics of reporter silencing under recruitment of rTetR-KRAB with suppression of Ddx19a. 
NIH/3T3 synP-mCherry cells stably expressing the indicated shRNAs were treated with DOX 
and analysed using flow cytometry every 2-3 days. The median mCherry signal is plotted (n=3; 
mean±s.e.m.). d, Representative Western-Blot analysis of proteins coprecipitated with LSD1 
from NIH/3T3 whole cell lysate. HDAC1 is shown as known interactor of LSD1. IgG indicates 
the signal originating from the antibody used for IP. The arrow indicates the signal for DDX19A. 
The images were taken from Pinter et al., 2021. 

The homologue protein of DDX19A, DDX19B, has been shown to unwind hetero-

hybrids of one DNA strand and one RNA strand in vitro, as well as and in the nucleus 

upon DNA-damage signalling (Hodroj et al., 2017). This DNA:RNA hybrid unwinding 

activity was confirmed for DDX19A in vitro in our lab by Franziska Knodel (Appendix 

1, Figure 3E). As LSD1 has been described to bind and be regulated by structured 

forms of RNA (Hirschi et al., 2016; Porro et al., 2014), the possibility of a functional 

axis connecting LSD1 and DDX19A over DNA:RNA hybrid structures was further 

investigated. 
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4.3.2. DDX19A interferes with LSD1 activity by regulating R-loop homeostasis 

R-loops are specific three-stranded DNA:RNA hybrid structures that arise during 

transcription, when the nascent mRNA hybridizes with the template DNA strand (Ginno 

et al., 2012). Various mechanisms have been proposed in which R-loops can influence 

transcription, e.g. by enhancing RNA Pol II termination, by regulation of the local 

epigenetic environment leading to chromatin decondensation, or by recruitment of both 

repressive and activating epigenetic complexes (Boque-Sastre et al., 2015; P. B. Chen 

et al., 2015; Ginno et al., 2013; Sanz et al., 2016; Skourti-Stathaki et al., 2019; Skourti-

Stathaki & Proudfoot, 2014; C. Xu et al., 2021). Supposing that the formation of R-

loops at the synthetic promoter might constitute the mechanistic link between DDX19A 

activity and the silencing activity of LSD1 at the reporter gene, the regulatory function 

of R-loops on the repressive activity of LSD1 was characterized.  

To determine the physical association of LSD1 and DDX19A with R-loops, pulldown 

experiments were performed using the S9.6 antibody, which is a monoclonal antibody 

specifically raised against DNA:RNA hybrid structures (Sanz et al., 2016). Using this 

antibody for IP, both LSD1 and DDX19A were enriched from NIH/3T3 whole cell lysate 

(Figure 26a), suggesting a stable association of both proteins with R-loops under 

physiological conditions. Electrophoretic shift assays (EMSA) performed with 

recombinant LSD1 and different oligonucleotide structures indicated an increased 

affinity of LSD1 towards R-loops compared to double-stranded DNA (Figure 26b). To 

investigate the effect of Ddx19a gene suppression on global R-loop levels, 

immunofluorescence microscopy experiments were performed in NIH/3T3 cells 

expressing shRNAs targeting Ddx19a (Figure 26c, d). The experiment confirmed the 

observation that DDX19A can resolve R-loops in vitro, with lower levels of DDX19A in 

the cells leading to an increase in nuclear R-loop foci compared to the control. The 

global increase of R-loop formation as result of Ddx19a suppression was further 

confirmed on DNA level by DNA:RNA hybrid immunoprecipitation (DRIP) followed by 

qPCR for endogenous genomic loci (Figure 26e). Together, these results indicated a 

role of DDX19A in the regulation of global R-loop formation in NIH/3T3 cells. 
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Figure 26: LSD1 and DDX19A show multiple modes of interaction with R-loops. a, 
Immunodetection of LSD1 and DDX19A in precipitate from NIH/3T3 whole cell lysate. The R-
loop specific S9.6 antibody was used for IP. Mouse IgG was used as a negative control. 
Samples treated with RNAseH1 before IP with the S9.6 antibody serve as a control for antibody 
specificity. b, Representative polyacrylamide gels showing the binding of recombinant LSD1 
to dsDNA or R-loops during EMSA. 26 fmol of a Cy5-labelled DNA oligo hybridized to either a 
complementary DNA strand (dsDNA) or a semi-complementary DNA strand and an 
intercalated complementary ssRNA (R-loop) were incubated with the indicated concentrations 
of LDS1 in a 20 µl reaction before gel electrophoresis. c, Representative immunofluorescence 
images of NIH/3T3 cells expressing the indicated shRNAs and stained with the S9.6 antibody. 
DAPI was used for visualization of nuclei. Transfection with RNAseH1 24 h before fixation was 
used as a negative control. Scale bar is 10 µm. d, Quantitative analysis of the images shown 
in c,. Nuclear spots were counted using the Cellprofiler software. Box-and-Whisker plots 
indicate the median and the 10-90 percentile from three independent experiments (p**≤0.01, 
p***≤0.001, p****≤0.0001, Student´s t-test). e, Analysis of R-loop formation at three 
endogenous loci upon suppression of Ddx19a expression using DRIP. Total nucleic acids were 
extracted from NIH/3T3 cells expressing the indicated shRNAs for 10 days and used as input 
for the IP with the S9.6 antibody. qPCR signals are shown relative to shControl. Circles 
represent independent replicates (n=3, mean±s.e.m.; p*≤0.05, p**≤0.01, n.s.=non-significant, 
Student´s t-test). The figure was adopted from Pinter et al., 2021, with exception of panel (b). 
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Having observed the physical association of LSD1 with R-loops in vitro, the next step 

was to characterize the nature of endogenous genomic loci that featured both LSD1 

binding and R-loop structures in NIH/3T3. R-loops can form over actively transcribed, 

hypomethylated CpG-promoters that are associated with active chromatin-marks and 

-complexes (Ginno et al., 2012; Sanz et al., 2016). This seemed contradictory to the 

presence of LSD1 as an epigenetic repressor protein. To dissect this phenomenon, 

genomic loci that were both bound by LSD1 and were sites of R-loop formation were 

identified in NIH/3T3. To this end, LSD1 ChIP-seq was performed and the results were 

compared with publicly available data for genome-wide R-loop distribution (DRIP-seq, 

DRIPc-seq and RNAse-seq data; see Appendix 1, Figure 4 and Figure 27). The final 

data analysis was performed by Philipp Rathert. A subset of LDS1 peaks correlated 

with regions of high DRIP signal (Figure 27a, b). Interestingly, these regions were 

associated with actively transcribed genes despite the repressive nature of LSD1 

(Figure 27b). This phenomenon has already been discussed in literature (Garcia-

Bassets et al., 2007; Maiques-Diaz et al., 2018; Whyte et al., 2012), suggesting a 

somehow “poised” or inactive state of LSD1 at these loci. Correlation of publicly 

available DRIPc-seq and RNA-seq data with the LSD1 ChIP-seq data further revealed, 

that R-loop formation and LSD1 binding co-occurred genome-wide at a subset of 

particularly highly transcribed genes (Appendix 1, Figure 4D and Figure 27c). All 

these observations were confirmed in the leukemia cell line K562, by analysis of 

publicly available data performed by Philipp Rathert (Appendix 1, Figure 4).  

Together, these data suggested that the formation of R-loop structures at a subset of 

highly transcribed genes might serve as a regulatory OFF-switch for the activity of 

LSD1, poising it for fast and efficient repression of the respective gene upon R-loop 

removal following a trigger signal. This hypothesis was further supported by a Gene 

Ontology Analysis performed by Philipp Rathert. Correlation of the genes that were 

both identified in the LSD1 ChIP-seq and in the DRIP-seq data in K562 revealed, that 

these genes were associated with fundamental developmental signalling pathways 

(Appendix 2, Figure S4).  



121 
 

 

Figure 27: Regions of LSD1 occupancy and R-loop related features correlate genome 
wide in NIH/3T3 and K562 cells. a, Heatmaps of LSD1-ChIP and DRIP signals in NIH/3T3 
cells. Signals are plotted on the heatmap within a 10 kb window around the peak centre. b, 
Representative genomic regions showing the occupancy of R-loop related features and LSD1 
in NIH/3T3 cells. Signal tracks were obtained from published LSD1 ChIP-seq, DRIPc-seq, 
DRIP-seq and R-ChIP-seq data and compared to the LSD1 ChIP-seq performed in NIH/3T3. 
c, Expression levels (mRNA, FPKM) of genes associated with LSD1 and DRIP/DRIPc signals 
in NIH/3T3 cells (*P ≤ 0.05, **P ≤ 0.001, n.s. = non-significant, ordinary one-way ANOVA with 
multiple comparisons test). The figure was adopted from Pinter et al., 2021. 

To gain further insights into the mechanisms connecting LSD1, DDX19A and R-loops 

with the regulation of gene expression, the effects of LSD1 and DDX19A on R-loop 

formation were investigated at the synthetic reporter gene. DRIP-qPCR experiments 

confirmed that the inhibition of LSD1 silencing upon Ddx19a suppression was 

accompanied by a stabilization of R-loops at the synthetic promoter (Figure 28a). This 

effect was dependent on the catalytic activity of LSD1, as R-loops were removed less 

efficiently from the promoter by recruitment of the mutant LSD1 compared to the wild 

type (Figure 28a). Consistently, no effect of Ddx19a suppression on reporter silencing 

was observed when recruiting the catalytically inactive K661A mutant of LSD1 to the 

reporter gene (Figure 28b). The importance of H3K4 demethylation by LSD1 for the 

genome-wide regulation of R-loop formation was confirmed by chemical inhibition of 

the catalytic activity of LSD1 in NIH/3T3 cells, which led to a global increase in R-loops 

(Appendix 1, Figure 5D). 

Early experiments with the synthetic reporter had shown that the repression of reporter 

expression following the recruitment of rTetR-LSD1 was accompanied by a local 

decrease in H3K4me2 and H3K27ac, while H3K27me3 and H3K9me3 were increased 

(Figure 20). To determine the effect of the stabilization of R-loops at the synP element 
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on changes in the local chromatin environment, similar ChIP-qPCR experiments were 

performed in NIH/3T3 rTetR-LSD1 reporter cell lines with suppression of Ddx19a 

expression (Figure 28c-f). Demethylation of H3K4 and trimethylation of H3K27 

following LSD1 recruitment were completely abolished in the cells upon suppression 

of Ddx19a (Figure 28 c, d), while the increase in H3K9me3 and the deacetylation of 

H3K27 were unchanged compared to the control (Figure 28 e, f). These results further 

supported the existence of a reciprocal effect between the demethylase activity of 

LSD1 and the formation of R-loops at a transcribed locus. They further suggested a 

connection of R-loop stabilization with the local activity of the PRC2 complex. This was 

in line with the existence of regulatory effects of RNA structures on PRC2 recruitment 

and activity that have been described in literature. However, the molecular 

mechanisms behind and the regulatory outcome of these interactions are still being 

widely discussed (Alecki et al., 2020; Almeida et al., 2020; Laugesen et al., 2019; 

Mocavini & Di Croce, 2020). 
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Figure 28: Effects of Ddx19a suppression on local chromatin regulation. a, DRIP-qPCR 
analysis of DNA:RNA hybrid structures at the synP element. DRIP was performed after 
recruitment of rTetR-LSD1 wt under suppression of Ddx19a, or after recruitment of the LSD1 
K661A mutant. Total nucleic acids were extracted from NIH/3T3 cells expressing the indicated 
shRNAs at day 14 with and without DOX treatment, and were used as input for IP with the 
S9.6 antibody. qPCR signals are shown relative to -DOX. Circles represent independent 
replicates (n=4, mean±s.e.m.; p**≤0.01, p***≤0.001, n.s.=non-significant, Student´s t-test). b, 
Dynamics of fluorescent reporter silencing upon recruitment of LSD1 wt or K661A. NIH/3T3 
reporter cells expressing the indicated shRNAs were treated with DOX and analysed every 2-
3 days using flow cytometry. Circles indicate the median mCherry signal relative to day 0 (n=3, 
mean±s.e.m.). c,-f, ChIP-qPCR analysis of the indicated histone modifications at the synP 
element in cells expressing the LSD1 reporter system and the indicated shRNAs. IPs were 
performed with mononucleosomes isolated from NIH/3T3 reporter cell lines after 4 days 
(H3K4me2, H3K27ac) or 14 days (H3K9me3) of LSD1 recruitment. Bars are relative to -DOX 
(n=3; mean±s.e.m.; p*≤0.05, p**≤0.01, p***≤0.001, p****≤0.0001, n.s.=non-significant; 
Student´s t-test). The figure was adopted from Pinter et al., 2021. 
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4.3.3. The role of DDX19A in LSD1 mediated silencing of actively transcribed 

genes 

Aiming to further characterize the role of DDX19A in the regulation of LSD1-bound 

promoter regions on a biochemical level, recombinantly expressed DDX19A was 

analyzed for its affinity towards different chromatin modifications. Incubation of 

MODified™ Histone Peptide Arrays (Active Motif) with DDX19A showed that the 

DEAD-box RNA helicase specifically recognized two repressive chromatin marks, 

H3K27me3 and H4K20me3 (Figure 29a, b). The methylation specific binding could 

further be confirmed on peptide SPOT arrays (Figure 29c). This was an interesting 

observation, as trimethylation of H3K27 had also been detected as a histone 

modification influencing LSD1-mediated silencing of the reporter system (Figure 20b) 

and PRC2 components scored as positive regulators of LSD1 in the screen (Figure 

24a). The recognition of histone modifications by DEAD-box helicases had not been 

described so far. The binding affinity of DDX19A towards K27-methylated and -

unmodified H3 peptides was confirmed in equilibrium peptide binding assays in the lab 

by M. Choudalakis, revealing a strikingly low KD for DDX19A and H3K27me3 

(Appendix 1, Figure 6C). 

In mammalian cells, trimethylation of H3K27 is introduced by the Enhancer of Zeste 

(EZH2) protein as a member of the PRC2 complex (K. H. Hansen et al., 2008; Qian & 

Zhou, 2006) and an effect of the PRC2 complex on LSD1 mediated repression was 

observed earlier in this work (Figure 21 and Figure 20). To determine the influence of 

EZH2/PRC2 activity on LSD1 activity at the reporter gene, LSD1 silencing of the synP-

mCherry reporter was performed in the presence of the specific EZH2 inhibitor 

GSK343 (Soumyanarayanan & Dymock, 2016). As expected, the repression of the 

reporter gene by LSD1 was reduced when PRC2 was not functional (Figure 29d). 

Furthermore, the resolution of R-loops at the synP element and at endogenous 

genomic loci was shown to be dependent on the catalytic activity of EZH2 (Figure 

29e). The PRC2 complex has been shown to interact with R-loops in vivo and in vitro 

(Alecki et al., 2020; Skourti-Stathaki et al., 2019), but how their presence influences 

PRC2 activity remains controversial. 
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Figure 29: DDX19A is a reader of H3K27 trimethylation. a, Representative MODified™ 
histone peptide array incubated with recombinant GST-DDX19A. Binding of DDX19A was 
detected using an HRP-coupled secondary antibody for GST. Modified peptides containing 
H3K27me3 are highlighted in red, peptides containing H4K20me3 are highlighted in blue. b, 
Quantification of DDX19A binding to modified histone peptides. Signals from three 
independent replicates of the experiment shown in (a) were quantified using the Array Analyze 
Software (Active Motif). The specificity factor describes the average signal of all peptides 
carrying the indicated mark compared to the background signal. Circles indicate independent 
replicates (n=3, mean±s.e.m.). c, Two representative peptide SPOT arrays featuring the indicated 
unmodified and trimethylated histone peptides. Arrays were incubated with 50 nM DDX19A-GST. d, 
Dynamics of fluorescent reporter silencing upon recruitment of rTetR-LSD1 wt. NIH/3T3 
reporter cells were treated with DOX and either DMSO or the EZH2 inhibitor GSK343 and 
analysed every 2-3 days using flow cytometry. Circles indicate the median mCherry signal 
relative to day 0 (n=3, mean±s.e.m.). e, DRIP-qPCR analysis of R-loop formation at the synP 
and three endogenous loci. Total nucleic acids for IP were isolated from NIH/3T3 cells treated 
with DMSO or GSK343 for 3 days. Signals are normalized to DMSO. (n=3; mean±s.e.m.; 
p*≤0.05, p***≤0.001, Student´s t-test). The figure was adopted from Pinter et al., 2021. 
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In conclusion, the fluorescent reporter system developed in this study was successfully 

combined with a comprehensive chromatin-focused RNAi screen, leading to the 

expansion of the chromatin regulatory network surrounding LSD1 (Figure 30). The 

fluorescent reporter was further used for the mechanistic characterization of the 

regulatory links connecting the activities of LSD1, PRC2 and DDX19A. The functional 

interaction of changes in chromatin that were known to mediate gene repression 

downstream of LSD1 recruitment, namely H3K4 demethylation and H3K27 

methylation, could be validated using this system (Figure 30). Most importantly, the 

discovery of DDX19A as a coregulator of LSD1 led to the integration of R-loop 

formation as a novel regulatory factor in the network surrounding LSD1. Regarding the 

growing interest in the determination of the effect of R-loops on transcriptional 

regulation and chromatin, this observation holds promise for further interesting 

discoveries (Niehrs & Luke, 2020; C. Xu et al., 2021). 

 

 
Figure 30: Schematic overview of the functional interactions connecting LSD1 and 
DDX19A with transcriptional regulation. Continuous lines represent connections that were 
observed in this work, dotted lines represent interactions that are known from literature. T-
shaped lines indicate an inhibitory effect. The functional integration of the PRC2 complex into 
this network remains to be characterized. The figure was adopted from Pinter et al., 2021. 
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4.3.4. Analysis of the impact of the genomic integration site on the repressive 

activity of epigenetic effector proteins 

In early experiments with different epigenetic repressor proteins, a pronounced 

variance in the responsiveness of the reporter populations towards the targeted 

silencing was observed (section 4.1.3). The experiments were conducted using 

heterogenous cell populations, with the synthetic reporter gene randomly integrated 

into the genome. Thus, the variable response was attributed to the impact of local 

chromatin factors influencing the efficiency of the epigenetic editor. The introduction of 

a transgene into the genome of an eukaryotic organism or cell line implies that the 

expression of the transgene is put under the regulatory control of the local chromatin 

context (Clark et al., 1996; Dobie et al., 1996; Ramírez et al., 2001; Tchasovnikarova 

et al., 2015). To segregate the expression of a reporter gene from the influence of cis 

or trans regulatory sequences like promoters or enhancers inherent to the host 

organism, reporter genes can be separated by insulators or expressed from plasmids 

(K. H. Hansen et al., 2008; N. C. Lee et al., 2013; Markstein et al., 2008). However, 

the integration of the reporter gene into an endogenous chromatin environment was a 

key premise to enable the investigation of coregulation in the epigenetic network in this 

thesis. 

Aiming to determine the extent to which the genomic integration site affected the 

silencing of the reporter gene by recruitment of rTetR-LSD1, monoclonal reporter 

populations were created using fluorescence activated cell sorting (FACS). After 

transduction and selection of the synP-mCherry reporter and the rTetR-LSD1 fusion 

construct into NIH/3T3 cells, single-cell sorting was performed, and the resulting 

monoclonal populations were analysed using flow cytometry (Figure 31a). The initial 

medians of the mCherry signals varied in a range of ~0.5 log10-scales between the 

individual clones, meaning that the strongest baseline expression was about five times 

higher than the weakest. The mCherry signals stretched over the range of almost one 

log10-scale within each monoclonal population. This residual scatter is expected due 

to variations in gene expression during the cell cycle and to stochastic transcriptional 

bursting (Nicolas et al., 2017), while variations in between the population medians can 

be attributed to effects of the reporter integration site. 
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Upon recruitment of rTetR-LSD1 to synP-mCherry, different silencing dynamics were 

observed for each clone (Figure 31b). Interestingly, clones with higher initial 

expression levels appeared to be relatively resistant to LSD1-induced silencing, while 

clones with lower baseline expression could be strongly repressed (Figure 31a, b). 

The only exception to this trend was clone #3, which showed much stronger silencing 

dynamics that clone #24, despite comparable expression levels. 

 

 
Figure 31: Influence of the genomic integration site of the reporter gene on 
transcriptional silencing by rTetR-LSD1. a, Expression profiles of representative 
monoclonal NIH/3T3 synP-mCherry reporter cell populations. Numbers indicate individual 
clones. wt = wild type NIH/3T3 cells without reporter. b, Silencing dynamics of the individual 
clonal populations shown in (a) upon recruitment of rTetR-LSD1. Reporter cells were treated 
with DOX and analysed using flow cytometry at the indicated timepoints. c,d, Silencing 
dynamics of representative clonal reporter populations expressing rTetR-LSD1 and shRNAs 
suppressing Ddx19a. The median mCherry expression upon recruitment of rTetR-LSD1 in 
reporter cells expressing the indicated shRNAs is shown.  

Having observed that the extent of the repressive activity of LSD1 was dependent on 

the genomic locus, the dependence of LSD1-mediated reporter silencing on the DEAD-

box RNA helicase DDX19A was analysed in different clonal populations. Fresh 

monoclonal populations expressing synP-mCherry, rTetR-LSD1 and either a control 

shRNA or one of two shRNAs targeting Ddx19a were created. Interestingly, some of 

those clones did not show an effect of DDX19A suppression (Figure 31c), while 

suppression of DDX19A strongly interfered with LSD1 silencing in other clones (Figure 
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31d). This supported the hypothesis that the mechanism of LSD1 mediated 

transcriptional silencing can vary depending on the existing chromatin environment. 

To be able to characterize the genomic environment into which the reporter gene 

integrated in each clone, a published method for integration site mapping (Ciuffi & Barr, 

2011) was adopted (Figure 32a). To this end, genomic DNA was extracted from each 

clone, fragmented using the restriction enzyme MseI and ligated a linker sequence to 

the newly formed ends. The ligated fragments were amplified in two rounds of PCR 

with primers binding in the 3’LTR of the viral construct and the linker sequence. Using 

this method, the reporter integration site of six clones from the experiment shown in 

Figure 31a could be determined (Figure 32b).  

 
Figure 32: Mapping of the genomic integration sites of six reporter cell clones reveals 
integration-site sensitive reaction to repression by LSD1. a, Schematic describing the 
workflow for integration site mapping. Genomic DNA is isolated from NIH/3T3 reporter cells 
and fragmented with MseI. Linker oligonucleotides are ligated to the MseI-ends and the 
fragments are amplified using primers binding in the reporter 3'LTR and the linker sequence. 
Amplified fragments of genomic DNA are cloned into TOPO®-TA vectors, sequenced and 
mapped to the mouse genome. b, Annotation of the genomic integration sites according to the 
mouse mm9 genome annotation. Association of the integration site with a gene was defined 
for either direct integration into a gene sequence, or integration less than 10 kb away from the 
next gene. + = associated gene is transcribed in NIH/3T3 cells, - = gene is not transcribed in 
NIH/3T3 cells, n.a. = not applicable (integration site >10 kb away from next gene).   

In the six clones that could be analysed, the reporter gene had integrated into a 

different genomic site for each clone. The lentiviral construct had integrated into 

intragenic as well as intergenic regions (Figure 32b). The expression levels of 

endogenous genes in less than 10 kb distance from the identified integration sites were 
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analysed using a publicly available RNAseq dataset for NIH/3T3 (GEO accession 

#GSM970853). Only in one clone (#10), the reporter sequence was integrated into an 

intron of a gene that is stably expressed in NIH/3T3 (Figure 32b). Interestingly, in this 

clone the reporter gene was highly responsive to silencing with LSD1 (Figure 31b). 

The silencing dynamics were even more pronounced in clones with intergenic 

integration (#19) or integration into the intron of a transcriptionally silent gene (#21). In 

contrast, a clone in which the reporter gene was integrated downstream of an actively 

transcribed gene (#24) appeared to be relatively resistant to complete silencing by 

rTetR-LSD1 (Figure 31b). Unfortunately, the clone that was strongly resistant to LSD1 

silencing could not be mapped using the described approach.  

In conclusion, the experiments with monoclonal reporter cell populations confirmed 

that gene expression from the synthetic reporter was dependent on the endogenous 

chromatin environment surrounding its integration site. More importantly, the 

endogenous mechanisms preventing LSD1-induced silencing appeared to be different 

depending on the genomic locus.  

 

4.4. Analysis of the interaction between HUSH complex and KRAB/KAP-1 

Besides the published project that dealt with the identification of coregulators of LSD1, 

the RNAi reporter system was used to investigate the coregulator network surrounding 

the transcriptional repressor ZNF10. KRAB-ZFPs play an essential role in controlling 

transposable elements, in the formation of extensive heterochromatic regions and in 

the protection of genome integrity (Ecco et al., 2017; Imbeault et al., 2017). The KRAB 

domain of ZNF10 is further commonly used as a repressor domain in synthetic biology 

and epigenome editing approaches (Alerasool et al., 2020; Tycko et al., 2020; Yeo et 

al., 2018). Recruitment of this domain to chromatin induces the formation of a 

heterochromatin-inducing complex comprising SETDB1, HP1 and NuRD around the 

corepressor protein KAP-1 (David C Schultz et al., 2002; P. Yang et al., 2017; Yeo et 

al., 2018). More recently, KAP-1 has been described to interact with the human 

silencing hub (HUSH) complex, an epigenetic repressor complex identified as mediator 

of heterochromatin spreading (Tchasovnikarova et al., 2015). The HUSH complex is 

composed of the H3K9me3 binding protein MPHOSPH8 and the less characterized 

proteins PPHLN1 and D14ABB1E (Douse et al., 2020), and interacts with a smaller 

complex of the H3K9-specific methyltransferase SETDB1 and ATF7IP to trimethylate 
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lysine 9 of histone 3 (Robbez-Masson et al., 2018; Tchasovnikarova et al., 2015; 

Timms, Tchasovnikarova, Antrobus, et al., 2016). Like the KRAB domain of ZNF10, 

which is frequently used for targeted repression of transcription (Alerasool et al., 2020), 

the HUSH complex has been shown to cooperate with the scaffolding protein KAP-1 

(also: TRIM28) in the silencing of retrotransposons and evolutionary young genes 

(Robbez-Masson et al., 2018). Using the fluorescent reporter system in combination 

with shRNA mediated suppression of genes, the network connecting KRAB-ZFPs, 

SETDB1 and the HUSH among different cell lines was functionally characterized. 

4.4.1. Characterization of the HUSH complex in NIH/3T3 cells 

In a first approach, knockdown-validated shRNAs targeting the HUSH components 

Mphosph8, D14abb1e, Atf7ip and Setdb1 (unpublished data from the Zuber lab, IMP, 

Vienna) were stably expressed in NIH/3T3 cells (Figure 33). To determine the 

relevance of the HUSH complex in NIH/3T3 cells, immunostaining for global H3K9 

trimethylation (H3K9me3) followed by fluorescence microscopy was performed. This 

showed, that the dense heterochromatic foci typical for H3K9me3 localization in 

NIH/3T3 cells (Lungu et al., 2017) were strongly reduced upon suppression of any 

HUSH complex member (Figure 33a,b). The reduction of global levels of H3K9me3 

under expression of shRNAs targeting the HUSH complex was further confirmed by 

Western Blot of NIH/3T3 whole cell lysate (Figure 33c). In accordance with published 

data for human cells (Tchasovnikarova et al., 2015; Timms et al., 2016), this suggested 

that the HUSH complex was essential for the establishment and/or maintenance of 

H3K9me3 levels in heterochromatic regions of NIH/3T3 cells, and that all tested HUSH 

members were needed for the complex to be operational. D14ABB1E has been 

described as the core subunit of HUSH that directs HUSH assembly at repetitive 

elements to ensure stable repression (Douse et al., 2020). The strong effects of 

D14Abb1e suppression on global H3K9me3 levels observed in immunofluorescence 

and western blot analysis confirmed this central role in NIH/3T3 (Figure 33). 
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Figure 33: HUSH components are important for the regulation of H3K9me3 levels in 
heterochromatic foci in NIH/3T3. a, Representative immunofluorescence microscopy 
images of NIH/3T3 cells expressing the respective shRNAs for 14 days. shSuz12 was used as 
an additional control. Images are single cuts through the nuclei of fixed cells. red: antibody 
staining for H3K9me3, blue: BFP expression from the shRNA vector. Scale bar is 10 µM.  b, 
Quantification of cells showing a phenotype with condensed H3K9me3 foci in the staining 
shown in (a). Numbers above the bars indicate the total number of cells counted for each 
shRNA. c, Immunodetection blot for H3K9me3 in whole-cell lysate from NIH/3T3 cells 
expressing the indicated shRNAs. Actin was used as a loading control.  

SETDB1 and D14ABB1E have been shown to be recruited to euchromatic regions by 

KAP-1, inducing the local formation of heterochromatin leading to stable transcriptional 

repression (Robbez-Masson et al., 2018; David C Schultz et al., 2002). KAP-1 is 

described as the main scaffolding protein assembling a repressive complex at sites of 

ZNF10 binding (Alerasool et al., 2020; Ecco et al., 2017), thus representing an 
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essential mediator of KRAB-ZFP induced epigenetic silencing. To test whether KRAB-

induced silencing of the synthetic reporter system in NIH/3T3 was dependent on 

recruitment of the HUSH complex by KAP-1, and to determine which component of the 

HUSH complex was most important in this context, NIH/3T3 reporter cell lines were 

transduced with shRNAs targeting the expression of Atf7ip, Setdb1 or Mphosph8 

before DOX-induced recruitment of the KRAB domain to the synP element (Figure 

34). The repressive activity of the KRAB domain on reporter gene expression was 

impaired by suppression of each tested HUSH component (Figure 34a,b). This effect 

was cumulative when Mphosph8 and Setdb1 were targeted in parallel with RNAi 

(Figure 35a, b). These observations are in line with published data about the 

importance of individual HUSH components for KAP-1 related gene repression 

(Robbez-Masson et al., 2018), where the suppression of Mphosph8 and Setdb1 gene 

expression induced the strongest derepression of KRAB target genes (Figure 34b and 

Figure 35b).  

 
Figure 34: Expression of HUSH components is necessary for reporter silencing by 
KRAB in NIH/3T3. a, Representative flow cytometry analysis of reporter gene expression upon 
rTetR-KRAB recruitment. NIH/3T3 reporter cells stably expressing the indicated shRNAs were 
analysed after 7 days of DOX treatment (light grey and green) and without DOX (dark grey). 
Dotted lines indicate the median of the +DOX populations. b, Comparison of reporter silencing 
dynamics upon rTetR-KRAB recruitment, with and without suppression of HUSH complex 
partners. Bar graphs indicate the median reporter expression relative to noDOX, from 
independent experiments as shown representatively in (a) (n=3, mean±SEM, p*≤0.05, 
p**≤0.01, Student´s t-test.). Data for D14Abb1e are not shown in this panel, as this experiment 
was only performed once.  
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On a global level, Mphosph8 and Setdb1 also showed strong effects in maintaining 

H3K9me3 (Figure 33), while D14Abb1e suppression had an even greater impact on 

this mark. Preliminary experiments at the synthetic promoter supported a role of 

D14Abb1e in KRAB-induced transcriptional silencing (Figure 34), but combinatorial 

experiments with other HUSH components remain to be performed. However, 

D14Abb1e has also been observed to be a minor transcriptional coregulator of 

KRAB/KAP-1 at reporter genes, compared to the influence of Mphosph8 and Setdb1 

on gene repression, by other groups (Robbez-Masson et al., 2018).  

 

 
Figure 35: Suppression of multiple HUSH subunits in parallel increases the effect on 
KRAB induced silencing. Representative flow cytometry profiles of NIH/3T3 reporter cell 
lines co-expressing two HUSH shRNAs. Cells were analysed after 7 days of DOX-induced 
rTetR-KRAB recruitment (light grey and red) and without DOX (dark grey). Dotted lines indicate 
the median of the +DOX population. b, Comparison of reporter silencing dynamics upon rTetR-
KRAB recruitment with combined suppression of multiple HUSH genes. The medians at day 7 
(+DOX) were derived from the expression profiles shown in (a). Blue and red labelling indicates 
the type of fluorophore coupled to expression of the respective shRNA. Double-knockdown 
experiments were only performed once.  

 

Suppression of Atf7ip showed the weakest effects on both the maintenance of global 

H3K9me3 levels (Figure 33) and the repression of reporter gene expression by KRAB 

(Figure 34). The functions of ATF7IP in the HUSH complex are to protect SETDB1 

from proteasomal degradation (Timms, Tchasovnikarova, Antrobus, et al., 2016) and 
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possibly to enhance the interaction between MPHOSPH8 and SETDB1 (Tsusaka et 

al., 2018). While the loss of ATF7IP has been shown to phenocopy the loss of SETDB1 

itself (Timms, Tchasovnikarova, Antrobus, et al., 2016), the observations presented in 

Figure 33 and Figure 34 appeared less distinct.  

 

4.4.2. Analysis of the repressive complex around ZNF10 KRAB in iMEF cells 

Previous publications have shown that the strength of the repressive activity of KRAB 

domains from various zinc finger proteins can vary independent of their ability to recruit 

KAP-1 (Murphy et al., 2016). It was hypothesized that this is dependent on the 

association with other corepressor proteins. Having established that the function of the 

transcriptional repressor domain KRAB is dependent on members of the HUSH 

complex in NIH/3T3 cells, this hypothesis was further tested in a different cell line. To 

this end, iMEF cells were transduced with the synP-mCherry reporter, the rTetR-KRAB 

fusion protein and the same shRNAs that were tested in NIH/3T3. The KRAB domain 

was recruited to the reporter by addition of DOX and fluorophore expression was 

monitored using flow cytometry (Figure 36 a-f). Interestingly, in iMEF no effect of the 

suppression of any of the HUSH complex partners tested in NIH/3T3 was observed 

(Figure 36 a-f). This suggested that in this cell line, the repressive protein complex 

forming around the KRAB domain might be different from the complex that is published 

in literature and was observed in the experiments with NIH/3T3. 

To confirm this hypothesis, an RNAi-screen targeting 1104 genes with 5-6 shRNAs per 

gene was performed in iMEF rTetR-KRAB synP-mCherry reporter cells. The 

coregulator screen was performed as described for rTetR-LSD1 in NIH/3T3 (section 

4.3.1 and Appendix 1), with a few exceptions. First, to account for the fast-silencing 

dynamics of the KRAB domain, the mCherry+ and mCherry- populations were sorted 

after 7 days of DOX treatment. Second, only two independent replicates of the screen 

have been performed so far. Further replicates will be needed to reinforce the data 

with statistical power, however, the preliminary observations show an interesting trend 

(Figure 37 and Figure 39). 
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Figure 36: The HUSH complex is not essential for the induced silencing of the reporter 
expression by KRAB in iMEF cells. a-e, Representative flow cytometry analysis of iMEF 
reporter cell lines stably expressing the indicated shRNAs. Cells were monitored over 7 days 
of DOX-induced recruitment of rTetR-KRAB to the synP element. Numbers above the 
histograms indicate the duration of DOX treatment (days). f, Bar graphs illustrating the reporter 
silencing progress following rTetR-KRAB recruitment. Data correspond to the histograms 
shown in (a)-(e). The medians of the mCherry expression of the respective populations are 
shown relative to noDOX. Bar graphs represent the average of two biologically independent 
replicates. Circles indicate the values of the replicates, which were created in independent 
rounds of viral transduction of the shRNA vectors. 

By comparing the obtained shRNA read counts in the sorted mCherry+ and mCherry- 

populations among the two replicates, the reproducibility of the screen was analysed 

(Figure 37a, b). After Illumina sequencing, the raw read counts of each shRNA guide 

sequence were normalized to the respective total sample barcode read count, to allow 

for comparison of the representation between samples. The overall performance of the 

screen was validated by the analysis of control shRNAs that were spiked into the library 

pool DNA in equimolar plasmid amounts before virus production for the screen. Spike-

in control shRNAs were represented reproducibly in the replicates of the sorted positive 

and negative population (Figure 37a, b). A spike-in shRNA targeting the production of 

the essential replication protein RPA3 (Fellmann et al., 2013) was completely depleted 

from all sorted cell populations 14 days after transduction (Figure 37c, d).  



137 
 

 
Figure 37: Comparison of shRNA representation in the sorted cell populations and the 
input DNA library. a,-d, Scatter plots showing the shRNA guide read counts obtained by 
Illumina sequencing. All 6614 shRNAs originally present in the library were analysed. Spike-in 
control shRNAs are highlighted in the indicated colours. The read counts were normalized to 
the total read count of the respective samples and are shown on a logarithmic axis for better 
visualization. a, shRNA read counts in the mCherry+ sorted populations of both screen 
replicates. b, shRNA read counts in the mCherry- sorted populations of both screen replicates. 
c,d, Correlation of the read counts in the (c) mCherry+ and (d) mCherry- populations with the 
representation in the input library. One outlier data point is not shown in (a)-(d) to allow for 
better scaling of the graphs.  
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In comparison, an internal control shRNA targeting the essential RNA polymerase II  

subunit B (shPolr2b), which was already present in the initial library pool, consistently 

depleted from all populations, although the effect was less pronounced than for the 

spike-in shRNA targeting RPA3 (Figure 37c, d). Neutral control spike-in shRNAs that 

were validated as non-interfering with the reporter system in the lab did not show a 

trend towards enrichment in the mCherry+ or mCherry- population (Figure 37c, d). A 

negative control shRNA that directly targets the reporter gene mRNA over a 

recognition sequence (Rathert et al., 2015) depleted from both positive populations 

(Figure 37c) and slightly enriched in the negative populations (Figure 37d).  

As the RNAi screen was performed to investigate the influence of the HUSH complex 

members on KRAB-induced transcriptional silencing, the representation of all HUSH 

shRNAs in the library pool and in the sorted cell populations was analysed. shRNAs 

with an inhibitory effect on cell proliferation deplete over the time of cultivation and 

DOX treatment, resulting in a reduced read count in all sorted populations. To exclude 

an integration of these secondary effect in the analysis of the HUSH representation in 

the sorted populations, depletion scores were calculated for all HUSH-targeting 

shRNAs in each of the four mCherry+/mCherry- populations (Figure 38). The average 

of those depletion scores was taken to visualize a general anti-proliferative effect of 

the shRNA. Only the shRNAs targeting Mphosph8 and Pphln1 appeared to have an 

anti-proliferative effect. However, this effect was not very pronounced compared to the 

observed depletion in the neutral control shRNA and in the anti-proliferative shRNA 

Rpa3.455 (Figure 38). For most shRNAs, the depletion could be attributed to the 

strong depletion of this hairpin in a single sorted population. 
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Figure 38: Analysis of the depletion of HUSH shRNAs during the cultivation of cells 
before sorting. Each bar represents one shRNA present in the screen. Individual depletion 
scores were calculated as the logarithmic ratio of the normalized read count in each sorted 
population over the read count in the library pool (empty circles). Bars are the average of the 
individual depletion scores calculated for each sorted population (two replicates of mCherry+ 
and mCherry- each). Colours indicate the six individual shRNAs targeting the same gene. 
Depletion scores of the neutral control shRNA Ren.660 and Rpa3.455 are shown for 
comparison. 

 

After analysis of the raw data, the gene scores, which describe the effect of enrichment 

of all shRNAs targeting the same gene, were calculated as described for the LSD1 

screen in section 4.3.1 (Figure 39a). This consolidation was performed to summarize 

the individual effect of the six shRNAs targeting the same gene (Figure 39b). Like this, 

the influence of the expression of each gene in the library on KRAB-induced silencing 

could be evaluated. Genes sustaining a positive gene score (in total: 146 genes) were 

identified as positive coregulators of KRAB mediated silencing (Figure 39a). The 

results from the RNAi screen confirm the observations from the single-shRNA 

experiments (Figure 36) and support the hypothesis that the repressive function of 

KRAB is independent of HUSH activity in iMEF cells. Of all members of the HUSH 

complex that were included in the shRNA library, only the transcription activation 

suppressor D14abb1e appeared as a positive regulator of KRAB, with 3 out of 6 

shRNAs enriching in the positive population (Figure 39a, b). D14Abb1e plays a central 

role as a subunit of the HUSH complex (Douse et al., 2020; Gresakova et al., 2019). 

The high scoring of D14Abb1e in combination with the low scores of the other HUSH 

members suggests that this gene might have additional regulatory functions or the 
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ability to assemble another silencing complex in the context of transcriptional 

repression by KRAB. Analysis of published RNAseq data from NIH/3T3 (GEO 

accession #GSM970853) and iMEF (GEO accession #GSE90108) cells supported the 

hypothesis that the HUSH complex plays a less significant role in iMEF cells (Figure 

39d) than it was observed for NIH/3T3 (Figure 33), because it was found to be 

expressed only weakly. The role of SETDB1 in the methylation of H3K9 downstream 

of KRAB recruitment could be adopted by other H3K9 specific methyltransferases like 

the high-scoring Suv39h1 (García-Cao et al., 2004), which is expressed at comparable 

levels in both cell lines (Figure 39c, d). However, the reporter gene could also have 

been integrated into genomic loci that were under control of Suv39h1 as a H3K9 

methyltransferase. 

Following the assumption that the essential function of the HUSH complex to stably 

repress repetitive regions in association with KRAB might be adopted by another 

regulatory complex in MEF cells, the top scoring hits in the KRAB screen were 

analysed (Figure 39c). It must be mentioned that the transcriptional regulator Myc was 

removed from the top-scoring gene view (Figure 39d). Myc is an essential gene that 

is embedded in a complex network of chromatin regulation (Seruggia et al., 2019). 

Regarding the anti-proliferative effects of Myc suppression with RNAi (Fellmann et al., 

2013) and its role as a master regulator of gene expression (Poole & van Riggelen, 

2017; Takahashi et al., 2007), it was suggested that the high scoring might be due to 

unknown secondary effects. However, it cannot be excluded that it also interferes with 

KRAB induced transcriptional silencing. 

With Mecp2 and Sap30, two members of the SIN3A/HDAC complex scored among the 

top 10 hits, and another two subunits of this complex (Sap130 and Sap25) scored as 

positive regulators of KRAB (Figure 39a, c). In contrast to this, none of the 

NuRD/HDAC complex members were identified as positive regulators in this screen. 

Furthermore, the zinc-finger protein ZMYM4, which has been described to build a 

corepressor complex with LSD1 and RCOR1 (Cibis et al., 2020) scored at position five, 

and Rcor1 was also identified as a positive co-regulator of KRAB (Figure 39a).  

It remains to be mentioned that all hairpins targeting the scaffolding protein KAP-1, 

which has been described to recruit the HUSH complex to KRAB binding sites, were 

depleted in the cell populations that were analysed after 7 days of KRAB recruitment 

(Figure 39e). This indicated that the expression of KAP-1 was essential in iMEF cells, 
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and the effect precluded a qualitative analysis of the importance of KAP-1 for KRAB 

induced silencing in this system. However, as no toxicity was observed for the 

suppression of the HUSH complex members (Figure 38), it was assumed that an 

impairment of the functionality of the HUSH complex was not the source of the 

antiproliferative effect of KAP-1 depletion. 
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Figure 39: The HUSH complex is dispensable for KRAB mediated silencing in iMEF. a, 
Distribution of the gene scores for all genes included in the library. The gene score represents 
the average shRNA score of all shRNAs targeting the same gene. Gene scores >0 indicate 
positive regulators of KRAB, gene scores <0 indicate negative regulators. HUSH and Kap-1 
shRNAs are highlighted in the indicated colours. The position of the SIN3A complex members 
that are mentioned in the main text is indicated. b, Distribution of shRNA scores for all shRNAs 
included in the library. The shRNA score represents the logarithmic ratio of the read counts in 
the positive over the negative population, averaged over both replicates. c, Scatter plot 
showing the top 15 HITs of the RNAi screen. Gene scores are the same as in (a). Genes of 
the SIN3A complex are highlighted in red. d, Gene expression levels of the HUSH components 
in NIH/3T3 and iMEF cell lines. RPKM counts were taken from publicly available RNA-seq 
data. B2m, Kap-1 and Suv39h1 are shown for comparison. e, Depletion of Kap-1 shRNAs in 
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the reporter cells during the screening process. Depletion scores represent the logarithm of 
the ratio of the normalized shRNA read counts in the sorted cell populations to the read count 
in the library pool. In contrast to Figure 37, the depletion is shown separately for the mCherry+ 
and mCherry- populations. Read counts were averaged over the two replicates before 
calculating the ratio.  

 

In conclusion, the fluorescent reporter system was used to validate the critical 
interaction of the KRAB domain with HUSH components for the induction of a 
repressive chromatin state in NIH/3T3 cells. Suppression of HUSH complex partners 
led to a global decrease in H3K9me3 levels in these cells (Figure 33). Furthermore, 
expression of the HUSH subunits Atf7ip, Setdb1, Mphosph8 and D14Abb1e was 
shown to be essential for the efficient silencing of a reporter gene by the recruitment 
of KRAB (Figure 34 and Figure 35). As this effect could not be observed in iMEF cells 
(Figure 36), a comprehensive RNAi screen was performed to probe the regulatory 
network surrounding KRAB as a transcriptional repressor. In combination with the 
single-RNAi data, the screen delivered preliminary, yet interesting hints on the 
variability of epigenetic complex formation around the same repressor protein (Figure 

39). The data suggest that the composition of regulatory complexes can vary 
significantly between different cell lines, even among two cell lines of comparable origin 
and phenotype. 
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5. Discussion 

Trying to seize the universal importance of epigenetic mechanisms for the 

development of multicellular organisms, it is helpful to visualize that every cell in an 

adult organism contains the complete DNA-sequence information that would be 

needed to form any other cell type of this organism. In vertebrates, the development 

of phenotypically and functionally specialized cell types from the fertilized egg cell is 

directed by the concerted action of a plurality of epigenetic effector proteins. The 

epigenetic installation of cell-type specific gene expression programs during embryonic 

development is tightly regulated in a stepwise and highly time-resolved manner 

(Soshnikova & Duboule, 2009). In differentiated cells, epigenetic control of gene 

expression enables the integration of external signals to adapt the phenotype of cells 

or whole organisms to environmental cues (Bar-Sadeh et al., 2020; Mazzio & Soliman, 

2012). Finally, epigenetic mechanisms ensure the accurate inheritance of epigenetic 

patterns from the mother to the daughter cells during mitosis (Stewart-Morgan et al., 

2020). Consequently, epigenetic regulation of gene expression is a process that must 

be maintained throughout the whole life cycle of multicellular organisms. The 

integration of epigenetic modifications and epigenetic effector proteins into a dense 

network of feedback-loops and verification mechanisms has proven beneficial during 

evolution, preventing the development of diseases that arise from misdirected 

epigenetic control (Bates, 2020; Greenberg & Bourc’his, 2019; Landgrave-Gómez et 

al., 2015; Shilatifard, 2012). The aim of this work was to improve the understanding of 

epigenetic mechanisms as parts of a complex network, and to provide a new tool for 

the investigation of singular epigenetic effector proteins as integral components of this 

network. 
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5.1. Development of a fluorescent reporter system for the dynamic analysis 

of epigenetic effectors in live cells 

5.1.1. The fluorescent reporter system as a valuable expansion to established 

methods 

Targetable reporter genes have been used as a biotechnological tool for the analysis 

of gene expression levels for almost 30 years now (Gossen et al., 1995; Ho et al., 

1996; Vissing et al., 1995). Early in the history of transgene experiments, scientists 

observed that if the gene of interest was stably integrated into the host genome, the 

genomic site of integration had an influence on the expression levels of the transgene 

(Dobie et al., 1996). This effect had first been described in experiments with Drosophila 

melanogaster fruit flies, where the term position effect variegation (PEV) was 

introduced to describe the phenomenon that an active gene could become inactivated 

by the spreading of adjacent heterochromatic regions (Reuter & Spierer, 1992). Today, 

it is understood that transgenes cannot only be repressed by the H3K9me3-dependent 

spreading of heterochromatin, but are susceptible to a variety of epigenetic regulatory 

mechanisms that apply to the locus of integration. This embedment of reporter 

transgenes into the host epigenetic network can be used to study epigenetic 

mechanisms regulating chromatin modifications and transcription (Bintu et al., 2016; 

Hathaway et al., 2012; Headley et al., 2019; Keung et al., 2014; Tycko et al., 2020).  

The idea behind this work was to create a synthetic reporter gene that would deliver 

constant and easily accessible readout of transcription from a targetable promoter. 

Furthermore, this system should neither be limited to a single integration site or cell 

line, nor should it be outsourced to an artificial chromosome, increasing the chance to 

comprehensively monitor all endogenous mechanisms of epigenetic regulation. It was 

shown that the system responded dynamically to induced recruitment of various 

epigenetic repressor proteins fused to a rTetR protein. Silencing of the reporter gene 

expression was not only dependent on the recruitment of an epigenetic effector protein 

(Figure 17), but also on the co-recruitment of endogenous corepressor proteins, as 

was shown by drug treatments and RNAi experiments (Figure 21 and Figure 22). This 

was an essential observation for the progress of this project, as similar reporter gene 

approaches have already been used to screen for epigenetic barriers preventing 

transcriptional activation (Headley et al., 2019) or for novel regulatory protein domains 

(Tycko et al., 2020). To expand to those approaches, the goal of this work was to 
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screen for novel interactors of already known epigenetic effectors using a 

comprehensive RNAi library, aiming to expand the knowledge about regulatory 

multiprotein complexes.  

Outline of interesting observations during the establishment of the system 

An early aim during the establishment of the reporter gene approach was to evaluate 

the sensitivity of the reporter system to the regulation by different chromatin effectors, 

and to compare the significances of different chromatin modifications for the formation 

of a repressed chromatin state. Transcription from the strong EF1A promoter was 

rapidly and efficiently silenced by the recruitment of a KRAB domain and CBX3 (Figure 

17). In contrast to the recruitment of those effectors, the recruitment of the SET domain 

of EHMT1 did not achieve efficient silencing of reporter expression (Figure 17b). This 

might suggest that the conversion from di- to trimethylation at H3K9 was inhibited by 

endogenous factors stabilizing the existing chromatin state at the reporter locus 

(Headley et al., 2019). Another explanation would be that the mere introduction of 

H3K9me3, although this is also part of the repressive cascade downstream of KRAB 

and CBX3, is not sufficient for the downregulation of gene expression. EHMT1 acts in 

a heterodimeric complex (Tachibana et al., 2005) and mediates the recruitment of 

additional corepressors in vivo (Chang et al., 2011; Fritsch et al., 2010; Shinkai & 

Tachibana, 2011). Even though the isolated SET domain is active on histone 

substrates in vitro (Tachibana et al., 2008), presumably many of these interactions 

were lost when the protein was reduced to its catalytic domain, leading to a decrease 

in its activity on chromatin. 

The repressive activity of the PRC2 subunit EED at the reporter gene was also limited 

(Figure 17b). However, some cells in the heterogeneous reporter population were fully 

silenced by recruitment of EED. This suggests that in some cells, the reporter gene 

was integrated into PRC2-controlled loci which can efficiently be silenced by the 

formation of a de novo repressive polycomb domain (J.-R. Yu et al., 2019), while at 

other regions gene expression was only slightly reduced by the presence of the 

complex. At these regions, the existing active chromatin environment might inhibit the 

activity of PRC2 (Laugesen et al., 2019; Mocavini & Di Croce, 2020).  

An interesting observation on the chromatin modification level was the limited ability of 

LDS1 to reduce H3K4me2 at the promoter element (Figure 20). This might be due to 

the fact that H3K4me2 is an intermediate modification between the fully active 
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trimethylated, and the repressed unmethylated state of H3K4. LSD1 itself is unable to 

demethylate trimethylated H3K4, but the presence of HDACs co-recruited by LSD1 

recruits the Jumonji demethylase JARID1B (Barrett et al., 2007), which can 

demethylate H3K4me3, leading to a constant increase of H3K4me2. However, to 

exclude the effects caused by the heterogeneity of the reporter population and allow 

for better quantitative analysis of the ChIP signals, experiments with a monoclonal 

reporter population should be considered. 

Another open question that could be addressed using the synthetic reporter system 

would be the resolution of the temporal dynamics connecting chromatin modulation 

and transcriptional repression. In the presented work, changes in chromatin 

modifications were analysed long after an initial repression of transcription was 

observed. Studies investigating the chromatin remodelling complex NuRD have shown 

that the decrease in H3K27ac, induced by co-recruitment of HDACs, follows long after 

the initial decline in transcriptional activity (Bornelöv et al., 2018), and thus rather 

functions to stabilize the repressed state than to induce it. Other groups targeted 

bivalent genes in mESCs with the BAF remodelling complex and observed, that the 

loss of H3K27me3 and the gain in H3K4me3 following complex recruitment precedes 

transcriptional activation (Braun et al., 2017). These observations support a model 

stating that certain histone modifications present a barrier that holds up the present 

chromatin state, which needs to be overcome to remodel the chromatin structure and 

allow for changes in transcriptional activity (Hathaway et al., 2012; Headley et al., 

2019). However, this model cannot explain the transcriptional activity that is observed 

in heterochromatic regions in multiple organisms (Saksouk et al., 2015), and omits the 

effects of chromatin modifications on TF binding, transcriptional initiation, elongation 

and termination (Jonkers et al., 2014; B. Li et al., 2007; Stasevich et al., 2014; Tycko 

et al., 2017). Time-resolved analysis of transcriptional changes and the onset of 

chromatin marks using the presented reporter system could be used for determining 

the chronological order of events that control epigenetic repression. 

The three-state model for transcriptional repression 

Studies with similar reporter gene approaches also observed that the dynamics of the 

onset and stability of chromatin modification changes vary depending on the recruited 

chromatin modifier (Bintu et al., 2016). By investigating the temporal nature of different 

chromatin modifications, the reporter system could be used to study the mechanisms 
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of epigenetic spreading and memory. With their respective approaches, Bintu and 

Hathaway showed that artificially introduced chromatin modifications are lost following 

modification-specific kinetics once the initial trigger is removed (Bintu et al., 2016; 

Hathaway et al., 2012) This observation was confirmed for multiple epigenetic domains 

in this work (Figure 18). Persistent silencing of gene expression was only achieved by 

recruitment of a DNA methyltransferase domain, but repression by this domain could 

not be achieved in all cells (Figure 17). Bintu et al. propose a three-state model for the 

transcriptional repression following chromatin regulator recruitment. According to this 

model, the recruitment of a repressive regulator to a transcribed locus causes cells to 

stochastically advance from an actively expressing state to a reversibly silent state and 

then to an irreversibly silent state (Bintu et al., 2016). The stochastic transition to the 

respective states is dependent on the duration and strength of the recruitment. 

Furthermore, transcriptional repression is described as an all-or-nothing process. 

Silencing of the reporter gene can either be achieved completely or not at all. This 

model explains the formation of a bimodal population that was observed by recruitment 

of EHMT1, EED and DNMT3A (Figure 17). The bimodal form indicates that depending 

on the locus of reporter integration, the cells either respond to the chromatin effector 

recruitment or not. Observed intermediate mCherry signals can be explained by 

transcriptional bursting, cell cycle dependent changes of expression, and the locus-

dependent baseline expression levels in the heterogenous reporter cell populations 

that were used in this experiment (Nicolas et al., 2017; Tycko et al., 2017). 

Interestingly, recruitment of the KRAB domain to the synthetic reporter did not achieve 

a transition of the cells into an irreversibly silent state, although the time of recruitment 

was longer than described in Bintu et al. (Figure 18). The repressed chromatin state 

established by KRAB recruitment was independent of DNA methylation in the CHO 

system published by Bintu et al. (Bintu et al., 2016). However, the stable repression of 

a gene after recruitment of KRAB has been shown to require the deposition of DNA 

methylation in other cells (Ying et al., 2015). For both assumptions, it can be suggested 

that the recruitment of KRAB to the synthetic reporter failed to efficiently activate the 

endogenous repressive network of the NIH/3T3 cells at this locus. To install a stable 

and heritable heterochromatic domain, the activity of H3K9 methyltransferases, 

histone deacetylases and heterochromatin binding proteins is needed (Canzio et al., 

2013; Hathaway et al., 2012). ChIP-qPCR and bisulfite sequencing (Darst et al., 2010) 

experiments at the synthetic promoter could reveal at which stage the establishment 
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of a heritable heterochromatin domain upon KRAB recruitment failed in this system, 

and whether DNA methylation was involved in this process. 

The catalytic domains of DNMT3A and B have widely been used for the targeted 

introduction of DNA methylation at reporter genes or genomic loci of interest (Amabile 

et al., 2016; Bintu et al., 2016; Broche et al., 2021; Rots & Jeltsch, 2018). The 

introduction of DNA methylation is always correlated with a reduction in gene 

expression, but the stability of the signal is dependent on the nature of the targeted 

locus (Broche et al., 2021). The bimodal response of the reporter cells to the 

recruitment of DNMT3A-CD observed in this work (Figure 17), together with the long-

term stability of the repression after removal of DNMT3A (Figure 18), suggest that the 

reporter gene is not effectively methylated in the irresponsive cells. The isolated 

DNMT3A-CD has been shown to be very efficient in depositing DNA methylation 

(Broche et al., 2021), is independent of accessory proteins and is not inhibited by active 

chromatin marks (Yingying Zhang et al., 2010). Recruitment of the DNMT3A-CD by 

TetR strongly improved the efficiency of gene repression, suggesting that the binding 

strength of the targeting module was the limiting factor for efficient DNA methylation 

(Kamionka et al., 2004). Furthermore, it is possible that TET enzymes are actively 

recruited to the strong CpG promoter of the reporter gene (Rasmussen & Helin, 2016). 

The stability of an induced change in chromatin conformation strongly depends on the 

primary state of the genetic locus, with the system tending to maintain or return to its 

original chromatin state (Hathaway et al., 2012). With these observations, two pivotal 

questions remain to be answered: What are the barriers presented by the epigenetic 

regulatory network that need to be overcome to achieve stable silencing of a primarily 

active locus? And which mechanisms in this network need to be triggered to shape 

epigenetic memory? (Bintu et al., 2016; Broche et al., 2021; Headley et al., 2019). 

One way to address these questions could be to repurpose the screening approach 

presented in this work to a negative-coregulator RNAi screen. This could either be 

done by screening for early-silencing reporter cells, or for cells that remain silenced 

after withdrawal of the effector domain from the synthetic reporter gene.  
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5.1.2. Possible optimizations of the fluorescent reporter system 

In recent years, the application of CRISPR-Cas, CRISPRi and CRISPRa technologies 

have replaced RNAi approaches as the primary tool for high-throughput screening 

methods in cells (Pickar-Oliver & Gersbach, 2019). However, CRISPR-Cas knockout 

methods suffer from an increase in cell-death rates caused by the massive introduction 

of DNA double-strand breaks (Pickar-Oliver & Gersbach, 2019), and the complete 

knockout of target genes increases the risk of false-negative results in interaction 

screens due to anti-proliferative effects. Both risks could be reduced by the application 

of CRISPRi instead of active CRISPR-Cas9, but these methods were not well-

established at the time of the beginning of this thesis. Considering these drawbacks, 

CRISPR knockout screens qualify for the use in drop-out screens investigating cell 

proliferation, differentiation, or drug-sensitivity, but do not provide a big advantage over 

RNAi screens in a reporter-based gene regulatory screen. The drawbacks of CRISPR 

screening approaches have been addressed by the optimization of gRNA libraries and 

Cas9-variants (Ong et al., 2017; Pickar-Oliver & Gersbach, 2019; Sanson et al., 2018) 

in the past years. Consequently, the transition from combining the synthetic reporter 

with an RNAi library screen to combination with a CRISPR-based screen could be 

considered for future experiments.  

Regarding the synthetic reporter cassette itself, the system could be optimized by 

exchanging the TetR-derived targeting module fused to the chromatin regulator. Using 

this DOX dependent recruitment system, the options for combination of the reporter 

with a conditional system driving the expression of the RNAi library are limited. 

However, the possibility to precisely time the beginning of shRNA expression would 

reduce the number of shRNAs dropping out and improve the reproducibility and 

comparability among all shRNAs in the library. Synthetic biology has brought forth a 

multitude of methods to achieve the conditional regulation of gene expression 

(Kirkpatrick et al., 2020; Lienert et al., 2014; Smanski et al., 2016). By fusing the 

chromatin modifier and the DNA-binding anchor domain to different parts of either a 

light-sensitive or a rapamycin-sensitive system, recruitment to the synthetic reporter 

gene can be achieved by induced dimerization of the chimeric proteins (Kallunki et al., 

2019; Lienert et al., 2014). However, these methods are critical in their establishment 

due to their increased complexity, high costs for rapamycin in large culture volumes 

and the risk of background expression of light-inducible systems. Alternatively, the 
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TetR-dependent expression system could be combined with a cumate-controlled 

operator system (Kallunki et al., 2019), thereby uncoupling the triggers controlling 

expression of the chromatin regulator and the shRNA library.  

Another challenge that could not be completed during this thesis was the establishment 

of a reporter system for the investigation of transcriptionally activating epigenetic 

effectors. Only a slight increase in transcriptional activity could be observed in 

experiments with recruitment of BRD4 to different promoter sequences (Figure 19). 

To boost the measurable effect of transcriptional activation, a two part reporter system 

with a TEV protease under the control of the targetable minimal promoter, and a TEV-

inducible flipGFP protein under control of a constitutive promoter could be used (Qiang 

Zhang et al., 2019). During the establishment of a functional reporter, transcriptional 

activation could be achieved by recruitment of a histone acetyltransferase, as 

acetyltransferases are more direct activators of transcription than BRD4 and have 

successfully been used in CRISPRa experiments (Hilton et al., 2015) 

Finally, during the characterization of different epigenetic regulators, variances in the 

response to recruitment of the same regulatory domain inside the heterogeneous 

reporter cell populations were observed. While reporter expression could be fully 

silenced by recruitment of EED or the DNMT3A-CD in some cells, DOX treatment had 

little to no effect on mCherry expression in other cells. This observation was attributed 

to locus specific epigenetic maintenance effects preventing induced silencing in the 

non-responsive cells. In CHO cells, it has been described that the main variance factor 

for the transcriptional regulation of a transgene is locus-dependent and caused by the 

random integration into the host (Grav et al., 2018; Jae Seong Lee et al., 2018). By 

working with monoclonal reporter cell populations, locus-specific mechanisms of 

chromatin maintenance and regulation upon an epigenetic trigger could be analysed, 

greatly contributing to the understanding of transcriptional control. Primary 

experiments in this thesis have shown that the creation of monoclonal reporter 

populations is possible, and that those reporter populations react in a locus-specific 

manner to LSD1 induced silencing (Figure 31). Furthermore, the dependency of 

transcriptional repression following LSD1 recruitment on the activity of the helicase 

DDX19A was not observed at all genetic integration sites (Figure 31). This suggests 

that the creation of monoclonal reporter populations represents a valuable approach 

for the investigation of epigenetic barriers preventing the targeted transcriptional 
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repression of specific genomic loci. However, the creation of a monoclonal cell 

population is very time-consuming and cannot be achieved successfully with all types 

of cells. The arguments that still speak in favour of working with monoclonal 

populations will be discussed in the following section.  

 

5.1.3. Challenges on the way towards the computational modelling of gene 

regulation 

All methodical approaches that try to describe the regulation of eukaryotic gene 

expression face the problem of the high complexity of this process. Transcription from 

a specific DNA locus is controlled by multiple factors, including the affinity of the RNA 

polymerase and TFs to the promoter and enhancer sequences, local nucleosome 

occupancy, chromatin modifications and chromatin structure, and the three-

dimensional nuclear localization of the sequence (Nicolas et al., 2017). This is further 

complicated by the fact that said impact factors also regulate each other, e.g. local 

levels of chromatin modifications influence the local chromatin structure and the affinity 

of RNA polymerase and TFs (Tycko et al., 2017). Furthermore, gene expression 

occurs in waves of transcriptional bursting, alternating between “on” and “off” states of 

transcription (Sanchez & Golding, 2013), which leads to high cell-to-cell heterogeneity 

on a temporal scale. This implies that the transcriptional output measured from a 

reporter gene must be considered as a statistical event that is controlled by a variety 

of factors. Aiming to extract the impact of an individual regulatory factor (e.g. the 

deposition of a specific chromatin modification) on transcriptional activity from the 

analysis of the transcriptional output of a reporter gene, a statistical noise created by 

all those other factors must always be anticipated in the experimental design and 

considered in the final evaluation of the results.  

One approach to reduce the complexity of systems for the analysis of transcriptional 

regulation is to conduct the measurements on a single-cell level. Expression levels can 

be visualized on the single-cell level using microscopy (Bintu et al., 2016; Paige et al., 

2011; Raj et al., 2006), and several sequencing approaches to analyse chromatin-

structure and modifications in single-cells have been developed (Buenrostro et al., 

2015; Cusanovich et al., 2015; Rotem et al., 2015). However, all these methods suffer 

from high costs, the need for elaborate equipment and limitations concerning their 

dynamic sensitivity and the achievable sequence coverage.  



154 
 

In this work, by creating monoclonal fluorescent reporter cell populations, the locus-

dependent variances in the gene regulatory environment (Grav et al., 2018; Jae Seong 

Lee et al., 2018) were minimized under retention of the temporal dynamics of the 

system and of a high number of available data points. The dynamics of reporter 

fluorophore expression upon recruitment of chromatin regulator domains have been 

studied on the single-cell level using time-lapse microscopy (Bintu et al., 2016). 

However, the method presented by Bintu et al. requires a sophisticated quantification 

method to account for the distribution of the fluorescent protein on daughter cells during 

cell divisions. Furthermore, the number of acquired data points ranges in a magnitude 

of 102 cells per experiment, opposed to 104-105 cells that can easily be analysed in one 

run using flow cytometry. This high number of data points allows for the quantification 

of fluorescence signals by analysis of population medians, thereby compensating for 

temporal variances of the fluorescence signal that arise from transcriptional bursting 

or during cell-cycle.  

Comprehensive computational models for the regulation of gene expression upon 

chromatin factor binding must be able to integrate the effects of transcriptional bursting, 

spreading of chromatin states and of three-dimensional chromatin looping (Figure 40). 

Synthetic biology approaches deliver the experimental data that are essential to set up 

computational models (Tycko et al., 2017). Using the monoclonal fluorescent reporter 

system presented in this thesis, quantifiable changes in transcriptional output of a 

reporter gene can be reassigned to the recruitment of a specific effector domain. In a 

monoclonal population, many gene regulatory factors are similar among all cells and 

can be regarded as constants in simplified models describing the events at the 

synthetic gene. Residual variances in the expression levels of endogenous TFs, the 

association of the reporter gene with endogenous promoters and enhancers (Figure 

40a), endogenous chromatin maintenance mechanisms (Figure 40b) and effects of 

the nuclear localization of the reporter gene (Figure 40c) are compensated by the high 

number of data points acquired in flow cytometry. This leaves the recruitment and the 

activity of a chromatin regulator at the synthetic gene as the major factor influencing 

gene expression. 



155 
 

 

Figure 40: Different models for the regulation of gene expression by chromatin factors. 
Transcription from an endogenous promoter is dependent on the nature of the local chromatin, 
which can switch between three states: active, reversibly silent and irreversibly silent. 
Transition between these states occurs at statistical rates k, that can be simulated based on 
different models. a, The Extended Transcriptional Bursting model proposes that gene 
expression is a statistical event regulated by the temporal association of a genomic locus with 
chromatin regulators (CR), transcription factors (TF), and promoter- and enhancer-sequences. 
b, The Chromatin Spreading Model predicts the dynamics of spreading and maintenance of a 
chromatin state over space and time, leading to inhibition or activation of transcription. c, The 
Loop Extrusion Model simulates the probability of chromatin contacts in the three-dimensional 
space of chromatin organization, helping to predict the association of regulatory sequences 
with transcriptional start sites over long linear distances. d, The models (a-c) can be integrated 
to simulate the regulatory environment of a genomic locus. Image was taken from Tycko et al. 
(2017). 
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The production of monoclonal reporter cell populations is beneficial for the intended 

use of the reporter system to quantitatively analyse the dynamics of transcriptional 

repression induced by different epigenetic effector domains. Furthermore, the resulting 

homogenization of the fluorescent signal enhances observed effects of perturbations 

on transcriptional repression, thus improving the identification and validation of 

chromatin regulator dependencies. On the other hand, RNAi experiments with the 

DEAD-box helicase DDX19A and LSD1 as a repressor domain showed that the 

dependency of LSD1 on DDX19A activity was locus-dependent. This suggests that for 

loss-of-function screening approaches (RNAi/CRISPR) with the aim to identify all 

possible functional genetic interactions of an epigenetic regulator, the application of 

heterogenous reporter cell populations should be considered to avoid false-negative 

results. Furthermore, mammalian cells hold the potential to form a clonally stable 

transcriptional phenotype that is driven by epigenetic memory mechanisms (Meir et al., 

2020; Shaffer et al., 2020). The performance of a comprehensive RNAi screen in a 

monoclonal population might detect regulatory effects that are specific to the clonal 

transcriptional environment in this cell population, but do not constitute a generally and 

globally active regulatory mechanism. 

 

5.2. Identification and characterization of novel interactors of the lysine-

specific demethylase 1 (LSD1) 

The concept that transcriptional regulation is driven by the formation of a permissive 

or repressive chromatin state, which is the result of the concerted action of epigenetic 

effector proteins, has been established many years ago (Deaton & Bird, 2011; Grewal 

& Moazed, 2003). Epigenetic effector proteins assemble in multiprotein complexes in 

a combinatorial way to install cell-type specific gene expression programs (Lange et 

al., 2011), and mistakes in the configuration of these regulatory complexes can lead to 

the development of diseases (Garay et al., 2016; Hodges et al., 2016; Jiang, 2020). 

Statistical approaches to model the regulatory mechanisms controlling gene 

expression are receiving growing attention, aiming to eventually predict transcriptional 

outcomes on a global level, e.g. in response to an epigenetic drug treatment (Angelin-

Bonnet et al., 2019; Tycko et al., 2017). These mathematical approaches rely on the 

existence of reliable experimental data from high-throughput approaches that 

comprehensively describe interactions in a gene regulatory network. Powerful 
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proteomics approaches studying the composition of gene regulatory complexes in 

association with modified chromatin have been developed (Wierer & Mann, 2016). 

However, these data need to be supported by functional information about the dynamic 

processes that shape gene regulatory networks in a living biological system. Using the 

reporter system presented in this work, the transcriptional response to exogenous 

triggers of the epigenetic network controlling expression of the fluorescent gene was 

analysed. In doing so, novel functional interactions inside the regulatory network 

surrounding LSD1 were identified, characterized, and annotated to a so far unknown 

signalling cascade. The application of this method to investigate further regulatory 

proteins holds the potential to vastly expand the knowledge about different epigenetic 

regulatory cascades.  

5.2.1. A novel regulatory cascade downstream of LSD1 silencing 

Since its discovery as the first histone demethylase (Shi et al., 2004) and its successive 

rise as an interesting target for epigenetic cancer therapies (Augert et al., 2019; Y. 

Fang et al., 2019; Fiskus et al., 2014), the diverse roles of LSD1 as an epigenetic 

regulator have intensively been studied. LSD1 acts as a transcriptional repressor in 

many repressive multiprotein complexes (Bornelöv et al., 2018; S.-A. Kim et al., 2020; 

Y. Yang et al., 2018). LSD1 has also been described to act as transcriptional activator 

by removing repressive H3K9me2 marks in neuronal cells (Laurent et al., 2015) and in 

association with steroid hormone receptors (Bennesch et al., 2016; Carnesecchi et al., 

2017; Metzger et al., 2005). However, this function appears to be rather cell-type 

specific, with the splice variant of LSD1 acting in neuronal differentiation being 

restricted to expression in neuronal cells (Laurent et al., 2015; Zibetti et al., 2010), and 

the associated androgen and estrogen receptors being mainly expressed in 

reproductive tissues (Fagerberg et al., 2014; Hua et al., 2018). It has been shown that 

the activity of LSD1 is strongly dependent on the binding of cofactors to its TOWER 

domain, suggesting that structural changes to the catalytic cavity induced by substrate- 

and cofactor-binding determine the specificity of its catalytic activity (S.-A. Kim et al., 

2020; Stavropoulos et al., 2006). This might explain why the in vitro activity of LSD1 

on H3K9me2 can only be observed if LSD1 is either copurified with its associated 

factors, or if those factors are additionally added to the reaction (Carnesecchi et al., 

2017; Laurent et al., 2015). More generally, it reveals the importance of the interaction 
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of LSD1 with different coregulators in determining its regulatory activity at a genetic 

locus.  

Despite its mostly repressive role, LSD1 is associated with core promoters and 

enhancers of actively transcribed genes in mESCs, together with ESC-specific TFs like 

Oct4 and Nanog and the transcription machinery (Petell et al., 2016; Whyte et al., 

2012). Similarly, the PRC2 complex can bind to transcriptionally active promoters in 

mESCs without being catalytically active at these loci (Kaneko et al., 2013). How LSD1 

and PRC2 are recruited to and kept inactive at these loci has remained unclear. 

In this work, PRC2 activity was discovered to be involved in the silencing of a strong 

synthetic promoter by LSD1 recruitment (Figure 20, Figure 21 and Figure 28). LSD1 

has been coprecipitated with PRC2 components (Y. Jin et al., 2017), and LSD1 and 

the PRC2 complex subunit EZH2 have been shown to be corecruited by lncRNAs, 

suggesting an involvement of RNA at loci coregulated by LSD1 and PRC2 (Lian et al., 

2017; M. Sun et al., 2016; Tsai et al., 2010; T. peng Xu et al., 2018). This is in line with 

the observation that the formation of R-loop structures at the synthetic reporter gene 

had a regulatory effect on both LSD1 and PRC2 activity. In literature, the presence of 

RNA structures at a genomic locus has been described to have either an inhibitory, 

recruiting or activating effect on PRC2 (Almeida et al., 2020; Beltran et al., 2016; Y. 

Long et al., 2020; Mocavini & Di Croce, 2020; X. Wang et al., 2017; Qi Zhang et al., 

2019). G4-RNA structures have been shown to act as non-competitive inhibitors of 

LSD1 demethylase activity in vitro, and a regulatory role of RNA structures for LSD1 

activity at genomic sites has been proposed (Hirschi et al., 2016). Despite all these 

observations, the regulatory effects of RNA structures on the activities of LSD1 and 

PRC2 on chromatin remain ill-defined. 

A controversially discussed biological example for the coregulation of gene expression 

by LSD1 and PRC2 is their co-occupancy of so-called bivalent regions, which are 

genetic elements that control the expression of developmental genes in human ESCs 

(Adamo et al., 2011). These bivalent promoters have been proposed to serve as 

"poised" gene-expression switches, with the ability to rapidly initiate novel 

transcriptional programs upon pro-differentiation stimuli in mESCs, but the exact 

nature of this switch remains controversial (D. Hu et al., 2013; Piunti & Shilatifard, 

2016; Voigt et al., 2013). Several publications propose that the balance of H3K4 

trimethylation and H3K27 trimethylation at bivalent regions regulates the establishment 
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of a Polycomb-domain contact network inside the euchromatic chromatin compartment 

(Denholtz et al., 2013; Glòria Mas et al., 2018; Gloria Mas & Di Croce, 2016; Vieux-

Rochas et al., 2015). Disturbance of this balance in ESCs, e.g. by repression of the 

H3K4 methyltransferase MLL2, leads to the global re-organization of chromatin 

architecture and consequently in the severe impairment of the onset of developmental 

programs after induction of differentiation (Glòria Mas et al., 2018). The formation of 

RNA-structures might also play a role in the regulation of these bivalent loci. Both 

sense- and antisense transcription can be stabilized by the presence of H3K4me3, 

which might lead to an increase in R-loop formation (Boque-Sastre et al., 2015). The 

model of bivalent regions acting as a developmental switch is intriguing, and it is 

possible that toggling of this switch might be regulated by the presence of RNA 

structures. Several non-coding RNAs are under the control of pluripotency-related TFs, 

and are differentially expressed during the stages of differentiation, indicating an 

essential role of lncRNAs in pluripotency maintenance and lineage-specific 

differentiation (Jingcheng Chen et al., 2020; Z. Du et al., 2018; Fico et al., 2019).  

Despite the huge number of articles published on LSD1 and the PRC2 complex, the 

idea of their regulatory interaction remains diffuse. It is assured that there is a so-called 

“poised” state of EZH2- and LSD1-binding at highly expressed genes, and that RNA 

has a regulatory role on the activity of both enzymes. The bivalent model of poised 

genetic regions assumes that both H3K4me3 and H3K27me3 are present at these loci, 

indicating an inactive state of LSD1 and an active state of PRC2. Mathematical models 

integrating experimental data of poised loci delivered an alternative explanation, 

suggesting that these regions constantly switch between a fully active and a repressed 

chromatin state (Sneppen & Ringrose, 2019). Although these models are highly 

simplified, they are in line with the observations of transcriptional regulation made in 

this work. By integration of the findings that followed the discovery of DDX19A as a 

positive regulator of LSD1 activity (Figure 30), a model for the regulatory activity of 

LSD1 at highly transcribed genomic loci was proposed (Figure 41). LSD1 and PRC2 

can co-occupy the cis-regulatory regions of actively transcribed genes. The persistent 

transcriptional activity leads to the local formation of R-loops (Boque-Sastre et al., 

2015; Ginno et al., 2012) and stabilizes active histone marks by the recruitment of 

HMTs and HATs (Herz et al., 2013; Shilatifard, 2012; Z. Wang et al., 2009) that 

counterbalance the activity of LSD1. PRC2 activity is inhibited by both the presence of 
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H3K4 trimethylation and the formation of cotranscriptional R-loops (Laugesen et al., 

2019; Mocavini & Di Croce, 2020). The resolution of R-loops is regulated by the 

presence of topoisomerases and helicases like the DNA:RNA helicase DDX19A to 

prevent stalling of the transcription machinery (Skourti-Stathaki & Proudfoot, 2014). 

Upon an external trigger, LSD1 activity is enhanced, overcoming the methyltransferase 

activity of HMTs and leading to the local decrease in H3K4 methylation. After the 

removal of H3K4 methylation, PRC2 can methylate H3K27 to form H3K27me3, which 

is a binding signal for DDX19A. Either by allosteric activation or enhanced recruitment, 

DDX19A then efficiently resolves R-loops at the promoter region. Thus, the repressive 

activity of the DNA:RNA hybrids on LSD1 and PRC2 is removed and their catalytic 

activities are increased, forming a positive feedback loop for stable epigenetic 

repression of the genetic locus. 

 

Figure 41: LSD1, DDX19A and PRC2 cooperate in the regulation of transcription at 
highly expressed genes. Schematic depicting the regulatory cascade leading to stable 
silencing of active genes downstream of LSD1 activity. LSD1 and PRC2 are localized at highly 
transcribed genes. Active transcription promotes the local presence of H3K4me2/3 and the 
formation of R-loops. These R-loops are balanced by specific helicases (e.g. DDX19A). Upon 
an external repressive stimulus LSD1 activity is increased leading to a reduction in H3K4 
methylation, which enables the PRC2 complex to methylate H3K27. H3K27me3 serves as a 
binding motif for DDX19A, which then efficiently removes local R-loops, enabling the further 
increase of LSD1 activity and thus closing a repressive feedback loop that leads to robust 
silencing of transcription.  

By inhibition or suppression of a single component of this regulatory cascade, silencing 

of reporter expression remained incomplete. Furthermore, the initial expression level 

of the reporter fluorophore was reinstalled quickly after removal of the repressive 

trigger. Together, these observations indicate that the model of bistable chromatin 

states probably is better suited to describe the transcriptional regulation of poised loci 

by LSD1 and PRC2 than the model of bivalency (Sneppen & Ringrose, 2019).  
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All experiments with suppression of DDX19A or inhibitor treatment for LSD1/PRC2 

were performed in heterogeneous cell populations. This resulted in distinct, but not in 

all-or-none effects of the disruption of the cascade on the efficiency of reporter 

silencing. By utilizing the ability of the synthetic reporter system to resolve locus-

specific effects when analysing multiple monoclonal reporter populations, it would be 

possible to determine the nature of the chromatin environment that is responsive to 

changes in the LSD1-PRC2-R-loop cascade. ChIPseq experiments for PRC2 and 

LSD1 binding and the presence of H3K4me2 and H3K27me3 in DDX19A-supressed 

or RNAseH1 treated cells could help to define the effect of R-loop formation on 

LSD1/PRC2 recruitment and activity on a global scale. ATACseq and Hi-C-seq after 

stabilization or destabilization of R-loop formation could reveal a possible role of RNA 

structures in chromatin organization. In combination with further RNAi or inhibitor 

treatment approaches, the role of other epigenetic modulators like DNMT3A/B for the 

final silencing of expression at poised active regions could be comprehensively 

defined. In conclusion, application of the reporter system for the further functional 

analysis of the newly discovered cascade holds promise for the detailed 

characterization of the processes mediating stable silencing of chromatin. 

5.2.2. The DEAD-box helicase DDX19A as a regulator of transcription 

The comprehensive RNAi screen for functional interactors of LSD1 identified the 

DEAD-box containing helicase DDX19A as an essential coregulatory protein. DDX19A 

is an ATP-dependent RNA helicase, which was mainly regarded as a nuclear-pore 

associated mRNA export factor (Tran et al., 2007), before it was found to relocalize to 

the nucleoplasm to resolve DNA:RNA hybrid structures upon an ATR signalling trigger 

(Hodroj et al., 2017). Regarding these earlier annotated functions, the question of how 

DDX19A is connected to LSD1 and to its repressive function on transcriptional 

regulation was intriguing. 

The human family of DEAD-box helicases is highly conserved, but the individual 

molecular functions of each family member are poorly characterized and can only be 

consolidated under the broad function of mRNA processing (Awasthi, Verma, et al., 

2018; Linder & Jankowsky, 2011; Ma et al., 2016; Tran et al., 2007). DEAD-box 

helicases can remodel nuclear complex structures of RNA and proteins. By either 

inhibiting or enhancing the binding of proteins to nascent RNA, several DEAD-box 

helicases regulate transcription (Linder & Jankowsky, 2011; Ma et al., 2016; H. Zhang 
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et al., 2020). The yeast homologue of DDX19A (DBP5) has also been shown to directly 

interact with TFs, and has consequently been proposed to interfere with transcription 

at the level of transcriptional initiation (Estruch & Cole, 2003). Such a general model 

for transcriptional regulation by DDX19A is unlikely regarding the presented results, as 

it was shown that the knockdown of DDX19A did not interfere with KRAB-induced 

silencing of transcription or with the basal expression levels of synthetic reporter 

constructs. It is further unlikely that LSD1 or its associated cofactors are sterically 

repelled from the synthetic promoter due to an enrichment of R-loops in the absence 

of DDX19A activity. LSD1 is strongly recruited by its fusion to the rTetR, and ChIP-

qPCR experiments showed that the subsequent recruitment of HDACs and H3K9 

methyltransferases was not affected by suppression of DDX19A. 

It has been proposed here that the function of DDX19A at the synthetic promoter was 

the regulation of transcription by controlling the local R-loop formation. R-loops have 

emerged as variable modulators of local transcriptional activity and chromatin 

modification patterns (Ginno et al., 2012, 2013; Sanz et al., 2016). One example for a 

similar control mechanism is the yeast DEAD-box helicase DBP2, which directly 

controls the transcriptional induction of the GAL gene cluster by regulating the 

formation of lncRNA:DNA hybrid structures. These hybrids repel transcriptional 

repressor proteins and allow for further chromatin looping that further activates 

transcription (Cloutier et al., 2016). There are both publications linking R-loop formation 

to transcriptional activation (Boque-Sastre et al., 2015; Sanz et al., 2016) and to 

transcriptional repression (Skourti-Stathaki et al., 2019), but many of these 

observations are purely correlative, and the molecular mechanisms that discriminate 

between transcriptional activation or repression by the presence of R-loops are 

unclear. Recently, a mechanism for the regulatory function of cotranscriptional R-loops 

in chromatin silencing has been proposed in Arabidopsis thaliana (C. Xu et al., 2021). 

This mechanism requires the concerted action of a H3K4 demethylase, the PRC2 

complex, and proteins that mediate R-loop resolution to install a repressed chromatin 

state at an actively transcribed locus (X. Fang et al., 2020; C. Xu et al., 2021). 

Interestingly, a novel H3K27me3/H4K20me3 reader function could be attributed to the 

R-loop resolving DEAD-box helicase DDX19A. This discovery might represent an 

important puzzle piece on the way to understand transcriptional regulation by R-loops, 
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functionally linking the chromatin modification environment to the local stability of R-

loop formation in mammals.  

To further determine the function of DDX19A in transcriptional regulation, the 

biochemical characterization of DDX19A as an epigenetic effector protein will be of 

interest. The ATPase activity of DDX19A has been shown to be regulated by the 

presence of ssRNA in an autoinhibitory way (Collins et al., 2009). How would the 

activity be altered by the binding of modified histones? Where is the binding domain of 

DDX19A? How is the activity of DDX19A regulated by the published association with 

TFs? The combination of ChIP-seq and DRIP-seq experiments could reveal if the 

activity of DDX19A is restricted to PRC2-repressed loci, or a general feature of R-loop 

prone regions.  

Two other DEAD-box helicases, DDX39B and DDX23, promoted the silencing of the 

synP element by LSD1 (Figure 24). However, this observation might be ascribed to 

LSD1 effects unrelated to LSD1 activity. Both DDX39B and DDX23 have essential 

functions in mRNA transport and splicing, and DDX39B can promote translation by 

regulation of pre-ribosomal RNA levels (Awasthi, Chakrapani, et al., 2018; Mathew et 

al., 2008; Nakata et al., 2017). Thus, the low scoring of those DEAD-box helicases is 

likely due to severe deregulation of the expression levels of reporter system 

components. 

In conclusion, the discovery of DDX19A as a reader of histone modifications opens a 

whole new field of regulatory mechanisms, directly linking the presence of a specific 

histone code to the stability of local RNA structures. 

 

5.3. Variability in the multi-protein complex assembling around the KRAB 

repressor domain of ZNF10 

Besides the LSD1 project, the synthetic reporter system was applied for the analysis 

of cell line specific variances in the repressive complex surrounding the KRAB domain 

of ZNF10. KRAB-ZFPs play an essential role in the regulation of retroviral elements 

and other repetitive regions in mammalian genomes (Ecco et al., 2017; Imbeault et al., 

2017). Due to its repressive function, the ZNF10 KRAB domain is very commonly used 

for the directed silencing of gene expression in synthetic biology and CRISPRi 

approaches (Alerasool et al., 2020; Bintu et al., 2016; Pickar-Oliver & Gersbach, 2019; 
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Tycko et al., 2020). However, artificially induced silencing by the KRAB domain can 

vary between reversible and irreversible repression, and suffers from being incomplete 

in some cases (Alerasool et al., 2020; Yeo et al., 2018; Ying et al., 2015). A better 

understanding of the epigenetic mechanisms mediating transcriptional repression 

downstream of KRAB-binding is essential for the improvement of the predictability and 

efficiency of CRISPRi and other KRAB-related approaches. 

In this work, the KRAB domain was initially chosen to validate the sensitivity of the 

reporter system towards RNAi. Silencing by this domain was published to be 

dependent on its association with the HUSH complex, and efficient HUSH-targeting 

shRNAs were available in the laboratory (Robbez-Masson et al., 2018; 

Tchasovnikarova et al., 2015). 

First, the interaction of KRAB and the HUSH complex was validated in NIH/3T3 cells. 

KRAB recruits the scaffolding protein KAP-1, which in turn recruits the members of the 

HUSH complex. The HUSH components ATF7IP, D14ABB1E, MPHOSPH8 and 

SETDB1 were all validated to be important for KRAB-induced silencing of the 

fluorescent reporter in NIH/3T3 (Figure 34 and Figure 35). However, the impact of the 

individual HUSH components on reporter silencing and the global maintenance of 

H3K9me3 in this cell line varied in its extent. The H3K9me3 reader protein MPHOSPH8 

and the H3K9 methyltransferase SETDB1 were identified as strongest coregulators of 

KRAB-induced silencing (Figure 34), and suppression of both proteins had a strong 

impact on the level of global H3K9me3 (Figure 33). This was in line with published 

data, which propose that the H3K9me3 reader and writer proteins cooperate in the 

maintenance and spreading of heterochromatic regions in vertebrates, in a mechanism 

comparable to PEV in Drosophila (Cruz-Tapias et al., 2019; Timms, Tchasovnikarova, 

& Lehner, 2016). 

Suppression of the central HUSH subunit D14ABB1E led to a severe decrease in 

global H3K9me3 levels (Figure 33). However, upon recruitment of KRAB to the 

synthetic reporter it did not appear to be a stronger transcriptional coregulator than the 

other HUSH components (Figure 34), an observation that was in line with similar 

published experiments using reporter genes (Robbez-Masson et al., 2018). 

D14ABB1E has been described to be essential for HUSH activity at transcribed 

repetitive regions, with a mechanism that is dependent on RNA binding by an inactive 

PARP domain and its interaction with MPHOSPH8 (Douse et al., 2020). It is assumed 
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that the D14ABB1E dependent assembly of HUSH can function to control the rate of 

untimely transcription of repetitive elements, thus preventing genomic damage (Douse 

et al., 2020). The essential function of D14Abb1e as a member of the HUSH complex 

might be specific for the targeting and maintenance of heterochromatin at repetitive 

genomic regions, as suppression of D14Abb1e did not manage to reactivate ZNF91 

repressed reporter genes, in contrast to suppression of other HUSH components 

(Gresakova et al., 2019; Robbez-Masson et al., 2018). The HUSH components 

SETDB1 and ATF7IP have been shown to be no physical interactors of D14ABB1E 

(Douse et al., 2020). Thus it can be suggested that the KRAB mediated reporter 

silencing observed in NIH/3T3 cells was initiated by the direct recruitment of SETDB1 

by KAP-1 (Sripathy et al., 2006), while D14ABB1E acted as an enhancer of H3K9me3 

spreading by recruiting MPHOSPH8 and PPHLN1 (Douse et al., 2020). 

Suppression of Atf7ip had only small effects on the silencing of the fluorescent reporter, 

as well as on the maintenance of global H3K9me3 levels in NIH/3T3 compared to the 

other tested HUSH subunits (Figure 33). ATF7IP is a chaperone of SETDB1 and has 

been proposed to enhance the recruitment of MPOSPH8 (Timms et al., 2016; Tsusaka 

et al., 2018). ATF7IP is essential for the protection of SETDB1 from proteasomal 

degradation, and knockout of ATF7IP has been shown to phenocopy the loss of 

SETDB1 (Timms et al., 2016). Regarding the crucial role of SETDB1 for HUSH activity 

in NIH/3T3, it was suggested that the reduced levels of ATF7IP following RNAi were 

still sufficient to secure a functional HUSH complex in this cell line. Thus, the effect of 

ATF7IP reduction appeared less pronounced than the effect by direct suppression of 

SETDB1. 

5.3.1. A comprehensive RNAi screen probing the regulatory network 

surrounding KRAB 

In contrast to the findings in NIH/3T3, the interaction of KRAB and the HUSH complex 

could not be observed in iMEF (Figure 36). An RNAi screen in iMEF cells targeting 

1104 chromatin-associated genes, including the HUSH complex members with 6 

different shRNAs per gene, was performed to confirm the results from the single-

shRNA experiments (Figure 37). Although the data need to be substantiated with 

additional experiments, several interesting findings are beginning to become apparent 

already. 
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The scaffolding protein KAP-1 that mediates the interaction of KRAB and the HUSH 

complex (Robbez-Masson et al., 2018) could not be analysed in the screen, as 

suppression of this gene was toxic in the cells (Figure 39). However, the downstream 

regulators of KRAB silencing could further be investigated. The only HUSH subunit 

scoring as a strong positive regulator of KRAB was D14Abb1e, supporting its essential 

role in chromatin repression downstream of KRAB recruitment, in contrast to the 

observations made in NIH/3T3. Gresakova et al. showed that D14ABB1E changes its 

protein interaction profile during development and differentiation (Gresakova et al., 

2019). D14ABB1E has been shown to have common but non-redundant functions with 

KAP-1 (Robbez-Masson et al., 2018), and KRAB-ZFPs can assemble repressive 

complexes independently of their association with KAP-1 (Murphy et al., 2016). This 

suggests that in iMEF cells, D14ABB1E might be a mediator of KRAB induced silencing 

by assembling an alternative repressive complex to the KAP-1/HUSH complex. This 

hypothesis is supported by the fact that while Setdb1 was a clear negative regulator of 

KRAB repression in iMEF, Mphosph8 scored weakly as a positive regulator (Figure 

39). The indistinct effect of Mphosph8 might be due to the general depletion of some 

of the Mphosph8 shRNAs in all sorted populations (Figure 38). D14ABB1E exerts its 

repressive function over the direct interaction with MPHOSPH8 and PPHLN1 (Douse 

et al., 2020), and the hitherto existing data of the screen suggest that the H3K9 

methyltransferase activity of SETDB1 in complex with KRAB and D14ABB1E can be 

replaced by another methyltransferase (Fritsch et al., 2010; Herz et al., 2013). 

The lower expression of all HUSH complex members in iMEF cells compared to 

NIH/3T3 further supported the minor role of this regulatory complex in this cell line 

(Figure 39). Interestingly, the H3K9 methyltransferase SUV39H1 was expressed at 

comparable levels in both cell lines and scored under the top 15 positive regulators of 

KRAB activity in iMEF, highlighting this methyltransferase as a possible replacement 

of SETDB1. The individual functions of the H3K9 methyltransferases SUV39H1, 

SUV39H2, G9A, GLP, SETDB1, and SETDB2 have been found hard to determine, and 

it is assumed that they act redundantly depending on the local regulatory context, 

recruiting mechanism and expression pattern (Fritsch et al., 2010; Herz et al., 2013). 

Many epigenetic multiprotein complexes consist of an initial core complex that can 

associate with a choice of protein subunits, depending on the current developmental 

stage or differentiated cell type (Adams et al., 2018; Hodges et al., 2016; Jiang, 2020; 
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Malovannaya et al., 2011). Analysis of the top scoring genes in the screen (Figure 

39d) provided an impulse for alternative silencing mechanisms active downstream of 

rTetR-KRAB recruitment in this system. KRAB/KAP-1 has been described to induce 

the formation of a heterochromatic multiprotein complex consisting of HP1, SETDB1 

and NuRD/CoREST (P. Yang et al., 2017). However, like SETDB1 the NuRD complex 

associated proteins CHD3 and CHD4, GATAD2B, MTA1, MTA2 and MTA3 and MBD2 

also were not identified as positive coregulators of KRAB in iMEF cells. The CoREST 

subunit LSD1 (Kim et al., 2020) also scored as negative regulator, suggesting that the 

recruitment of NuRD/CoREST was not the main repressive mechanism responsible for 

KRAB reporter silencing. However, Rcor1 was identified as a positive coregulator of 

KRAB (Figure 39a). Furthermore, the zinc finger protein ZMYM4, which has been 

shown to recruit RCOR1 and LSD1 (Cibis et al., 2020), also scored as a top coregulator 

(Figure 39d). The demethylation of H3K4 is an essential step in the formation of a 

transcriptionally repressed chromatin state (Broche et al., 2021; Hathaway et al., 2012; 

Saksouk et al., 2015). Further experiments will have to determine whether LSD2, an 

orthologue of LSD1 that scored high at position 27 in the evaluation of the current 

KRAB screening data, could replace LSD1 as a H3K4 demethylase in this context, 

although it has not been shown to interact with RCOR1 (R. Fang et al., 2013). Finally, 

four members of the SIN3A complex (Sap130, Sap30, Mecp2 and Sap25) were 

enriched in the positive population (Figure 39a). Especially the high scoring of Mecp2 

and Sap30 under the top 15 coregulators of KRAB (Figure 39d) indicated that the 

SIN3A complex might replace NuRD as main corepressor complex of KRAB in iMEF 

cells.  

5.3.2. Future experiments to substantiate the observations from the iMEF 

KRAB screen 

The presented data from the shRNA-mirE screen in iMEF show some interesting 

trends and offer an impulse for several downstream experiments. However, several 

experiments remain to be done to validate the observations presented so far. Although 

all shRNAs that were used were validated for their knockdown efficiency, their specific 

efficiency in iMEF cells should be determined. The RNAi experiments should further 

be reproduced with additional shRNAs targeting the same genes. Biological replication 

of the screening procedure could help to substantiate the impact of individual potential 

interactors of KRAB emerging in the existing data by providing statistical significance. 
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Multiple neutral control shRNAs should be implemented in further replicates of the 

screen to account for exceptional secondary effects and gain a better picture of the 

reproducibility of the screening procedure. Also, positive control shRNAs targeting the 

KRAB domain or the rTetR-KRAB fusion constructs should be established and 

included in future screens. Statistically significant coregulators could then be 

characterized in cellular and biochemical experiments. By performing the RNAi screen 

in NIH/3T3 cells, the results from the single-shRNA experiments could be validated 

and the different modes of action of KRAB silencing in both cell lines could be 

compared in side-by-side experiments. Although the KRAB domain of ZNF10 has been 

used as a repressive tool in synthetic biology for decades, unanticipated inefficiencies 

in the repression of target gene expression have been observed and condoned so far. 

A better understanding of variant KRAB functions, besides its well-described 

recruitment of cofactors via KAP-1, might help in the design of more effective KRAB 

repressor domains for the application in CRISPRi (Alerasool et al., 2020; Yeo et al., 

2018). Furthermore, the development of specific tandem fusions of dCas-KRAB and 

additional transcriptional regulators for the application in different cell lines should be 

considered as already done by (Alerasool et al., 2020; Yeo et al., 2018).    

 

5.4. Conclusions and outlook 

In conclusion, a novel reporter system that expands the tool kit for the analysis of 

epigenetic mechanisms by a modular and dynamic high-throughput screening platform 

was successfully established during this doctoral thesis. It was applied to characterize 

the epigenetic network surrounding the relevant oncogene LSD1, culminating in the 

discovery of an unknown epigenetic regulatory cascade. Multiple novel coregulators of 

LSD1 activity were discovered. Further biochemical characterization of those proteins 

might help to understand unanticipated responses to epigenetic treatments that are 

already in clinical trials, and could allow for combinatorial treatments that prevent 

resistance development. From a fundamental research perspective, this work led to 

the expansion of the regulatory network surrounding an important epigenetic effector 

protein by two novel, so-far unrelated functional mechanisms. Future experiments 

characterizing the functions of LSD1 will define the mechanistic effects of local R-loop 

formation on LSD1 repression. 
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The presented data lead the way for additional experiments aiming to answer several 

interesting research questions. First, the regulatory function of RNA on epigenetic 

effector proteins is still poorly defined, although it draws increasing attention as a 

regulatory factor, especially at genetic loci in an equilibrium state between 

transcriptional activity and silence. During this work, the role of R-loops as important 

regulators of LSD1 and the PRC2 complex was described. It will be interesting to 

further characterize the influence of DNA- and RNA-secondary structures on the 

catalytic activity and repressive potential of different epigenetic effector proteins using 

the original synthetic promoter and the designed variants. 

By application of the synthetic reporter and the RNAi system in different cell lines, a 

variability in the repressive complex forming around the KRAB domain of ZNF10 was 

discovered. Multiple groups are trying to improve KRAB domains used for epigenome 

editing with CRISPRi (Alerasool et al., 2020; O’Geen et al., 2017; Yeo et al., 2018). A 

more detailed analysis of the coregulator network of KRAB using the reporter system 

might help to understand the inconsistent response of different genomic targets or cell 

lines to KRAB recruitment. This knowledge will enable the engineering of more 

effective KRAB domains for epigenome editing in different cellular backgrounds. 

As a long-term goal, the screening of various epigenetic repressor domains will provide 

information about a multitude of coregulator interactions in transcriptional networks. 

Integration of these data will deliver insights into the nodes and intersections of 

different repressive epigenetic pathways. Using computational methods, a 

comprehensive network of epigenetic regulation could be simulated based on these 

data. Making use of the dynamic properties of the system, the chronological order of 

events leading from open to closed chromatin and vice versa can be analysed, 

providing another layer of information for the network simulation. Bioinformatic 

approaches hold promise to eventually reveal the complex mechanisms behind 

epigenetic regulation, and solid and comprehensive experimental data are the 

foundation on which the computational analysis will be built. 
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ABSTRACT

The lysine specific demethylase 1 (LSD1) plays a

pivotal role in cellular differentiation by regulating

the expression of key developmental genes in con-

cert with different coregulatory proteins. This pro-

cess is impaired in different cancer types and in-

completely understood. To comprehensively identify

functional coregulators of LSD1, we established a

novel tractable fluorescent reporter system to mon-

itor LSD1 activity in living cells. Combining this

reporter system with a state-of-the-art multiplexed

RNAi screen, we identify the DEAD-box helicase 19A

(DDX19A) as a novel coregulator and demonstrate

that suppression of Ddx19a results in an increase of

R-loops and reduced LSD1-mediated gene silencing.

We further show that DDX19A binds to tri-methylated

lysine 27 of histone 3 (H3K27me3) and it regulates

gene expression through the removal of transcription

promoting R-loops. Our results uncover a novel tran-

scriptional regulatory cascade where the downregu-

lation of genes is dependent on the LSD1 mediated

demethylation of histone H3 lysine 4 (H3K4). This

allows the polycomb repressive complex 2 (PRC2)

to methylate H3K27, which serves as a binding site

for DDX19A. Finally, the binding of DDX19A leads to

the efficient removal of R-loops at active promoters,

which further de-represses LSD1 and PRC2, estab-

lishing a positive feedback loop leading to a robust

repression of the target gene.

GRAPHICAL ABSTRACT

INTRODUCTION

The lysine specific demethylase 1 (LSD1, also known as
KDM1A) has emerged as a critical regulator of essen-
tial physiological processes including the regulation of hor-
mone receptor–mediated transcription (1), pluripotency
and stem cell differentiation (2–5), cell cycle control (6) and
DNA damage response (7). In agreement with the central
role of LSD1 in such essential regulatory programs, LSD1
has been implicated in malignant transformation andmain-
tenance of tumour pathogenesis in various ways. Overex-
pression of LSD1 has been observed in various tumour
types (8–14) and imbalanced histone modifications, due
to elevated LSD1 expression, are significantly associated
with increased cellular growth and suppression of cell cy-
cle regulatory proteins in a broad array of tissues. High
levels of LSD1 have been shown to promote epithelial-to-
mesenchymal transition (EMT) in breast cancer (BC) (15–
17) and neuroblastoma (18), thereby contributing to can-
cer progression. Knockdown (KD) or inhibition of LSD1
reduces both the invasiveness and proliferative capacity of
BC cells in vitro (19,20) and small molecules targeting LSD1
induce terminal differentiation of leukaemia cells (21,22).
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Thus, LSD1 represents a critical oncogene and potential
therapeutic target in different cancer subtypes.

Most biological functions of LSD1 are associated with
its activity to regulate the lysine methylation state of his-
tones and non-histone proteins. LSD1 has been highlighted
for its dual ability to stimulate or suppress gene expression
(23–25) and was reported to demethylate lysine residues on
histones as well as non-histone substrates such as p53 and
DNMT1 (26,27). LSD1 mediates the demethylation of his-
tone H3K4me1 and H3K4me2, thereby conducting a tran-
scriptional repression (28–30), in part through downregu-
lation of enhancer function (22). Contradictory to its core-
pressor function, LSD1 can directly activate the expression
of target genes through demethylation of histoneH3K9me2
(29–32). The exact molecular mechanism of its dual sub-
strate specificity remains unclear, but recent publications
support the hypothesis that a newly discovered alterna-
tive LSD1 splice variant (LSD1+8a) restricted to neuronal
tissues is responsible for demethylation of H3K9 (33–35).
LSD1 has been shown to be associated with actively tran-
scribed genes in many cell types (22,23,28), which suggests
that itsH3K4 demethylation activity is blocked at these loci.
In fact, the activity of LSD1 is tightly controlled and coun-
terbalanced by associated coregulators and the interaction
of LSD1 with coregulatory complexes, e.g. CoREST or the
NuRDhistone deacetylase (HDAC) transcription corepres-
sor complexes, represents an important regulatory feature
(1,32,36,37). Additionally, LSD1 activity was shown to be
negatively regulated by the interaction with specific RNA
structures (38), a feature also shown for other coregulator
complexes, e.g. PRC2 (39,40). Finally, LSD1 can be subject
to post-translational modifications (PTMs) which regulate
its transcriptional activity (41).

This highlights the immense complexity of LSD1 regu-
lation on different levels, which creates highly specific and
tightly controlled LSD1 transcriptional outputs regulated
by coordinated fine-tuning of the binding affinity of LSD1
to target loci and complex partners. Understanding the de-
pendence of LSD1 function on accessory proteins will shed
light on several signaling pathways and provide new ther-
apeutic avenues by targeting factors that modulate LSD1
activity instead of or additionally to targeting LSD1 itself
(42). Understanding how LSD1 evokes specific transcrip-
tional profiles depending on its association with defined
coregulators in distinct cellular contexts will be critical for
the development of novel and more efficient LSD1-focused
therapies. To date no comprehensive strategy to identify
LSD1 coregulators and unravel their molecular function
has been devised.
Recent methodologic advances introduced the chromatin

in vivo assay (CiA) system, a variation of chemical induced
proximity (CIP), as a novel method to investigate the con-
sequences of locally induced alterations of the chromatin
landscape after controlled recruitment of an epigenetic ef-
fector (43). CiA has successfully been applied to study the
dynamics of heterochromatin formation at the Oct4 locus
in mouse embryonic stem cells (mESCs) after the recruit-
ment of HP1� (44), components of the PRC2 complex (45)
and, combined with a high throughput small molecule li-
brary screen, to identify compounds inducing the formation
of euchromatin (46). Additionally, CiA has been used to in-

vestigate the opposing effect of the BAF complex on PRC-
induced heterochromatin formation, leading to the forma-
tion of accessible chromatin (47,48).

We aimed to identify and characterize functional coreg-
ulators that are required for LSD1 activity and adopted
the CiA concept to generate a time-resolved fluorescent re-
porter system to monitor the activity of LSD1 in cells. To
identify essential and novel coregulators of LSD1, we com-
bined our fluorescent reporter system with a microRNA-
embedded short hairpin RNA (shRNAmir) library focused
on epigenetic effectors to perform a chromatin effector
coregulator screen (ChECS). Our results provide a de-
tailed functional view on the coregulator network of LSD1
in a multiplexed manner. Deeper characterization of one
of the top hits from the screen, the DEAD-box helicase
19A (DDX19A) showed that RNA:DNA hybrid structures
(also called R-loops) strongly interfered with the activ-
ity of LSD1. Our data reveal a novel regulatory cascade,
which enables LSD1 induced transcriptional repression via
a three-step mechanism. The decrease of H3K4 methyla-
tion at a particular genomic region induced by the activ-
ity of LSD1 leads to the recruitment of PRC2 to introduce
H3K27methylation. This modification serves as a signal for
DDX19A, which binds to H3K27me3 via a yet unknown
motif and removes R-loops. This de-represses LSD1 and
PRC2 establishing a positive feedback loop leading to a
strong repression of transcription at the targeted region.

MATERIALS AND METHODS

Plasmids

The fluorescent reporter expressing mCherry from a syn-
thetic promoter (synP), consisting of six tetO binding sites
upstream of an EF1a promoter, was cloned into pMSCV
vector, on which expression of mCherry was driven by the
synP promoter element and coupled to Blasticidin resis-
tance via a P2A (pMSCV-tetO-EF1a-mCherry-2A-Blasti).
The rTetR-LSD1 fusion construct was cloned into a pRRL
backbone by standard cloning methods. The LSD1 con-
struct was kindly provided by Tim Somervaille. Expres-
sion was driven from an SFFV promoter and coupled to
Hygromycin resistance via a P2A sequence (pRRL-rTetR-
LSD1-P2A-Hygro). shRNA guides were cloned into the
SGEN vector (49).

Antibodies

Antibodies used for ChIP were H3K9me3 (ab8898, Ab-
cam), H3K4me2 (ab7766, Abcam and #39141, Active
Motif), H3K27me3 (#39155, Active Motif), H3K27Ac
(ab4729, Abcam) and KDM1/LSD1 (ab17721, Ab-
cam). Primary antibodies used for immunodetection
after Western Blot were TetR monoclonal antibody 9G9
(#631131, TAKARA), DDX19A (orb242165, Biorbyt
or ab108462, Abcam), RNA:DNA Hybrid Antibody,
clone S9.6 (MABE1095, MERCK/Sigma-Aldrich) and
KDM1A (#61607 and #39186, Active Motif). Secondary
antibody used for immunofluorescence was the Goat Anti-
Mouse IgG H&L (Alexa Fluor® 594, ab150116, Abcam).
Antibody used for detection of DDX19A-GST was the
goat anti-GST antibody (GE Healthcare, #27–4577-01).
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Secondary antibodies for analysis of Western Blots were
either coupled to horseradish peroxidase (GE Healthcare)
or to IRDye® 800CW (ab216773, Abcam).

Pooled RNAi screening

After spiking in control shRNAs at equimolar amounts,
the shRNA-mirE library (5451 shRNAs and 8 con-
trol shRNAs) targeting 1010 chromatin-associated murine
genes was transduced into NIH/3T3 cells expressing the
synP-mCherry reporter and rTetR-LSD1. To ensure li-
brary representation, a total of 30 million cells were in-
fected with 10% transduction efficiency using conditions
that predominantly lead to a single retroviral integration
and represent each shRNA in a calculated number of >500
cells. Cells were split into replicates and selected with 2.5
mg/ml Neomycin for 7 days before starting treatment with
1 �g/ml doxycycline. Throughout selection >3 × 106 cells
per replicate were maintained at each passage to preserve li-
brary representation. After 14 days of DOX treatment, cells
were sorted into mCherry-positive (top 6–8%, minimum of
5 × 105 cells) and mCherry-negative (lowest 75–80%, mini-
mumof 6× 106 cells, see Supplementary Figure S2) popula-
tions using a FACSAria III. Genomic DNA for both popu-
lations and 5 replicates was isolated with phenol-extraction
using PhaseLock tubes, followed by ethanol precipitation.
For each sample, DNA from at least 106 cells was used as
template inmultiple parallel 50-�l PCR reactions, each con-
taining 1 �g template, 1× AmpliTaq Gold buffer, 0.2 mM
of each dNTP, 2 mM MgCl2, 0.3 �M of each primer and
1.25 U AmpliTaq Gold Polymerase (Life Technologies). In
a first round of PCRs, random barcodes and sample bar-
codes were added to the shRNA sequences using the fol-
lowing cycling parameters: 95◦C for 10 min; 28 cycles of
(95◦C for 30 s, 54◦C for 45 s and 72◦C for 60 s); 72◦C for 7
min and primers MM2P51 for and MM2P71 rev (Supple-
mentary Table S3). PCR products were combined for each
sample, purified from a 1% agarose gel and 20 ng per sam-
ple were transferred to a second round of PCR, using sim-
ilar cycling parameters as for PCR1, but with only 10 ng
template per reaction, 6 cycles of amplification and primers
MM2P52 for andMM2P72 rev N708 (Supplementary Ta-
ble S3). In the second PCR, standard Illumina P7 adaptors
and the Illumina N708 index were added to the sequences
(total product length = 428 bp). All primers used for the
library preparation are listed in Supplementary Table S2.
The final libraries were cleaned up from a 1% agarose gel,
pooled and analysed on an Illumina HiSeq 3000 deep se-
quencer (150 bp read length including the 22 nucleotides
of the guide strand), using standard Illumina primers. Se-
quence processing was performed using a public Galaxy
server (www.usegalaxy.eu). All primary screen data are pro-
vided in Supplementary Data Table S1. For each shRNA,
the number of matching reads was normalized to the to-
tal number of library-specific reads per lane and imported
into Microsoft Excel for further analysis. Completely de-
pleted shRNAs (0 reads at T0) obtained a fold depletion
value of 1 × 10−3. The average enrichment score for each
individual shRNA was calculated by dividing the geomet-
ric mean of the normalized reads of the mCherry+ popu-
lation by the respective normalized reads mCherry– pop-

ulations (mCherry+/mCherry–) across five replicates. The
gene score was derived by summarizing the average enrich-
ment score of all shRNAs per gene. P-values are based
on a Poisson distribution of each shRNA in each individ-
ual replicate followed by the combination of all P-values
across all replicates using Fisher´s method (cumulative � 2).
� 2 is a chi-squared distribution with 2k degrees of freedom,
where k is the number of tests being combined. This fact was
used to determine the P-value for � 2 followed by a Bonfer-
roni correction for multiple comparison to obtain a P-value
for each investigated gene in the library.

Cell culture, retroviral transduction and flow cytometry

NIH/3T3, Lenti-X 293T and Platinum-E retroviral pack-
aging cell lines were cultivated in DMEM high glucose me-
dia (Sigma-Aldrich) supplemented with 10% FBS, 20 mM
glutamate, 10 mM sodium pyruvate, 10 mM HEPES (pH
7.3), 100 U/ml penicillin and 100 mg/ml streptomycin in
an incubator providing 37◦C and 5% CO2. For retroviral
packaging of pMSCV vectors, 20 �g of plasmid were pre-
cipitated for 20 min in HBS buffer (140 mM NaCl, 25 mM
HEPES, 0.75 mM Na2HPO4, pH 7.0) together with 125
mM CaCl2 and 10 �g GagPol helper plasmid. The mix
was added to a 10 cm dish with Platinum-E cells grow-
ing at 75–85% confluence in supplemented DMEM. After
16 and 24 h, the media was replaced with fresh DMEM.
Supernatant containing the virus was gathered 40–50 h
after transfection, filtered through a 0.45 �m filter and
added to the target cells at 50–70% confluence. Antibiotic
selection for pMSCV-tetO-EF1a-mCherry-2A-Blasti with
10 �g/ml Blasticidin was started 2 days after transduc-
tion and kept up for 7 days. For retroviral packaging of
pRRL-vectors, plasmids were mixed with helper plasmids
pCMVR8.74 (pCMVR8.74 was a gift from Didier Trono,
Addgene #22036) and pCAG-Eco (pCAG-Eco was a gift
fromArthurNienhuis & Patrick Salmon, Addgene #35617)
and 3× (w/w) excess of polyethyleneimine 25K in serum
free DMEM. The mix was added to Lenti-X cells residing
in supplemented DMEM at 75–90% confluence. Media ex-
changes and transduction of target cells was performed as
described for pMSCV.Cells expressing pRRL-rTetR-LSD1-
P2A-Hygro were selected with 500 �g/ml Hygromycin and
cells expressing SGENwith 2.5mg/mlNeomycin for 7 days.
Recruitment of rTetR-LSD1was started 12 days after trans-
duction with SGEN by treatment with 1�g/ml Doxycy-
cline. Inhibitor treatment with 10 �M GSK-LSD1, 5 �M
GSK343 (Sigma-Aldrich) or 400 nM TSA (Sigma-Aldrich)
was started in parallel with the first DOX induction and
maintained for the indicated number of days. Expression
of GFP and mCherry was analysed every 1–3 days using a
MACSQuant Vyb flow cytometer.

ChIP-qPCR

For H3K4me2-, H3K27me3- and H3K27ac-ChIP experi-
ments, NIH/3T3 stably expressing the synP-mCherry re-
porter, rTetR-LSD1 wt or K661A and if indicated, the re-
spective shRNA, were treated with 1 �g/ml doxycycline
for 4 days. Cells were washed once with 1× PBS, before
incubation with 1% formaldehyde in 1× PBS for 15 min
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at room temperature. Crosslinking was quenched with 225
mM glycine for 5 min. Cells were washed twice with 1×
PBS and harvested with a Corning® cell scraper in 10 ml
1× PBS per 10 × 106 cells. Cells were centrifuged for 8 min
at 600 × g and the pellet was washed again with 10 ml 1×
PBS, 500 nM TSA per 10 × 106 cells. Pellets were split into
aliquots of 5 × 106 cells, snap frozen and stored at –80◦C
until use. For preparation of mononucleosomes, each pellet
was lysed in 125 �l lysis buffer (10 mM Tris–HCl pH 7.4,
2 mM MgCl2, 0.6% Igepal-Nonidet P40, 0.5 mM PMSF,
1 mM DTT, cOmplete™ EDTA-free PIC, 5 mM sodium-
butyrate) for 15 min on ice. Samples were digested with 300
U micrococcal nuclease for 16 min at 37◦C. The reaction
was put on ice and stopped by addition of 8 �M EDTA,
0.1% Triton X-100 and 0.1% sodium deoxycholate. Sam-
ples were diluted by addition of 800 �l Complete IP buffer
(20 mM Tris–HCl pH 8.0, 2 mM EDTA, 150 mM NaCl,
0.1% Triton X-100, 1 mM PMSF, cOmplete™ EDTA-free
PIC, 5 mM sodium-butyrate) and clarified by centrifuga-
tion at 15 000 × g for 10 min at 4◦C. The supernatant was
split into aliquots of 40–70 �g chromatin and snap frozen.
Before IP,Drosophila melanogastermononucleosomes were
added to the NIH/3T3 chromatin samples as spike-in con-
trol (2–3.5 �g = 5% of total chromatin). Ten percent of
the sample was taken as input. For pre-clearing, 2.5 �g of
rabbit/mouse IgG (depending on the species of antibody
used for IP) and 10 �l of Dynabeads® Protein G were in-
cubated with the sample for 2 h at 4◦C with constant rota-
tion. The beads were removed using a magnetic rack and
the sample was split into halves for IP/IgG control. 2.5 �g
of ChIP antibody or IgG were added to the samples and
incubated over night at 4◦C with constant rotation. 20 �l
Dynabeads® Protein G per sample were blocked overnight
in Complete IP buffer with 0.1 mg/ml BSA. Pre-blocked
beads were incubated with the samples for 2 h at 4◦C with
rotation to bind antibodies. Beads were washed twice with
low salt buffer (20 mM Tris–HCl pH 8.0, 2 mM EDTA,
150 mM NaCl, 1% Triton X-100, 0.1% SDS), twice with
high salt buffer (20 mM Tris–HCl pH 8.0, 2 mM EDTA,
500 mMNaCl, 1% Triton X-100, 0.1% SDS) and once with
TE buffer (10 mM Tris–HCl pH 8.0, 1 mM EDTA) to re-
move unspecific binding. Bound chromatin was eluted from
the beads by resuspending in 100 �l SDS elution buffer
(1% SDS, 100 mM NaHCO3) and rotating for 30 min at
room temperature. Elution was performed twice and the
eluates were combined. Samples were de-crosslinked for 16
h at 65◦C with 2 �g RNase A and 270 mM NaCl. Pro-
teinase digest was performed for 2 h at 45◦Cwith 60 �g Pro-
teinase K. DNA fragments were extracted using the ChIP
DNA Purification Kit (Active Motif), and amplified using
ORA™SEE qPCR reagent (HighQ) and qPCR primers am-
plifying a 120 bp fragment of the EF1a promoter. Cq values
were normalized to input and Drosophila spike-in control.
ChIP for H3K9me3 was performed the same way, except
that the samples were harvested after 14 days of DOX treat-
ment and not crosslinked before fragmentation and IP.

ChIP-seq

LSD1 ChIP-seq was performed using the ChIP-IT High
Sensitivity® Kit (Active Motif) following manufacturer’s

instructions. In brief, 2 × 107 NIH/3T3 cells were fixed and
harvested as described in the protocol. Fragmentation was
performed in aliquots of 5 × 106 cells using an EpiShear
Probe Sonicator (Active Motif) for 39 cycles (20 s pulse,
30 s pause, 40% amplitude), aliquots were united again
and 5% were taken for input. To increase amount of pre-
cipitated chromatin, 3 × 25 �g chromatin were used for
three independent IPs with 4 �g LSD1 antibody (ab17721,
Abcam) each, following manufacturer’s protocol. During
DNA clean-up, the three samples were loaded onto two
columns and the final eluates were united. Library prepara-
tion was performed using the NEBNext® Ultra™ II DNA
Library Prep Kit following manufacturer´s protocol. 1 �g
of input DNA and 50% of precipitated ChIP DNA were
used. After end repair and adapter ligation, the input was
amplified using standard Illumina primers i705 and i503 for
3 cycles, the ChIP sample was amplified using i706 + i504
for 11 cycles. Libraries were analysed on a LabChip® GX
Touch™ Nucleic Acid Analyzer. Fragments with a size of
250–700 bp were sequenced on an Illumina HiSeq3000 us-
ing standard Illumina protocols.

ChIP-Seq data analysis

Data analysis was performed on a public Galaxy server
(www.usegalaxy.eu). After quality control, the remaining
reads were aligned to the respective genome (mouse: mm9,
human: hg19) using Bowtie2. Reads with same start and
end position on the same strand were removed from the
alignment. To identify ChIP-seq peaks, we used theMACS2
peak finding algorithm (50). A threefold enrichment rela-
tive to input control samples was used for peak calling as
well as the option to call broad peaks. Building a shifting
model was disabled and the small nearby and large nearby
region parameters were set to 5000 and 20 000, respec-
tively. The extension size was set to the respective median
insert size of the ChIP-seq treatment sample for paired-end
data and the estimated fragment size for single-end data.
Downstream analysis was performed using the deepTools2
(51) suite using the multiBigwigSummary function to com-
pute the average scores for each of the bigWig files in ev-
ery genomic region. This analysis was performed for the en-
tire genome by running the program in bins mode. Subse-
quently the result was plotted using the plotPCA and plot-
Correlation functions. Peaks were assigned to the respective
genes using ChIP-enrich (52) by assigning peaks to the clos-
est upstream/downstream TSS.

The NIH/3T3 LSD1 ChIP-seq data of our study is avail-
able at Gene Expression Omnibus (https://www.ncbi.nlm.
nih.gov/geo/) entry GSE158441.

The following ChIP-seq tracks were obtained from
published data sets in K562 cells and mapped to
hg19: H3K27ac (Encode sample ENCFF384ZZM),
H3K27me3 (Encode sample ENCFF936BVT), H3K9me3
(Encode sample ENCFF700FQH), H3K36me3 (En-
code sample ENCFF223BKS), H3K4me1 (Encode
sample ENCFF463AQS), H3K4me2 (Encode sample
ENCFF778DNU), LSD1 (GEO sample GSM831002),
R-ChIP (GEO sample GSM2551007/8), DRIP-seq
(GEO sample GSM1720619), GQ-seq (GEO sam-
ple GSM2876090/1). K562 RNA-seq (GEO sample
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GSM1557077). The following ChIP-seq tracks were ob-
tained from published data sets in NIH/3T3 cells and
mapped to mm9: H3K9ac (GEO sample GSM1246687),
H3K27me3 (GEO sample GSM1246690), H3K36me3
(GEO sample GSM1246692), H3K9me2 (GEO sam-
ple GSM1246688), H4ac (GEO sample GSM1418787),
H3K4me3 (GEO sample GSM879920), DRIPc-seq
(GEO sample GSM2104456), DRIP-seq (GEO sample
GSM1720621). NIH/3T3 RNA-seq (Encode sample
ENCFF001QSC).

RNA:DNA hybrid IP (DRIP)

Based on a detailed assessment of various DRIP proto-
cols (53), DRIP was performed as described, with slight
adaptations to workflow #19 (53). In brief, NIH/3T3 cells
were harvested, washed once with 1X PBS and cross-linked
in 1% formaldehyde/PBS for 10 min at room temperature.
Crosslinking was quenched with 500 mM glycine for 5 min
at room temperature. Cells were lysed in 300 �l of ChIP ly-
sis buffer (50mM HEPES–KOH at pH 7.5, 140 mM NaCl,
1 mM EDTA at pH 8, 1% Triton X-100, 0.1% sodium-
deoxycholate, 1% SDS) per 2 million cells for 30 min on ice
and homogenized with a syringe every 10 min. Chromatin
was fragmented by sonication using an EpiShear Probe
Sonicator (Active Motif) for 2 × 12 cycles (20 s pulse, 30
s pause, 40% amplitude). The fragmented chromatin was
supplemented with 300 mM NaCl and 50 �g of RNase A
in 450 �l TE buffer (10 mM Tris–HCl pH 8, 10 mM EDTA
pH 8) and incubated at 37◦C for 1 h. The cross-linked D.
melanogaster mononucleosomes were treated in parallel to
obtain DNA for spike-in controls. To remove proteins and
reverse the cross-links, the samples were treated with 15 �l
of Proteinase K (20 mg/ml; Thermo Fisher Scientific) at
65◦C for 16 h. Nucleic acids were extracted in two rounds
of phenol extraction using PhaseLock tubes (Eppendorf),
followed by ethanol precipitation at –20◦C overnight. 15 �l
Dynabeads® Protein G per sample were blocked overnight
in 1% BSA in 1× PBS. Nucleic acid precipitate was col-
lected by centrifugation at 15 000 × g for 30 min, 4◦C, the
pellet was washed once with 70% ethanol and air-dried at
25–30◦C. The pellet was resuspended in 5 mM Tris–HCl,
pH 8.5 and concentration was determined by NanoDrop.
To immobilize the S9.6 antibody, pre-blockedDynabeads®

Protein G were resuspended in 1 ml IP buffer (50 mM
HEPES/KOH at pH 7.5; 0.14 M NaCl; 5 mM EDTA; 1%
Triton X-100; 0.1% sodium-deoxycholate) and incubated
with 2 �g of S9.6 antibody per sample for 4 h, 4◦C. of Frag-
mented nucleic acids (1.5 �g) and 50 ng ofDrosophila spike-
in were added to the antibody/bead complexes and IP was
performed overnight at 4◦C. For the RNAseH1 controls,
1.5 �g of nucleic acids were digested with 40 U RNAse H
(NEB) at 37◦Covernight. The enzymewas inactivated by in-
cubation for 20 min at 65◦C and the sample was taken as in-
put for the IP in parallel with the untreated samples. Beads
were washed once with 1 ml IP wash 1 buffer (20 mM Tris
pH 8.0, 2mMEDTA, 50mMNaCl, 1%TritonX-100, 0.1%
SDS), twice with 1 ml high salt buffer (20 mM Tris pH 8, 2
mMEDTA, 500 mMNaCl, 1% Triton X-100, 0.01% SDS),
once with 1 ml IP wash buffer 2 (10 mM Tris pH 8, 1 mM
EDTA, 0.25 M LiCl, 1% NP-40, 1% sodium-deoxycholate)

and twice in TE buffer (pH 8). Nucleic acids were eluted in
50 �l elution buffer (50 mM Tris pH 8, 10 mM EDTA, 1%
SDS) for 15 min at 65◦C and further purified with the Nu-
cleoSpin Gel and PCRClean-up kit (Macherey-Nagel), nu-
cleic acids were eluted in 50 �l of elution buffer (5 mMTris,
pH 8.5). DNA fragments were amplified using ORA™SEE
qPCR reagent (HighQ) and qPCRprimers amplifying a 120
bp fragment of the EF1a promoter. Cq values were normal-
ized to input and Drosophila spike-in control.

S9.6 antibody IP

100 �l Dynabeads® Protein G were pre-blocked with
0.5% BSA/PBS for 2 h at 4◦C. 10 × 106 non-crosslinked
NIH/3T3 cells were harvested, washed once in 1× PBS
and lysed in 1 ml Cell Lysis Buffer (85 mM KCl, 5 mM
HEPES pH 8, 0.5% NP-40, cOmplete™ EDTA-free PIC)
for 15 min on ice. Nuclei were collected by spinning 1 min
at 15 000 × g, 4◦C. The pellet was resuspended in 750
�l RSB buffer (10 mM Tris–HCl pH 7.5, 200 mM NaCl,
2.5mMMgCl2, cOmplete™EDTA-free PIC) supplemented
with 0.2% sodium-deoxycholate, 0.1% SDS, 0.05% sodium-
lauroyl-sarcosinate and 0.5% Triton X-100. Cells were son-
icated for 4 min in an EpiShear Probe Sonicator (20 s pulse,
30 s pause, 40%). After taking 5% as input, samples were
transferred to a 15 ml falcon tube and diluted 1:4 by addi-
tion of 2.3 ml RSB with 0.5% Triton X-100 (RSB+T). The
samples were subjected to pre-clearingwith 5�gmouse IgG
and 35 �l Dynabeads® Protein G for 1 h at 4◦C. Magnetic
beads were locked and the supernatant was split into three
Eppendorf tubes. For the S9.6 antibody-specificity control,
40 U of RNAse H (NEB) were added to one of the tubes
and all samples were incubated for 10 min at 37◦C before
adding the IP antibodies. The samples were subjected to IP
with 4 �g of either the S9.6 antibody or mouse IgG and
32 �l pre-blocked beads per sample. 10 ng RNase A was
added to each tube before rotating at 4◦C for 2.5 h. Beads
were washed 4× with 500 �l RSB+T and 2× with RSB.
With each buffer change, beads were transferred to fresh
low-binding tubes to minimize leftover unspecific binding.
Proteins were eluted in 40 �l of 2× SDS sample buffer (125
mMTris–HCl pH 6.8, 5% SDS, 0.004%Bromophenol Blue,
10% �-mercaptoethanol, 100 mM DTT, 20% glycerol) for
10 min at 70◦C. The supernatant was transferred to fresh
tubes and boiled at 95◦C for 10 min for denaturation, along
with the input sample mixed with 2× sample buffer. SDS-
PAGE and immunodetection of proteins were performed as
described for immunodetection of proteins.

Immunodetection of proteins after SDS-PAGE

For the analysis of protein levels, cells were harvested 13
days after transduction and antibiotic selection. Pellets were
lysed in cell lysis buffer (Cell Signaling Technology®) for 30
min on ice. After 10 and 20min of incubation, the lysate was
sonicated with an EpiShear Probe Sonicator (Active Mo-
tif) for 2 cycles of 20 s to release nuclear protein. The lysate
was centrifuged at 15 000 × g for 10 min, the supernatant
was mixed with 2× SDS sample buffer (125 mM Tris–
HCl pH 6.8, 5% SDS, 0.004% Bromophenol Blue, 10% �-
mercaptoethanol, 100 mM DTT, 20% glycerol) and boiled
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at 95◦C for 10 min. Proteins were resolved by SDS-PAGE
on a 12% polyacrylamide gel. Proteins were transferred to
an Immobilon-FL PVDF membrane at 300 mA for 90 min
using a wet-tank blotting system (BioRad). Proteins were
detected using a target specific primary antibody at manu-
facturer´s recommendations in combination with a species-
specific HRP- or IRDye® 800CW-coupled secondary anti-
body. Imaging was performed on a FusionFXdetection sys-
tem (VILBER) using SuperSignal™ West Femto Chemilu-
minescence substrate (ThermoFisher Odyssey® CLx imag-
ing system (LI-COR).

Gene expression analysis

For analysis of mRNA expression levels of Ddx19a, cells
were harvested 13 days after transduction with the specific
shRNAs (Supplementary Table S3) and antibiotic selection.
RNA was extracted using the RNeasy Plus mini Kit (QI-
AGEN). Reverse transcription and quantitative PCR were
performed in one step using the Luna® Universal One-
Step RT-qPCR Kit (NEB) and a CFX Real-Time PCR de-
tection system (Bio-Rad). Beta-2-Microglobulin was used
for normalization. qRT-PCR primers are described in Sup-
plementary Table S5.

Protein purification

For GST-tag purification of GST-DDX19A, E.coli
BL21(DE3) cells were transformed with 50 ng of pGEX-
DDX19A plasmid and plated on LB agar with 35 �g/ml
Chloramphenicol and 50 �g/mlKanamycin. Subsequently,
50 ml LB/Kanamycin were inoculated with one colony and
the starter-culture was cultivated at 37◦C, 150 rpm for 6 h.
500 ml LB/Kanamycin were inoculated with 6 ml of starter
culture and cultivated at 37◦C, 150 rpm until OD600 = 0.7.
Expression of GST-DDX19A was induced by addition of
500 �M IPTG and overexpression was performed at 20◦C,
150 rpm for 14 h. Cells were harvested at 5000 × g for 15
min, 4◦C. Pellets were washed once in 30 ml STE buffer
(100 mM NaCl, 10 mM Tris–HCl pH 8, 1mM EDTA) and
frozen at –20◦C until use. For purification, pellets were
resuspended in 30 ml sonication buffer (20 mMHEPES pH
7.5, 0.2 mM DTT, 500 mM KCl, 1 mM EDTA, 10% glyc-
erol) with protease inhibitor and lysed by sonication using
an EpiShear Probe Sonicator (Active Motif). The lysate
was cleared by centrifugation and filtration through a 0.45
�m CHROMAFIL GF/PET-45/25 filter (MACHEREY-
Nagel). Affinity chromatography was performed using an
NGC™ Chromatography system (BIO-Rad) and Protino®

Glutathione Agarose 4B beads (MACHEREY-Nagel).
Proteins were eluted in elution buffer (20 mM HEPES
pH 7.5, 500 mM KCl, 0.2 mM DTT, 1 mM EDTA, 10%
glycerol, 40 mM glutathione) and subjected to dialysis into
storage buffer (20 mM HEPES pH 7.5, 200 mM KCl, 0.2
mM DTT, 1 mM EDTA, 10% glycerol). Aliquots were
snap-frozen and stored at –80◦C. For storage at –20◦C,
proteins were transferred to a different storage buffer (20
mM HEPES pH 7.5, 200 mM KCl, 0.2 mM DTT, 1 mM
EDTA, 60% glycerol) by another round of dialysis.

RNA:DNA unwinding assay

RNA:DNA unwinding assay was performed as de-
scribed (54). In brief: RNA:DNA hybrids were
annealed in vitro in 5 mM Tris/HCl pH 8.5.
The sequence of the top RNA strand was: 5′-
GAAGCUGGGACUUCCGGGAGGAGAGUGCAA-
3′, and the sequence of the bottom DNA strand was 5′-C
GGGTTGTCAAGAATTTTAACGGCCATTTCTGTGT
TGCACTCTCCTCCCGGAAGTCCCAGCTTCTGT
GTTTGTGACAAACGCAAGCTCATGTAAGTGCTC-
3′. The annealed RNA:DNA hybrid has a 5′ ssDNA
overhang and is labeled with Cy-5. Unwinding experiments
were carried out at 30◦C for 60 min in 30 mM Tris–HCl
(pH 7.5), 50 mM NaCl, 5 mM MgCl2, 2 mM DTT, 0.01%
NP-40, 0.1 mg/ml BSA, 4 mM ATP, 1 nM Cy-5-labeled
RNA:DNA hybrid substrate, in the presence of 4.79 �M
recombinant DDX19A. The reaction was stopped by the
addition of SDS to a final concentration of 0.5% and 20
ng proteinase K (20 mg/ml). The reaction was afterward
loaded onto a 10% non-denaturing polyacrylamide gel and
analysed using a FusionFX detection system (VILBER).

Celluspot and peptide arrays

Peptide arrays containing peptides with a length of 15
amino acids were synthesized by spotting on a cellulose
membrane using an Autospot peptide array synthesizer (In-
tavis AG) and the SPOT synthesis method (55).MODified™
Histone Peptide Arrays (Active Motif) or synthesized pep-
tide arrays were blocked overnight in blocking solution (5%
milk powder, 1× PBS, 0.1% Tween20) at 4◦C. Both arrays
were washed three times for 5 min with 1× PBS/Tween-20
and pre-incubated for 10 min in interaction buffer (100 mM
KCl, 20 mMHEPES pH 7.5, 1 mMEDTA pH 8, 10% glyc-
erol). Binding of DDX19A-GST was performed by incuba-
tion of 50 nM protein with the pre-blocked array in inter-
action buffer for 1 h at room temperature. The array was
washed three times for 10 min in 1× PBS/Tween20 and in-
cubated with an anti-GST antibody (GE Healthcare, #27-
4577-01) in 5% non-fat dried milk/1x PBS/Tween-20 for 1
h at room temperature. The array was washed again as de-
scribed and incubated with an anti-goat-HRP antibody in
5%milk/1×PBS/Tween-20 for 1 h.After repeatedwashing,
twice for 10 min in PBS/Tween-20 and once for 10 min in
PBS, the array was imaged using a FusionFX detection sys-
tem (VILBER) and SuperSignal™ West Femto Chemilumi-
nescence substrate (ThermoFisher). Synthesized peptide se-
quences were: H3K4 ARTKQTARKSTGGKA;H3K9RT
KQTARKSTGGKAP; H3K27 LATKAARKSAPATGG;
H3K36 APATGGVKKPHRYRP; H4K20 GGAKRHRK
VLRDNIQ

Immunofluorescence microscopy

NIH/3T3 cells were cultivated until 70–90% confluency on
microscopy coverslips. Cells were washed three times for
5 min with 2 ml PBSCa2+ Mg2+ (Sigma-Aldrich). Cells were
fixed for 10 min at room temperature in 4% paraformalde-
hyde. Cells were washed as described and permeabilized
with 0.2% ice-cold TritonX-100 in PBS for 5min. Cells were
blocked in 2 ml 5% non-fat dried milk in PBSCa2+ Mg2+ for
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1h at room temperature. Primary antibody binding was per-
formed overnight at 4◦C with a concentration of 4 �g/ml
antibody in PBSCa2+ Mg2+/5% non-fat dried milk powder.
Secondary antibody binding was performed at room tem-
perature for 2 h with a concentration of 0.5 �g/ml antibody
in PBSCa2+ Mg2+/5% milk powder. Cells were stained with
1�g/mlDAPI in PBSCa2+ Mg2+ for 3min, washed again with
PBS and mounted on microscopy slides using Mowiol® 4–
88 (Sigma-Aldrich).

Image acquisition and analysis

For the quantification of the S9.6 staining, samples were
analysed on a Zeiss Axio Observer.Z1microscope equipped
with a Plan-Apochromat 63×/1.40 Oil DIC M27 objective
and an AxioCam MRm camera. The following excitation
and emission filters were used: Blue channel: excitation fil-
ter 335–383 nm, emission filter 420–470 nm; red channel:
excitation filter 538–562 nm, emission filter 570–640 nm;
green channel: excitation filter 450–490 nm, emission filter
500–550 nm. Z-stacks covering the whole nucleus were ac-
quired applying an interval of 450 nm, and images were sub-
jected to deconvolution using a constrained iterative algo-
rithm and the ZENblue version 2.3 software (Zeiss), before
generatingmaximum intensity projections.Quantitative im-
age analysis was done with CellProfiler™ version 2.2 (56).
Nuclei were identified via the DAPI staining.

Co-immunoprecipitation of LSD1

NIH/3T3 were harvested by trypsinization. The pellet was
resuspended in 2× pellet volume of nuclear lysis buffer B
(50 mM Tris–HCl pH 7.4, 20% glycerol, 1.5 mM MgCl2,
420 mM NaCl, 1 mM Na3VO4, 25 mM NaF) supple-
mented with Protease inhibitor and incubated on ice for 15
min. Lysate was homogenized with 25 strokes of a douncer
(0.01–0.03 mm) and incubated with rotation at 4◦C for
30 min. Lysate was cleared by spinning down at 4◦C, 16
000 × g, 30min and the supernatant was transferred to a
new tube. 1× DP buffer (50 mMTris–HCl pH 7.4, 5% glyc-
erol, 1.5 mMMgCl2, 150 mMNaCl, 1 mMNa3VO4, 5 mM
NaF)with 0.4%NP40 and protease inhibitors (1.8ml buffer
to 1ml lysate) was added and the sample was incubated on
ice for 10 min before clearing through ultracentrifugation
(30 min, 4◦C/43 000 rpm/TI50.2). The supernatant was
transferred to a fresh tube and 5% input were taken. The
sample was incubated with 1�g anti-KDM1A antibody per
1mg protein in the lysate over night at 4◦C. 1.5-fold of load-
ing capacity of Dynabeads protein G were added for 2 h at
4◦Cwith rotation. Beads were washed twice with DP/NP40
buffer, twice with DP buffer and twice with 150 mMNaCl.
Proteins were eluted in 30 �l of 2× SDS sample buffer (125
mMTris–HCl pH 6.8, 5% SDS, 0.004%Bromophenol Blue,
10% �-mercaptoethanol, 100 mM DTT, 20% glycerol) for
10 min at 70◦C and subjected to SDS-PAGE and immun-
odetection as described for gene expression analysis.

Equilibrium peptide binding experiments

Determination of KD of DDX19A and H3K27 was con-
ducted using H3.1 peptide labeled with FITC. The H3.1

peptide comprising residues 16–34 of the H3.1 tail was un-
modified or trimethylated at K27. Binding was analysed us-
ing a Jasco FP-8300 spectrofluorometer with an automatic
polarizer (FDP-837). Acquisitions were performed at 23◦C,
with excitation at 495.0 nm and emission measured at 520
nm. Slit width was set to 5 nm. 50 nM of peptide were
dissolved in 0.5 ml of anisotropy buffer (20 mM HEPES
pH 7.5, 100 mM KCl, 0.1 mM DTT, 10% v/v glycerol).
DDX19A diluted in dialysis buffer (20 mMHEPES pH 7.5,
200mMKCl, 1 mMNa2-EDTA, 60% v/v glycerol, 0.2 mM
DTT) was added stepwise. Titrations were conducted in at
least 3 technical replicates. Control experiments were con-
ducted with dialysis buffer without protein and the fluores-
cence anisotropy values were corrected accordingly. For de-
termination of the KD-values for H3.1, the data were fitted
to a simple binding equilibrium:

Signal = BL + F∗
cDDX19A

cDDX19A + KD

With KD = equilibrium dissociation constant, F= signal
factor and BL = baseline.

Statistical analyses

Results are presented as means ± standard error of the
mean [s.e.m.]. Matching sets of samples (treated vs control)
were normalized to the average of all samples in this repli-
cate. Values were scaled to the average of all untreated repli-
cates set to average = 1. If not stated otherwise, statistical
significance was calculated by one-tailed unpaired t-test on
two experimental conditions with p≤0.05 considered statis-
tically significant. Statistical significance levels are denoted
as follows: ****P ≤ 0.0001; ***P ≤ 0.001; **P≤ 0.01; *P
≤ 0.05; n.s. = non-significant. No statistical methods were
used to predetermine sample size.

RESULTS

Development of a novel fluorescent reporter system to inves-
tigate LSD1 and associated cofactors in living cells

The transcriptional output of LSD1 is highly dependent on
its associated complex partners. In order to measure the
activity of LSD1 in a cellular context and in association
with its coregulators in a time-resolved manner, we estab-
lished a novel reporter system, which can be transduced
into cell lines of interest (Figure 1 and Supplementary Fig-
ure S1). In this system, the expression of a fluorescent re-
porter protein (mCherry) is driven by a synthetic promoter
(synP) consisting of six tetracycline repressor (TetR) bind-
ing elements (tetO) introduced upstream of a strong EF1a
promoter (Figure 1A).
Following transduction and antibiotic selection, the de-

signed reporter construct exhibited a strong mCherry fluo-
rescence signal in different cell lines (Supplementary Figure
S1A). Next, we generated a fusion construct of full length
human LSD1 with the reverse tetracycline repressor pro-
tein (rTetR), which was transduced into NIH/3T3 cells ex-
pressing the synP-mCherry reporter (Figure 1B). This al-
lowed to induce spatial proximity of rTetR-LSD1 to the
synP element by the addition of Doxycycline (DOX). Af-
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Figure 1. Generation of a fluorescent reporter system to investigate LSD1 and associated cofactors in living cells. (A) Illustration depicting the core
components of the fluorescent reporter system, which is transduced into cell lines of interest. Stable expression ofmCherry is driven by a synthetic promoter
(synP), which consists of 6 Tet repressor binding sites (tetO) upstream of an EF1a promoter. (B) Cell lines expressing the synP-mCherry reporter are further
transduced with a vector expressing a fusion protein of human LSD1 and the reverse tetracycline repressor protein (rTetR) under a constitutive promoter.
Upon DOX treatment, the rTetR-LSD1 fusion protein is recruited to synP together with endogenous complex partners, leading to the suppression of
mCherry expression. (C) Flow-cytometric analysis of the mCherry expression in NIH/3T3 cells co-expressing the synP-mCherry reporter and the rTetR-
LSD1 fusion protein after treatment with DOX for the indicated number of days. Left: Bar graphs showing the median mCherry signal relative to day 0.
Circles represent individual replicates (n= 3, mean±s.e.m.). Right: Histograms depicting the distribution ofmCherry signals of one representative replicate
over time (y-axis normalized to highest cell count). (D) Bar graphs depicting changes of the indicated histone marks at the synP element, analysed by ChIP-
qPCR. IPs were performed with mononucleosomes isolated from reporter cell lines at day 4 (H3K4me2, H3K27ac, H3K27me3) or day 14 (H3K9me3)
of either LSD1 wt or K661A recruitment. Bar graphs are relative to -DOX. Circles represent independent replicates (n = 3, mean ± s.e.m.; **P ≤ 0.01,
***P ≤ 0.001, ****P ≤ 0.0001, n.s. = non-significant; Student’s t-test). (E) Flow-cytometric analysis of the mCherry signal in NIH/3T3 cells expressing
the synP-mCherry reporter, rTetR-LSD1 and the indicated shRNAs at day 7 of DOX treatment. Dark grey: -DOX, light grey: neutral control shRNA,
green: positive control shRNAs +DOX. Left: Bar graphs show the median mCherry signal relative to day 0. -DOX is shown for the control shRNA
(shControl). Circles represent independent replicates (n = 3, mean±s.e.m.; **P ≤ 0.01, ***P ≤ 0.001; Student’s t-test). Right: Histograms showing the
mCherry expression profiles at day 7 ±DOX of one representative replicate. (F) Bar graphs depicting the median mCherry expression of +DOX NIH/3T3
reporter cells relative to -DOX in the presence of GSK-LSD1, TSA or DMSO. Treatment of cells was started in parallel with the addition of DOX and
maintained for the indicated number of days. Circles represent independent replicates (n = 3, mean ± s.e.m.).

terwards, LSD1 mediated effects on the synP-mCherry re-
porter gene expression over time can be detected by flow
cytometry or fluorescence microscopy (Figure 1B, C and
Supplementary Figure S1C, D). ChIP analysis revealed dy-
namic changes of the chromatin environment at the synP
promoter element after recruitment of the rTetR-LSD1 fu-
sion protein. We observed a mild reduction in histone H3

lysine 4 dimethylation (H3K4me2) (Figure 1D), which is in
agreement with recent literature, stating that the activity of
LSD1 is highly dependent on coregulatory effector proteins
(22) and probably heavily counterbalanced by H3K4 spe-
cific methyltransferases (KMTs) (24,57). Furthermore, this
can be explained by the fact that H3K4me2 is an interme-
diate mark and we observed co-recruitment of Kdm5b (see
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below), which is an H3K4me3 demethylase that continu-
ously generatesH3K4me2 at the locus. HistoneH3 lysine 27
acetylation (H3K27ac), another modification characteristic
for active chromatin, showed amore pronounced reduction,
whereas histone H3 lysine 9 trimethylation (H3K9me3) and
H3K27me3, both associated with inactive genomic regions,
were increased (Figure 1D). In contrast, the recruitment
of rTetR alone to the synP-mCherry reporter induced no
change in reporter gene expression (Supplementary Figure
S1C). Similarly, the recruitment of a catalytically inactive
mutant of LSD1 (K661A) (58) to the synP promoter did
not lead to a strong reduction of fluorescent reporter gene
expression when compared to the LSD1 wt (Supplemen-
tary Figure S1C). We also investigated the consequences of
K661A recruitment on selected histone modifications at the
synP promoter element.As expected, recruitment ofK661A
did not lead to a reduction of H3K4me2, whereas changes
in H3K27ac or H3K9me3 were comparable to those in-
duced by recruitment of the LSD1 wt (Figure 1D). Inter-
estingly, we did not observe an increase in H3K27me3 when
recruiting LSD1 K661A (Figure 1D). These results demon-
strated that the observed change in reporter fluorescence
is a direct effect of LSD1 recruitment, actively changing
the chromatin environment at the promoter and indicate
that known coregulators of LSD1, like HDACs and lysine
methyltransferases (KMTs) such as G9a/GLP and PRC2,
are co-recruited and active at the synP element. Further-
more, we observed a mechanistic connection between the
enzymatic activity of LSD1 and its ability to induce a strong
reduction in gene expression and an increase inH3K27me3,
the latter probably related to the inability of PRC2 tomethy-
late histone H3 methylated at K4 (59,60).
To test if the reporter system was sensitive to perturba-

tions and could thus be applied to study the influence of
LSD1 associated coregulators, we suppressed the expres-
sion of the rTetR-LSD1 fusion construct using shRNAs
(Supplementary Data Table S4) targeting the rTetR or
LSD1 (Supplementary Figure S1B) parts of the rTetR-
LSD1 fusion protein and of the knownLSD1 complex part-
ner Chd5 (61). Silencing of any functional part or Chd5 re-
sulted in a substantially impaired ability of LSD1 to induce
effective silencing of the synP-mCherry reporter (Figure
1E). Furthermore, treatmentwith the LSD1 inhibitorGSK-
LSD1 or the pan-HDAC inhibitor Trichostatin A (TSA)
demonstrated that the activity of rTetR-LSD1 at the synP
element is dependent on the catalytic activity of LSD1 and
HDACs (Figure 1F and Supplementary Figure S1E). Con-
sequently, silencing of mCherry expression by recruitment
of rTetR-LSD1 to synP is conditioned by the presence and
activity of additional endogenous coregulators.

Amultiplexed shRNAmir screen identifies essential and novel
LSD1 coregulators

We applied our novel reporter system for LSD1 activity
to systematically probe a comprehensive selection of chro-
matin coregulators for their requirement to enable LSD1-
mediated silencing. To this end, we screened a focused
shRNA library targeting 1010 chromatin-associatedmurine
genes (4–6 shRNAs per gene) in a multiplexed format in
NIH/3T3 cells expressing the synP-mCherry reporter and

the rTetR-LSD1 fusion protein (Figure 2A and Supplemen-
tary Table S1). After an initial antibiotic selection for suc-
cessful integration of the constitutively expressed shRNA
constructs, we induced recruitment of the rTetR-LSD1 fu-
sion protein to the synP element by the addition of DOX.
During subsequent cultivation for 14 days under constant
treatment with DOX, cells expressing effective shRNAs tar-
geting regulators of LSD1, which are critically required for
LSD1-mediated gene silencing accumulated in a cell popu-
lation that showed persistent expression of mCherry (pos-
itive population). Using FACS, these cells were separated
from the major population, which exhibited the usual re-
duction in fluorescent reporter signal (negative population)
and expressed ineffective shRNAs (Figure 2A and Supple-
mentary Figure S2A). The representation of each shRNA
in the input library and in the sorted positive and nega-
tive cell populations was quantified using deep-sequencing
of the shRNA guide strands amplified from genomic DNA
using established protocols (Supplementary Figure S2B and
Table S1) (62). To rank all genes represented in the shRNA
library for their effect on LSD1 activity, gene scores re-
flecting the enrichment of multiple shRNAs per gene in the
positive cell population compared to the negative popula-
tion were calculated (Figure 2B, and Supplementary Table
S2). As expected, the screen managed to identify coregula-
tors of LSD1 that were already described as complex part-
ners in the literature (Figure 2B) and suppression of several
genes known to be associated with LSD1, e.g.Dnmt3a (63),
Gatad2b (NuRD) (64) and Sap25 (SIN) (65,66), were con-
firmed to be especially important for LSD1-mediated gene
silencing. Interestingly, the H3K4me3 demethylase Kdm5b
was ranked at position 20 in the screen, suggesting that
LSD1 requires the demethylase activity of KDM5B (67) to
generate K4me2, which then can be demethylated further
by LSD1 leading to stable silencing of the synP-mCherry
reporter in NIH/3T3 cells. In addition to already known
factors, the screen also identified novel coregulators not as-
sociated with LSD1 biology so far (Figure 2B and Supple-
mentary Figure S2B).
We selected the top 100 positive and negative hits iden-

tified in the screen and performed an enrichment analysis
using ClueGO (68) to visualize functionally related coreg-
ulators influencing LSD1 activity as a clustered network
of the associated Gene Ontology (GO) pathways (Figure
2C). These data show that LSD1 mainly cooperates with
proteins linked to biological pathways associated with ly-
sine methylation including pathways regulating H3K4, K9
or K27 methylation, which constitutes the largest cluster
in the network (Figure 2C). Other clusters comprise path-
ways associated with chromatin silencing, lysine acetylation
and chromatin remodeling. Furthermore, the network is en-
riched for pathways related to DNA damage response and
nuclear receptor signaling, functions whichwere already de-
scribed to be regulated by LSD1 (7,17,32).

Interestingly, one cluster in the network is connected to
conformational changes of DNA (Figure 2C) and indeed
the screen identified three ATP-dependent RNA helicases
among the top 10 positive and negative coregulators of
LSD1 (Figure 2B). DDX39B, DDX23 and DDX19A be-
long to the so-calledDEAD-box family of RNA-dependent
ATPases that have RNA unwinding activity and are in-
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A

B

C

(NuRD)

Figure 2. A chromatin-focused shRNA screen identifies novel and known coregulators of LSD1 activity. (A) Workflow describing the ChECS screening
strategy. A library composed of 5459 shRNAs targeting 1010 chromatin-related genes (GFP+) was virally transduced into rTetR-LSD1 reporter cell lines
(mCherry+). After antibiotic selection, cells were treated with DOX for 14 days and FACS sorted for high (mCherry+) or low (mCherry-) mCherry
expression. Genomic DNA was isolated from both populations and the shRNA guide sequences were amplified for Illumina sequencing. (B) Scatter
plots ranking all genes according to their effect on LSD1 activity (gene score). Left: Gene scores of all genes present in the shRNA library. The gene
score represents the Ln of the average enrichment score (read ratio mCherry+/mCherry-) of all shRNAs per gene across five replicates. Genes imposing
a positive effect on LSD1 induced silencing are coloured in blue, genes having a negative effect are highlighted in red. The position of Ddx19a, Kdm5b
and the PRC2 core components Suz12, Ezh2 and Eed is indicated. Right: Top ten genes identified in the screening procedure to positively influence LSD1
activity. Significance is represented by spot size (–log10 P-value). (C) ClueGo network clustering the top 100 positive and negative regulators of LSD1 for
their biological function (GO-annotated biological process). Biological processes of selected clusters are highlighted on the right. The statistical test used
for the enrichment was based on a two-sided hypergeometric test with a Bonferroni correction and kappa score of 0.4. Only pathways with p≤0.01 are
shown.

volved in pre-mRNA splicing, mRNA export from the
nucleus to the cytoplasm or translation (69–73). Loss of
DDX39B and DDX23 promoted silencing of the synP ele-
ment, likely due to LSD1 unrelated effects caused by dereg-
ulation of the transport, splicing or translation of compo-
nents of the reporter system, functions reported for both
helicases previously (72,74). Among the three DEAD-box
helicases identified as coregulators, DDX19A was the only
helicase identified as a positive regulator of LSD1 mediated
silencing and it scored with the highest significance in the

screen (Figure 2B). The homolog of DDX19A, DDX19B
has recently been shown to be involved in the removal of
RNA:DNA hybrid structures (so-called R-loops) and the
activity of DDX19B was shown to be dependent on the
DNAdamage response induced by the ATR-Chk1 pathway
(54).
R-loops are highly dynamic structures that occur at dif-

ferent regions in the eukaryotic genome and exhibit criti-
cal regulatory functions during replication, transcription,
and recombination (75–78). R-loops preferentially form at
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GC-rich regions, where the newly synthesized G-rich RNA
hybridizes to the C-rich DNA template (79). They have
been described to be associated with both up- and down-
regulation of transcription (80) and occur at unmethylated
human CpG island promoters (81). Interestingly, R-loops
have been shown to colocalize with H3K4 methylation on a
genome-wide scale (82).
Aiming to characterize the role of DDX19A in LSD1 in-

duced silencing of gene expression, we further investigated
the effects ofDdx19a suppression onR-loop regulation and
gene expression on a global and local level. Two top-scoring
shRNAs from our screen (shDdx19a.1/2) showed only mild
effects on cell viability, suppressed DDX19A expression
(Supplementary Figure S2C,D) andwere validated to inter-
ferewithLSD1 silencing activity at the synP promoter (Sup-
plementary Figure S2E). We next sought to determine the
mechanism by which DDX19A influences LSD1-induced
silencing and analysed rTetR-LSD1 protein levels after sup-
pression of Ddx19a to rule out that the effect of Ddx19a
is merely a consequence of reduced expression or defects
in mRNA processing of the rTetR-LSD1 fusion protein.
However, we did not observe any reduction in expression
of the rTetR-LSD1 fusion protein and no alteration of the
expression of the synP-mCherry reporter without the ad-
dition of DOX, which could lead to a false-positive result
and be responsible for the observed remaining fluorescence
signal (Supplementary Figure S2F, G). To confirm that the
negative effect of Ddx19a suppression of LSD1-mediated
silencing is specific to LSD1 function, we investigated the
effects of Ddx19a suppression on the repressive activity of
KRAB, which we recruited to the synP element using a
rTetR-KRAB fusion protein. Suppression of Ddx19a ex-
pression did not influence the activity of KRAB, suggesting
that DDX19A is not a general requirement for gene silenc-
ing and the observed function is specific to LSD1 (Supple-
mentary Figure S2H).
DDX19A has not been described as an interactor of

LSD1 (83,84) and to test if LSD1 recruits DDX19A by a
direct interaction, we performed co-immunoprecipitation
(co-IP) experiments from NIH/3T3 cell lysate. Although
other known complex partners of LSD1 like HDAC1 co-
precipitated with LSD1, we could not detect a direct in-
teraction of LSD1 and DDX19A (Supplementary Figure
S2I), which could be due to low abundance of DDX19A or
a weak interaction with LSD1. Thus, we aimed to further
characterize the effects ofDdx19a suppression on LSD1 ac-
tivity in more detail.

DDX19A is involved in R-loop homeostasis

Since the homologue of DDX19A, DDX19B, actively par-
ticipates in the removal of R-loops (54), we investigated
the dynamics of R-loop formation in NIH/3T3 cells af-
ter suppression of Ddx19a using immunofluorescence mi-
croscopy.We employed the S9.6 antibody, which specifically
recognizes R-loops (85). To test for the specificity of the
signal detected with the S9.6 antibody, we used Ribonu-
clease H1 (RNAseH1), known to specifically degrade the
RNA of RNA:DNA hybrid structures. As shown in Fig-
ure 3A, transient expression of RNAseH1 prior to the im-
munostaining with the S9.6 antibody led to a strong reduc-

tion of the R-loop signal (Figure 3A). Upon suppression
of Ddx19a we noticed a significant increase in R-loop spot
counts per nucleus compared to a neutral control shRNA
(Figure 3A, B and Supplementary Figure S3A) as well as an
enhancement of R-loop spot intensity (Figure 3A and Sup-
plementary Figure S3A, B). Subsequently, we studied the
alterations of R-loops at the synP element before and af-
ter DOX induced LSD1 recruitment. As expected, R-loops
at the synP promoter element were reduced following DOX
induced recruitment of LSD1 and this effect was strongly
attenuated under suppression of Ddx19a (Figure 3C). Fur-
thermore, we investigated R-loop dynamics at representa-
tive endogenous genomic loci (Supplementary Figure S3E)
upon suppression of Ddx19a expression. Two regions are
associated with the developmental master regulators Myc
(86,87) and Twist1 (88,89), which are highly expressed and
associated with extensive H3K4 methylation and R-loop
signal. In addition, we investigated R-loop dynamics at an
intergenic region on chromosome 8 (Chr8) characterized by
very low R-loop and high H3K27me3 signal (Supplemen-
tary Figure S3E). Using DNA-RNA immunoprecipitation
(DRIP) followed by qPCR, we observed an increase in R-
loops upon Ddx19a suppression in all cases (Figure 3D)
showing that also master regulators like Myc and Twist1 as
well as regions decorated with high levels of H3K27me3 re-
spond in a similar way to suppression ofDdx19a expression
as the synP element of our artificial reporter construct. As
a control, we included an RNAseH1 incubation step, which
reduced the DRIP signal confirming the specificity of the
antibody (Figure 3D and Supplementary Figure S3C, D).
This is in line with our observations in the immunofluores-
cence experiments and implies that the effect of suppression
of Ddx19a expression on R-loops is not restricted to our
artificial reporter construct but also occurs at endogenous
regions.
In addition, we purified recombinant DDX19A and con-

firmed its ability to resolveRNA:DNAhybrids in vitro (Fig-
ure 3E and Supplementary Figure S3F). Our data indicate
that suppression of Ddx19a expression leads to the accu-
mulation of R-loops and interferes with the silencing ac-
tivity of LSD1 at the synP-mCherry reporter. This obser-
vation is in agreement with the model that R-loops form-
ing over the synP element stabilize its transcriptional ac-
tivity, which is supported by recent publications showing
that R-loops impose various effects on chromatin regula-
tors to promote transcription (81,82,90–93) including the
inhibition of LSD1 (38) and PRC2 (39,40).

LSD1 and R-loops colocalize and occupy regions associated
with highly transcribed genes

We wanted to explore if the interaction of LSD1 and
DDX19A could be mediated through R-loops. In order to
investigate if LSD1 localizes to genomic regions decorated
with R-loops, we analysed the genome-wide distribution
of LSD1 in two different cell lines (K562 and NIH/3T3)
and compared it to features associated with R-loops and
histone modifications signaling either active or repressed
gene expression (Figure 4 and Supplementary Figure S4).
To this end, we performed an LSD1 ChIP-seq in NIH/3T3
cells, employed publicly available LSD1ChIP-seq data from
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E

CB

DA

Figure 3. DDX19A is involved in R-loop homeostasis. (A) Representative immunofluorescence microscopy images of NIH/3T3 cells expressing the indi-
cated shRNAs for 10 days and stained for R-loops with the S9.6 antibody. Transfection with RNAseH1 24 h before fixation serves as a control for the S9.6
antibody specificity. Images are maximum intensity projections of a Z-stack covering the whole nucleus. Scale bars are 10 �m. (B) Box and whisker plot
showing the quantification of the R-loop spot count per nucleus in images from (A). Images were analysed using CellProfiler™ software. Box-and-Whisker
plots indicate the median and the 10–90 percentile from three independent experiments (**P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001, Student’s t-test). (C)
DRIP-qPCR analysis of RNA:DNA hybrid structures at the synP element upon recruitment of rTetR-LSD1 and under suppression of Ddx19a. Total
nucleic acids were extracted from NIH/3T3 cells expressing the synP-mCherry reporter, the rTetR-LSD1 fusion protein and the indicated shRNAs at day
14 with and without DOX treatment and used as input for the IP with the S9.6 antibody. qPCR signals are shown relative to -DOX. Circles represent
independent replicates (n = 4, mean ± s.e.m.; **P ≤ 0.01, ***P ≤ 0.001, n.s. = non-significant, Student’s t-test). Pre-treatment of the input samples with
RNAseH1 before DRIP was used as a negative control. (D) DRIP-qPCR analysis of RNA:DNA hybrid structures at selected endogenous loci under
suppression of Ddx19a expression. Total nucleic acids were extracted from NIH/3T3 cells expressing the synP-mCherry reporter, the rTetR-LSD1 fusion
protein and the indicated shRNAs for 10 days and used as input for the IP with the S9.6 antibody. qPCR signals are shown relative to shControl. Circles
represent independent replicates (n = 3, mean ± s.e.m.; *P ≤ 0.05, **P ≤ 0.01, n.s. = non-significant, Student’s t-test). (E) Representative result of an in
vitro RNA:DNA hybrid unwinding assay using recombinant DDX19A. On the right of the image, the Cy5-labeled single strand DNA (ssDNA) and the
RNA:DNA hybrid substrate are shown schematically. The RNA is colored blue, the DNA black and the Cy5 label is indicated with a red star.
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A B C D

E

Figure 4. Regions of LSD1 occupancy and R-loop related features correlate genome wide in K562 and NIH/3T3 cells. (A) Heatmaps of LSD1-ChIP
and DRIP signals in K562 (top) and NIH/3T3 cells (bottom). Signals are plotted on the heatmap within a 10 kb window around the peak centre. (B)
Representative regions showing the occupancy of R-loop related features and LSD1 in K562 and NIH/3T3 cells. (C) Principle component analysis of deep
sequencing data for K562 (top) and NIH/3T3 (bottom) cells. ChIP-seq, DRIP-seq, DRIPc-seq, R-ChIP-seq and G4-ChIP-seq datasets were obtained
from the Gene Expression Omnibus (GEO) repository and the ENCODE project. R-loop related features are highlighted in blue, green and black. R-loop
features analysed in panel B and C: RNA:DNA hybrid IP (DRIP); RNA:DNA hybrid IP followed by cDNA conversion (DRIPc); RNA:DNA hybrid
IP using a catalytically inactive RNAseH1 (R-ChIP); Genome-wide mapping of endogenous G-quadruplex DNA structures (G4-ChIP). (D) Expression
levels (mRNA, FPKM) of LSD1- and DRIP/DRIPc-associated genes in K562 and NIH/3T3 (*P ≤ 0.05, **P ≤ 0.001, n.s. = non-significant, ordinary
one-way ANOVA with multiple comparisons test). (E) Representative Western blot showing co-precipitation of LSD1 and DDX19A with R-loops after
IP using the S9.6 antibody. NIH/3T3 whole cell lysate was used as input. Pulldown with mouse IgG and treatment with RNAseH1 before IP with the S9.6
antibody was used as control.

K562 cells (94) and compared those to available DRIP-
seq datasets that investigated the genome-wide distribu-
tion of R-loops using the S9.6 antibody (82). This anal-
ysis revealed a considerable colocalization of LSD1 with
R-loops in both cell lines (Figure 4A). We further investi-
gated the colocalization of LSD1 with additional R-loop
features and used publicly available data of an IP with a
catalytically dead RNAseH1 mutant that specifically binds
to R-loops (R-ChIP-seq) (95) or a G-quadruplex (G4) spe-
cific antibody (G4-ChIP-seq) (96) and compared these with
ChIP-seq datasets of different histone modifications from
the Gene Expression Omnibus (GEO) repository (97) and
the ENCODE project (98) for both cell lines (see Materials
and Methods section for the corresponding GO numbers).
Surprisingly, LSD1 binding showed a much stronger corre-
lation with R-loop related features than with histone mod-
ifications previously reported to associate with LSD1, like
methylated H3K4 (22) in both cell lines (Figure 4B, C and
Supplementary Figure S4A, B).

Expression of the genes showing LSD1 binding and/or
R-loop features was retrieved from previously published
RNA-seq analysis for K562 (62) and publicly available
RNA-seq data for NIH/3T3 cells from ENCODE. A de-
tailed analysis of the expression of genes positioned in
the vicinity of either LSD1 binding or R-loop structures
showed that genes which were solely bound by LSD1 are
expressed at a very low level. In contrast, loci which are
only decorated with features of R-loops were associated
with genes exhibiting high expression levels in both cell
lines (Figure 4D and Supplementary Figure S4C–E). How-
ever, genomic regions covered with LSD1 and R-loops to-
gether were affiliated with genes expressed at an even higher
level than genes associated with R-loops only (Figure 4D
and Supplementary Figure S4C–E). Next, we performed a
gene ontology (GO) enrichment analysis of these genes for
the K562 cell line to analyse these genes according to their
annotated biological process. We identified ‘negative regu-
lation of erythrocyte differentiation’ among the top 3 en-
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riched pathways ranked for the respective P-value (Supple-
mentary Figure S4F), which is in line with the fact that the
chronicmyelogenous leukaemia (CML) cell lineK562 bears
resemblance with undifferentiated erythrocytes (99).
To support these global observations, we performed an

immunoprecipitation of R-loops from NIH/3T3 cell lysate
using the S9.6 antibody, followed by immunodetection of
LSD1 and DDX19A, which indicated a strong physical as-
sociation of both proteins with R-loops. Co-precipitation
of LSD1 or DDX19A was attenuated if the sample was
treated with RNAseH1 before the IP (Figure 4E). These
findings imply that LSD1 and R-loops co-occupy highly
transcribed genes, which are important to control cell type-
specific developmental gene expression profiles and de-
fine cellular identity. This is in agreement with previous
reports showing that, despite its mostly repressive func-
tion, LSD1 occupies enhancers and core promoters of
a substantial fraction of actively transcribed genes (28)
and suggests that the activity of LSD1 at these regions is
repressed.

DDX19A plays a role in LSD1 induced silencing

To gain additional insights into the local consequences of
R-loop accumulation, in particular the effects on down-
stream effector proteins of LSD1, we analysed histonemod-
ifications at the synP promoter element after suppression
of Ddx19a, which led to an incomplete silencing of the
synP-mCherry reporter after recruitment of LSD1 (Figures
2B, Supplementary Figure S2E and 5A). Despite a sig-
nificantly diminished reduction of H3K4me2 (Figure 5B),
which was comparable to the level induced by the catalyt-
ically inactive LSD1 mutant K661A (Figure 1D), we did
not observe any alteration in H3K9me3 and H3K27ac his-
tone modifications after suppression of Ddx19a expression
compared to shControl (Figure 5B). In contrast, we no-
ticed a distinct reduction in the increase of H3K27me3 sig-
nal at the synP element upon LSD1 recruitment and sup-
pression of Ddx19a (Figure 5B). These results suggest, that
the increase in R-loops at the synP promoter (Figure 3C)
influences the removal of H3K4me2 and/or deposition of
H3K27me3, thereby interfering with efficient reduction of
gene expression. This effect can be explained by the inhibi-
tion of LSD1 (38) and PRC2 (39,40) via RNA that is an-
chored at the locus through R-loops. This interpretation is
in line with the fact that suppression of Ddx19a expression
did not affect the residual silencing activity of K661A (Fig-
ure 5C). Interestingly, we observed a substantial increase
in R-loops at the synP element and representative endoge-
nous regions upon treatment with GSK-LSD1, a selective
LSD1 inhibitor (Figure 5D and Supplementary Figure S5),
demonstrating that inhibition of LSD1 activity results in
a gain of R-loops not only at our artificial promoter ele-
ment but also representative endogenous loci, which sug-
gests a mutual influence of LSD1 and R-loops on one
another.

DDX19A binds to defined histone modifications associated
with gene repression

Investigating the downstream consequences of impaired
H3K4 demethylation at the synP promoter element, we no-

ticed that the K661A inactive mutant was ineffective in in-
ducing a gain of H3K27me3 signal in contrast to the LSD1
wt (Figure 1D). This led to the conclusion that the reduc-
tion of H3K4me2 allows PRC2 to bind to the synP pro-
moter (59,60). The fact that suppression of Ddx19a expres-
sion did not affect residual gene silencing by the K661A
mutant suggests that the activity of LSD1 is a prerequisite
for DDX19A to facilitate a robust reduction of transcrip-
tion. While, the exact mode how DDX19A is recruited to
the synP promoter element remained unknown, the previ-
ous results suggested that the gain of H3K27me3 seemed
to play an important role in this process (Figures 1D and
5B). Searching for the underlying mechanism by which
LSD1 activity can induce the recruitment of DDX19A, we
screened the binding properties of recombinant full-length
DDX19A (Supplementary Figure S3F) to 384 different hi-
stone peptides containing 59 post-translational modifica-
tions of the N-terminal tails of histones H2A, H2B, H3 and
H4. AlthoughDDX19A does not contain any of the known
domains specific for lysine methylation binding, we ob-
served a remarkably distinct interaction of DDX19A with
H3K27me3 and to a lesser extent H4K20me3 among all
other tested histone modifications (Figure 6A, B and Sup-
plementary Figure S6A). We validated this effect with ad-
ditional modified histone tail peptide arrays containing se-
lected methylated and unmethylated lysine residues on H3
and H4 (Supplementary Figure S6B). Using fluorescence
anisotropy (FA), we determined the dissociation constant
(KD) of DDX19A with the H3K27me3 peptide with 82
(±2.9) nM while the corresponding unmethylated peptide
showed a much weaker affinity with a KD >1000 nM (Fig-
ure 6C).

The role of H3K27me3 in the recruitment or stimula-
tion of DDX19A was confirmed by inhibition of the core
PRC2 complex component EZH2 using an EZH2-specific
inhibitor (GSK343), which induces a global reduction of
H3K27me3 signal (Supplementary Figure S6C). Indeed,
we observed increased R-loop occupancy at the synP el-
ement and representative endogenous loci after GSK343
treatment confirming the reduced activity of DDX19A at
the synP element (Figure 6F, Supplementary Figures S3D
and S6D). As a consequence of reduced DDX19A bind-
ing toH3K27me3 and elevatedR-loop occupancy,GSK343
treatment resulted in a diminished LSD1 silencing capac-
ity at the synP element (Figure 6D) comparable to the ac-
tivity under suppression of DDX19A (Figure 5A). Fur-
thermore, K661A did not reduce R-loops at the synP el-
ement as efficiently as the LSD1 wt (Figure 6E) after re-
cruitment to the synP element, likely due to the lack of
H3K4 demethylation preventing deposition of H3K27me3.
As expected by the reduced DDX19A activity or recruit-
ment under these conditions, residual silencing of the synP
element by LSD1-K661A was not affected by the sup-
pression of Ddx19a expression (Figure 5C). We conclude
that the DEAD-box helicase DDX19A specifically inter-
acts with histone modifications signaling repressive chro-
matin states, preferably H3K27me3, which is introduced by
PRC2 upon reduction of H3K4 methylation by LSD1 (Fig-
ure 1D). This binding precedes the ATP-dependent helicase
activity of DDX19A regulating the formation of R-loops
(Figure 6D, E).
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Figure 5. LSD1 and DDX19A act in concert to regulate transcription. (A) Time course of the mCherry expression in NIH/3T3 expressing the synP-
mCherry reporter, the rTetR-LSD1 fusion protein and the indicated shRNAs under DOX treatment. Circles indicate the median mCherry expression
measured by flow cytometry relative to the initial measurement (n = 3; mean ± s.e.m.). (B) ChIP-qPCR analysis of the indicated histone modifications
at the synP element in cells expressing the LSD1 reporter system and the indicated shRNAs. IPs were performed with mononucleosomes isolated from
NIH/3T3 reporter cell lines after 4 days (H3K4me2, H3K27ac) or 14 days (H3K9me3) of LSD1 recruitment. Bars are relative to -DOX (n = 3; mean
± s.e.m.; *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001, n.s. = non-significant; Student’s t-test). (C) Time course of the mCherry expression in
NIH/3T3 cells expressing the synP-mCherry reporter, the rTetR-K661A fusion protein and the indicated shRNAs under treatment with DOX. Circles
indicate the median mCherry expression measured by flow cytometry relative to day 0 (n = 3; mean ± s.e.m.). (D) DRIP-qPCR analysis of RNA:DNA
hybrid structures at selected endogenous loci under treatment with GSK-LSD1. Total nucleic acids were extracted from NIH/3T3 cells transduced with
the synP-mCherry reporter after 3 days of treatment with 50 �MGSK-LSD1 or DMSO and used as input for the IP with the S9.6 antibody. qPCR signals
are shown relative to DMSO. Circles represent independent replicates (n = 3, mean ± s.e.m.; ***P ≤ 0.001, ****P ≤ 0.0001, Student’s t-test).

DISCUSSION

Transcription is regulated by a complex network of coreg-
ulators often with opposing functions, which act in con-
cert to fine tune gene expression. LSD1 has been demon-
strated to be an important regulator of developmental genes
in embryonic stem cells andmalignant cells (9,28) and it was
shown to interact with a large variety of different coregula-

tor complexes. The mechanisms underlying the precise reg-
ulation of the pluripotency program and its response to de-
velopmental cues are still relatively unknown. The tightly
controlled balance of opposing chromatin effector func-
tions such as KMTs, lysine demethylases (KDMs) or his-
tone acetyltransferases (HATs) and HDACs (100,101) con-
stitutes a feasible mechanism to ensure developmental plas-
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A B C

D E F

Figure 6. H3K27me3 provides a binding site for DDX19A and regulates the formation of R-loops. (A) Representative MODified™ Histone Peptide Array
incubated with 50 nM DDX19A. Peptides featuring H3K27me3 are highlighted in red, peptides featuring H4K20me3 in blue. (B) Bar graph comparing
signals of the top 10 histone modifications bound by DDX19A to binding of DDX19A to the unmodified peptides. DDX19A binding was quantified
on independent MODified™ Histone Peptide Arrays using the Array Analyze software (n = 3; mean ± s.e.m.). ‘H3K27’ and ‘H4K20’ refers to the speci-
ficity factor of the corresponding unmodified peptides. [A.U.] = arbitrary unit. (C) Determination of the dissociation constant of DDX19A binding to
H3K27me3 (red) or H3K27me0 (gray) by equilibrium peptide binding experiments. Fluorescence anisotropy measurement was performed with a fluores-
cein (FITC)-labeled peptide incubatedwith recombinantDDX19A. [A.U.]= arbitrary unit. (D) Time course ofmCherry expression inNIH/3T3 expressing
the synP-mCherry reporter during recruitment of the rTetR-LSD1 fusion protein via DOX in the presence of 5 �M GSK343 or DMSO. Circles indicate
the median mCherry expression measured by flow cytometry relative to the initial measurement (n = 3; mean ± s.e.m.). (E) DRIP-qPCR at the synP
element after recruitment of LSD1 wt or K661A via DOX addition. Total nucleic acids for the IP were isolated after 14 days of DOX treatment. Bars are
relative to -DOX. Circles represent independent replicates (n = 3, mean ± s.e.m., **P ≤ 0.01, ****P ≤ 0.0001, Student’s t-test). (F) DRIP-qPCR analysis
of RNA:DNA hybrid structures at the indicated regions after the treatment of cells with 5 �M GSK343 or DMSO for 3 days. Total nucleic acids were
extracted from NIH/3T3 cells expressing the synP-mCherry reporter and used as input for IP with the S9.6 antibody. qPCR signals are shown relative to
DMSO. Circles represent independent replicates (n = 3, mean ± s.e.m.; *P ≤ 0.05, ***P ≤ 0.001, n.s. = non-significant, Student’s t-test).

ticity (102) and several reports demonstrate that LSD1 and
the PRC2 complex are associated with actively transcribed
developmental genes (28,103,104). To explore these func-
tional networks in detail we adopted the concept of the CiA
assay (44) and investigated the function of epigenetic ef-
fector proteins in LSD1 mediated gene silencing. By fus-
ing LSD1 to rTetR, we induced spatial proximity of LSD1
with a synthetic promoter element (synP) consisting of six
tetO sites upstream of an EF1a promoter through the addi-
tion of DOX. The reporter system is modular, highly flexi-
ble and allows to study epigenetic effectors in different cell
lines of various cell types in a time-resolved manner inde-
pendent of a specific genomic locus (Figure 1 and Supple-
mentary Figure S1). We combined the fluorescent reporter
system for LSD1 activity with a comprehensive library of
shRNAs targeting chromatin associated proteins and per-
formed a chromatin effector coregulator screen (ChECS) to

identify functional, essential and novel coregulators. Com-
pared to screening methods that depend on the temporal
and chemical stability of physical complexes of two or more
proteins, the ChECS approach enables the identification of
coregulatory factors on the basis of a functional connection
between the coregulator and the target factor, in this study
LSD1. This allows to detect novel dependencies in epige-
netic networks (Figure 2) in an unbiased fashion without
the need for a pre-existing hypothesis. One of the top hits
identified in our screen, the DEAD-box helicase DDX19A,
had not been connected to LSD1 biology before. Follow-
ing up on the identification of DDX19A, we showed that
it plays an important role in LSD1 induced silencing and
attributed this role to its function in R-loop homeostasis
(Figure 3 and Supplementary Figure S3). Suppression of
Ddx19a expression led to a strong accumulation of R-loops
in the nuclei of NIH/3T3 cells leading to stabilization of the
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fluorescent reporter protein expression after recruitment of
LSD1 (Figure 2B, Supplementary Figure S2E and Figure
5A).

Our results expand the knowledge of the highly complex
regulatory network surrounding LSD1 (Figure 7A) and
identified a novel regulatory circuit embedded in this net-
work, which enables robust downregulation of transcription
upon an external stimulus. Our results indicate that LSD1
and PRC2 are prevented from gene silencing through R-
loops or the associated nascent RNA, which is in line with
recent publications that already described an inhibitory ef-
fect on LSD1 and the PRC2 complex through specific RNA
structures (38–40). If a cell perceives an external signal, e.g.
during development, the expression of developmental genes
needs to be completely and robustly repressed in order to
prevent uncontrolled proliferation (105,106). During this
process R-loops, which are not only a consequence of tran-
scription but also pose a regulatory function (80,107), need
to be removed in order to allow robust gene silencing. Re-
moval of R-loops can be triggered by the recruitment of
DDX19A, or the activation of the already bound enzyme.
Currently it is unclear what guides this initial recruitment,
but the fact that DDX19 is a helicase able to bind to RNA
(108) suggests that DDX19A can be recruited to sites of ac-
tive transcription by the nascent RNA. The removal of R-
loops by DDX19A activates LSD1 leading to the demethy-
lation of H3K4, presumably in concert with KDM5b, an-
other top hit of our screen. H3K4me2/3 demethylation is a
prerequisite for the methylation of H3K27 by PRC2 in our
system, which is in line with published literature (59,60).
Subsequently, the introduced H3K27me3 signal provides
a binding motif for DDX19A, which enhances DDX19A
activity by reinforcing the binding to target loci or ampli-
fying the enzymatic activity of DDX19A to effectively re-
move remaining R-loops (Figure 7B). This activity finally
increases the activation of LSD1 and PRC2 establishing a
self-enforcing feedback cycle. Therefore, the entire sequence
of events is required to induce a strong and stable shut-down
of gene expression and in case one of the components is lost
or inactive, the silencing stimulus will not lead to a com-
plete reduction of expression of the respective gene (Figure
7). In the ChECS system, reporter gene silencing was trig-
gered by the recruitment of LSD1. During development or
differentiation, silencing of endogenous loci could be a re-
sult of changes in the catalytic activity of LSD1, PRC2 or
it could be triggered by changes in expression of associated
genes.
This novel mechanism is supported by the following key

observations described previously in detail: (i) The bio-
chemical activity of DDX19A in resolving R-loops was
demonstrated in vitro and silencing of Ddx19a expression
was shown to lead to an increase in R-loop occupancy at
the reporter gene and endogenous loci. (ii) We observed a
correlation of LSD1 occupancy with the distribution of R-
loop associated features genome-wide via the analysis of
ChIP-seq data in two different cell lines (Figure 4 and Sup-
plementary Figure S4), illustrating that LSD1 and R-loops
co-occupy regions in the vicinity of highly expressed genes
(Figure 4D and Supplementary Figure S4E) that are asso-
ciated with essential developmental transcription programs
(Supplementary Figure S4F). Furthermore, a direct phys-

A

B

Figure 7. Expression of actively transcribed genes is regulated by a net-
work of histone modifications and R-loops. (A) Regulatory network de-
picting the known and novel connections that interact to modulate gene
expression. (B) Model of the regulatory cascade for transcriptional re-
pression depending on the removal of transcription-associated R-loops
downstream of LSD1 activity. LSD1 and PRC2 are localized at highly
transcribed genes. Active transcription promotes the local presence of
H3K4me2/3 and the formation of R-loops. These R-loops are balanced
by specific helicases (e.g. DDX19A). Upon an external repressive stimulus
LSD1 activity is increased leading to a reduction in H3K4 methylation,
which enables the PRC2 complex to methylate H3K27. H3K27me3 serves
as a binding motif for DDX19A, which then efficiently removes local R-
loops and leading to robust silencing of transcription.
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ical interaction of LSD1 and DDX19A with R-loops was
confirmed by co-IP using a RNA:DNA hybrid-specific an-
tibody (Figure 4E). (iii) R-loop enrichment byDdx19a sup-
pression affected the robust downregulation of transcrip-
tion only if LSD1 was catalytically active suggesting that
R-loops inhibit LSD1 enzymatic activity (Figure 5A, C).
Suppression of Ddx19a expression did not only lead to an
increase in R-loops but also to an impaired demethylation
of H3K4me2 and reduced increase in H3K27me3. (iv) Re-
duction of LSD1 activity by recruitment of an inactive mu-
tant or application of a small molecule inhibitor, not only
led to reduced decline of H3K4me2, but also reduced in-
troduction of H3K27me3 and increased R-loop occupancy.
The observation thatH3K27methylation by PRC2 depends
on H3K4me2 demethylation is in line with published liter-
ature (59,60). (v) Application of a PRC2 inhibitor not only
prevented introduction of H3K27me3, but also led to an
increase in R-loops and it impedes reporter gene silencing.
(vi) H3K9me3 deposition andH3K27 deacetylation follow-
ing LSD1 recruitment were not affected by suppression of
Ddx19a suggesting that known complex partners of LSD1
like G9a and HDACs were still recruited (Figure 5B). (vii)
We observed distinct binding of DDX19A to H3K27me3
and H4K20me3 histone peptides (Figure 6A–C and Sup-
plementary Figure S6A, B) providing biochemical evidence
for the interaction of DDX19A with H3K27me3.
Taken together, we describe a novelmultiplexed approach

to identify functional coregulators of chromatin effectors.
ChECS enabled us to identify a so far unknown transcrip-
tional regulatory cascade controlling developmental gene
expression programs, which could contribute to oncogen-
esis in case of deregulation. Our study illustrates an inter-
connection of LSD1 and R-loop homeostasis, which pro-
vides novel insights into the biological functions of LSD1.
Furthermore, we show for the first time that a DEAD-box
helicase (DDX19A) contains a bona fide binding motif for
selected histone modifications associated with gene repres-
sion and binds H3K27me3 with considerably high affinity
(109). To date, DEAD-box helicases were not reported to
interact with modified histone tails and do not harbour any
of the so far known histone reading domains, a finding that
might extend to additional RNA:DNA helicases, disclosing
the potential for additional unknown regulatory pathways.

DATA AVAILABILITY

LSD1ChIP-seq data (GSE158441) is available viaGene Ex-
pression Omnibus (https://www.ncbi.nlm.nih.gov/geo/).
The following ChIP-seq tracks were obtained from

published data sets in K562 cells: H3K27ac (En-
code sample ENCFF384ZZM), H3K27me3 (En-
code sample ENCFF936BVT), H3K9me3 (Encode
sample ENCFF700FQH), H3K36me3 (Encode
sample ENCFF223BKS), H3K4me1 (Encode sam-
ple ENCFF463AQS), H3K4me2 (Encode sample
ENCFF778DNU), LSD1 (GEO sample GSM831002),
R-ChIP (GEO sample GSM2551007/8), DRIP-seq
(GEO sample GSM1720619), G4-ChIP-seq (GEO sam-
ple GSM2876090/1). K562 RNA-seq (GEO sample
GSM1557077). The following ChIP-seq tracks were
obtained from published data sets in NIH/3T3 cells:

H3K9ac (GEO sample GSM1246687), H3K27me3
(GEO sample GSM1246690), H3K36me3 (GEO sample
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H4ac (GEO sample GSM1418787), H3K4me3 (GEO
sample GSM1246686), DRIPc-seq (GEO sample
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NIH/3T3 RNA-seq (Encode sample ENCFF001QSC).
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51. Ramı́rez,F., Ryan,D.P., Grüning,B., Bhardwaj,V., Kilpert,F.,
Richter,A.S., Heyne,S., Dündar,F. and Manke,T. (2016)
deepTools2: a next generation web server for deep-sequencing data
analysis. Nucleic. Acids. Res., 44, W160–W165.

52. Welch,R.P., Lee,C., Imbriano,P.M., Patil,S., Weymouth,T.E.,
Smith,R.A., Scott,L.J. and Sartor,M.A. (2014) ChIP-enrich: gene set
enrichment testing for ChIP-seq data. Nucleic. Acids. Res., 42, e105.
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9.2. Appendix 2 

 

A functional LSD1 coregulator screen reveals a novel transcriptional 

regulatory cascade connecting R-loop homeostasis with epigenetic 

regulation.  
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Supplementary Figure S1: The synP-mCherry reporter system is stably expressed in different cell lines 

and can be manipulated by external stimuli. 

Supplementary Figure S2: Suppression of DDX19A expression interferes with LSD1 activity. 

Supplementary Figure S3: DDX19A is involved in R-loop homeostasis and Ddx19a suppression leads 

to global accumulation of R-loops. 

Supplementary Figure S4: Regions of LSD1 occupancy correlate with R-loops genome wide in K562 

and NIH/3T3 cells. 

Supplementary Figure S5: DRIP RNAseH1 controls with and without GSK-LSD1 treatment. 

Supplementary Figure S6: DDX19A specifically binds trimethylated H3K27 and H4K20. 

Supplementary Figure: Uncropped Western Blots.ai 

Supplementary Tables S1-5.xlsx: Supplementary Table 1: ChECS primary data; Supplementary Table 

2: ChECS gene scores; Supplementary Table 3: ChECS sequencing primer; Supplementary Table 4: 

shRNA guide sequences; Supplementary Table 5: qPCR primer sequences   
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Supplementary Figure S1: The synP-mCherry reporter system is stably expressed in different 

cell lines and can be manipulated by external stimuli. (A) Flow-cytometric analysis of mCherry 

expression after transduction and selection of the synP-mCherry reporter cassette in different cell lines 

(red) compared to untransduced cells (grey). Signals were measured by flow cytometry and are 

normalized to the highest cell count. MEF=mouse embryonic fibroblasts; RN2=murine MLL–

AF9;NrasG12D AML cells. (B) Immunodetection of the expression levels of the rTetR-LSD1 wt or K661A 

with and without suppression by shLSD1. Whole-cell lysate of NIH/3T3 cells expressing the synP-

mCherry reporter and the rTetR-LSD1 fusion protein was loaded. ACTIN was used as a loading control. 

(C) Flow cytometry analysis of NIH/3T3 during recruitment of rTetR-LSD1 wt, K661A or rTetR alone to 

the synP promoter. Bar graphs represent the median mCherry expression relative to the initial 
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measurement. The histograms show mCherry expression profiles corresponding to the bar graphs at 

day 0 (-DOX) and day 6 (+DOX) of DOX treatment. One representative experiment is shown. (D) 

Representative fluorescence microscopy images of NIH/3T3 cells stably expressing the synP-mCherry 

reporter cassette together with rTetR-LSD1. Left: untreated cells (-DOX). Right: Cells with 4 days of 

LSD1 recruitment (+DOX). Scale bars are 400µm. (E) Representative mCherry expression profiles of 

NIH/3T3 cells after treatment with 10 µM GSK-LSD1, 400 nM TSA or DMSO and recruitment of rTetR-

LSD1 by the addition of DOX for the indicated days. Grey: rTetR-LSD1 recruitment (+DOX), red: no 

recruitment (-DOX). Dotted lines represent the median mCherry signal of the respective population.  
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Supplementary Figure S2: Suppression of DDX19A expression interferes with LSD1 activity. (A) 

Scatter plot illustrating the gating strategy used in FACS. Red: representative cell population transduced 

with the shRNA library after 14 days +DOX. Grey: control population transduced with the shRNA library 

without the addition of DOX. Numbers indicate the percentage of cells that were sorted using the 

respective gate. Histograms of the respective populations are indicated. (B) Enrichment scores for all 

shRNAs tested in the screen. Enrichment scores for each shRNA were calculated by dividing the 

geometric mean of the read counts of all independent replicates (n=5) in the positive population by the 

geometric mean of the read counts of the negative population and are plotted as the natural logarithm 

(ln) in ascending order. Positive and neutral control shRNAs are highlighted in green and grey (left). 

shRNAs (4-6 per gene) targeting the top10 hits of the screen are highlighted in blue (right). (C) 

Competitive proliferation assays of NIH/3T3 cells expressing the indicated shRNAs. Shown is the 

fraction of GFP+/shRNA+ cells relative to the initial measurement. (D) qPCR analysis of Ddx19a mRNA 

levels in NIH/3T3 cells expressing shDdx19a or shControl for 10 days. Bars are relative to the shControl 

(n=3, mean±s.e.m., p**≤0.01, Student´s t-test). (E) Validation of two shRNAs targeting Ddx19a 

(shDdx19a.1 and 2). Histograms showing representative mCherry expression profiles in rTetR-LSD1 

reporter cell populations treated with DOX for 7 days. (F) Immunoblotting of NIH/3T3 cells expressing 
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the rTetR-LSD1 fusion protein and the indicated shRNAs. Detection was performed with a TetR-specific 

antibody. ACTIN was used as a loading control. (G) Expression of the mCherry reporter in NIH/3T3 cells 

co-expressing the synP-mCherry reporter, the rTetR-LSD1 fusion protein under suppression of Ddx19a 

expression. Plotted is the median mCherry signal measured by flow-cytometry in cells expressing the 

indicated shRNAs without DOX treatment for the indicated number of days relative to the signal at day 

0. The mean of individual replicates is plotted (n=3, mean±s.e.m.). (H) Time course of the mCherry 

signal in NIH/3T3 expressing the synP-mCherry reporter, a rTetR-KRAB fusion protein and the indicated 

shRNAs. Circles indicate the median mCherry expression under recruitment of rTetR-KRAB (+DOX) 

measured by flow cytometry relative to the initial measurement (n=3; mean±s.e.m.). (I) Immunoblotting 

of proteins co-precipitated with LSD1 from NIH/3T3 lysate using an antibody against LSD1. The strong 

band on the lowest blot originates from the antibody used for IP. The DDX19A band is highlighted with 

an arrow. 
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Supplementary Figure S3: DDX19A is involved in R-loop homeostasis and Ddx19a suppression 

leads to global accumulation of R-loops. (A) Representative immunofluorescence microscopy 

images of NIH/3T3 cells stably expressing the indicated shRNAs for 10 days and stained with the S9.6 

antibody specific for R-loops as shown in Figure 3A. To capture more cells, a lower magnification than 

in Figure 3A is shown. Images are maximum intensity projections of a Z-stack covering the whole 

nucleus. Scale bar is 20 µm. (B) Box and whisker plot showing the analysis of the R-loop spot intensity 

per nucleus in NIH/3T3 cells from three independent experiments, stained with the S9.6 antibody as 

shown in (A). Images were analysed using CellProfiler™ software. Box-and-Whisker plots indicate the 

median and the 10-90 percentile (n=3; mean±s.e.m., p***≤0.001, p****≤0.0001, n.s.=non-significant, 

Student´s t-test). [A.U.]=arbitrary unit. (C) Bar graph comparing the enrichment of spiked-in chromatin 

with the S9.6 antibody from samples that were treated with RNAseH1 before spike-in of D.melanogaster 
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chromatin compared to the enrichment of spike-in D.melanogaster chromatin from samples that were 

not RNAseH1 treated indicating that the IP efficiency is comparable between RNAseH1 treated and 

untreated samples. (n=9; mean±s.e.m., n.s.=not significant, Student´s t-test). Spike-in chromatin was 

not treated with RNAseH and used for the normalization of pulldown efficiency. (D) RNaseH1 control for 

the DRIP at the synP reporter element shown in Figure 3C. Nucleic acids were treated with RNAseH1 

before performing the IP in parallel to the samples without RNAseH1 treatment. qPCR signals are shown 

relative to -RNAseH1 (n=3, p*<0.05, Student´s t-test). (E) Selected ChIP-seq occupancy profiles from 

NIH/3T3 cells at representative endogenous loci shown in Figure 3D. The regions amplified by qPCR 

after DRIP are indicated as red bars. (F) Coomassie-stained polyacrylamide gel after SDS-PAGE of 

DDX19A-GST purified with affinity chromatography. Numbers on the left indicate the size of the 

molecular weight marker in kDa. Arrow indicates the expected size of the full-length recombinant protein. 
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Supplementary Figure S4: Regions of LSD1 occupancy correlate with R-loops genome wide in 

K562 and NIH/3T3 cells. (A), (B) Correlation matrix of selected histone modifications and R-loop 

features in K562 (A) or NIH/3T3 cells (B) underlying the data shown in Figure 5C. The tracks were 

clustered according to their Pearson correlation coefficients. (C) and (D), Venn diagrams illustrating 
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overlap of genes in the vicinity of LSD1 binding and/or R-loops in K562 (C) or NIH/3T3 cells (D). (E) 

Representative genomic regions in K562 cells showing the occupancy of LSD1 and R-loops at genes 

associated with the categories shown in Figure 4D. Relative expression is indicated for each gene as 

FPKM value. (F) Gene Ontology analysis of genes bound by LSD1 and R-loops. Genes were identified 

from LSD1 ChIP-seq and DRIPc-seq data from K562 cells and categorized for their annotated biological 

processes.  
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Supplementary Figure S5: DRIP RNAseH1 controls with and without GSK-LSD1 treatment. 

RNaseH1 controls for the DRIP analysis shown in Figure 5D at the indicated regions. Nucleic acids were 

treated with RNAseH1 before performing the IP in parallel to the samples without RNAseH1 treatment. 

qPCR signals are shown relative to -RNAseH1 (n=3, mean±s.e.m., p*<0.05, p**<0.01, p****<0.0001, 

n.s.=not significant, Student´s t-test). 
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Supplementary Figure S6: DDX19A specifically binds trimethylated H3K27 and H4K20. (A) 

Independent replicates of the MODified™ Histone Peptide Arrays incubated with 50 nM DDX19A-GST. 

Binding was detected using an anti-GST antibody and an HRP-coupled secondary antibody. All peptides 

featuring H3K27me3 are highlighted in red, all peptides featuring H4K20me3 are highlighted in blue. 

The duplicates on the right side were left unlabelled for better visualization. (B) Two representative 

peptide SPOT arrays featuring the indicated unmodified and trimethylated histone peptides. Arrays were 

incubated with 50 nM DDX19A-GST. (C) Representative immunofluorescence images of NIH/3T3 cells 

treated with 5 µM GSK-343 or DMSO for 3 days and stained with an H3K27me3 specific antibody. Scale 

bar is 10 µm. DAPI was used as a nuclear marker. (D) RNaseH1 controls for DRIP at the indicated 

regions shown in Figure 6F. Nucleic acids were treated with RNAseH1 before performing the IP in 

parallel to the samples without RNAseH1 treatment. The qPCR signals are shown relative to -RNAseH1 

(n=3, mean±s.e.m., p***<0.001, n.s.=not significant, Student´s t-test). 
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9.3. Appendix 3 

 

Appendix Figure 1: Plasmid map showing the viral expression vector for the rTetR-effector 
fusion construct. The construct containing LSD1 as a fusion protein is shown as an example. 
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Appendix Figure 2: Plasmid map showing the viral construct for the synP-mCherry reporter. 

 


