
 

 

 

The human chromatin protein DEK and its nuclear 

bodies in DNA replication 

 

Dissertation  

zur Erlangung des akademischen Grades  

eines Doktors der Naturwissenschaften  

(Doctor rerum naturalium) 

 

an der  

 

Mathematisch-Naturwissenschaftliche Sektion 

Fachbereich Biologie 

 

vorgelegt von 

Christopher Vogel 

 

Tag der mündlichen Prüfung: 27. Mai 2019 

1. Referentin: Prof. Dr. Elisa Ferrando-May 

2. Referent: Prof. Dr. Alexander Bürkle 

 

  

Konstanzer Online-Publikations-System (KOPS) 
URL: http://nbn-resolving.de/urn:nbn:de:bsz:352-2-poc6z9jjktkx2



 

  



 

Danksagung 

Zuerst danke ich Elisa May, die mich von Beginn an sehr herzlich in ihre AG aufgenommen 

hat und mir die Möglichkeit gegeben hat, am Bioimaging Center zu forschen. Während meiner 

Zeit am BIC hat sie mich in allen wissenschaftlichen Fragen unterstützt und angeleitet. Auch 

in schwierigen Phasen, ich denke da z.B. an die monatelange Etablierung der iPOND-

Methode, war sie stets geduldig und hat mir wertvolles Feedback gegeben. Als Leiterin des 

BIC hat sie mit ihrer herzlichen und großzügigen Art (Danke für die Weihnachtsfeiern, 

Betriebsausflüge, Weihnachtsmarktbesuche, …) maßgeblich zu der angenehmen Atmosphäre 

beigetragen. Von ihr stammte auch die Idee, im Rahmen eines Forschungsaufenthalts am 

EMBL in Heidelberg einen Hochdurchsatz-Screen durchzuführen. Die spannenden 

Ergebnisse dieser Forschung haben in großen Teilen Eingang in die hier vorgelegte Arbeit 

gefunden.  

Ich danke zudem Prof. Alexander Bürkle und Prof. Martin Scheffner, für die Begleitung meiner 

Dissertation als Mitglieder des Thesis Committees und die wertvollen Anregungen, die sie mir 

von Beginn an geben konnten. Zudem gilt mein Dank Prof. Bürkle für die Begutachtung meiner 

Arbeit als zweiter Referent und Prof. Scheffner für die Leitung der mündlichen Prüfung als 

Vorsitzender. 

Der Arbeitsalltag am BIC war geprägt von meinen Kollegen, von denen mich einige über viele 

Jahre begleitet haben. Besonders danke ich Magda, dass sie mir zu Beginn meiner Promotion 

viele praktische Tipps für die Laborarbeit gegeben hat; Eva, dass sie mir das spannende 

Projekt mit den eGFP-DEK Zellen ermöglicht hat und meine Doktorarbeit kritisch gelesen hat; 

CC, dass sie für meine Doktorarbeit wertvolle Daten geliefert hat; Nadine, für ihre stete 

Hilfsbereitschaft in allen Dingen; Martin, für seine immer hilfreichen Antworten auf meine 

biochemischen, mikroskopischen oder bioinformatischen Fragen; Dani und Caro für ihre 

Unterstützung in allen Fragen der Laborarbeit; Christina, als Ruhepol und Meister-

Organisatorin; Stefan, Michael und Claudio für die immer wieder nötige Auflockerung des 

Arbeitsalltags mit ihren ganz eigenen Methoden. 

Ein besonderer Dank gilt meiner Familie, die mich durch die gesamte Studienzeit und auch die 

Promotion begleitet und unterstützt haben und mir immer das Gefühl gegeben haben, auf dem 

richtigen Weg zu sein. 

Zu guter Letzt danke ich meiner Frau Verena, sie war immer für mich da und hat mich mit den 

richtigen Worten aufgemuntert, motiviert und mich in meiner Sache unterstützt und bestärkt. 

  



 

Publications 

Submitted: Ganz, M#, Vogel, C#, Czada C, Kleiner R, Kappes F, Bürkle A, Ferrando-May E. 
2018. Poly(ADP-ribosyl)ation affects DEK functions at the replication fork. 

# Joint First Authors 

  

  



 

Table of contents 

1 Zusammenfassung ............................................................................................ 1 

2 Abstract .............................................................................................................. 3 

3 Introduction ........................................................................................................ 4 

3.1 DEK .............................................................................................................................4 

3.1.1 DEK structure and function .......................................................................................4 

3.1.2 DEK’s role in transcription ........................................................................................6 

3.1.3 Post-translational modifications of DEK ....................................................................7 

3.2 The eukaryotic cell cycle ...........................................................................................9 

3.3 Eukaryotic DNA replication .....................................................................................10 

3.3.1 Molecular mechanisms of replication ......................................................................10 

3.3.2 Spatiotemporal organization of DNA replication .....................................................11 

3.4 DNA replication stress ............................................................................................15 

3.4.1 Endogenous sources of replication stress ..............................................................15 

3.4.2 Exogenous sources of replication stress ................................................................17 

3.4.3 Consequences of DNA replication stress ...............................................................18 

3.5 DEK in unperturbed and perturbed DNA replication .............................................19 

3.6 A potential new role for DEK in replication ............................................................21 

4 Aim .................................................................................................................... 23 

5 Results .............................................................................................................. 24 

5.1 DEK forms distinct nuclear bodies during S phase ..............................................24 

5.1.1 Not all late S phase replication machineries are positive for DEK bodies................24 

5.1.2 DEK bodies are sites of active and unperturbed replication ....................................26 

5.1.3 Superresolution microscopy reveals fine structure of DEK bodies ..........................28 

5.2 DEK associates with maturing chromatin in a histone-like manner ....................31 

5.3 Replication stress modulates the formation of DEK bodies .................................33 

5.4 A high-throughput screening assay for the identification of DEK body  

regulators .................................................................................................................37 

5.4.1 Development of the assay - the pilot screen ...........................................................37 

5.4.2 The primary screen identifies DEK body regulators ................................................43 

5.4.2.1 Quality control and reproducibility of the primary screen .................................44 

5.4.2.2 Scoring of hits reveals SUMO-related proteins as DEK body upregulators ......47 



 

5.4.3 A validation screen confirms major DEK body regulators .......................................53 

5.5 SUMOylation of DEK could modulate its capability to form nuclear bodies .......56 

6 Discussion ........................................................................................................ 59 

6.1 DEK forms distinct nuclear bodies during S phase ..............................................59 

6.1.1 Assessment of cell viability under different imaging conditions ...............................60 

6.1.2 Not all late S phase replication machineries are positive for DEK bodies................61 

6.1.3 DEK bodies are sites of active and unperturbed replication ....................................61 

6.2 DEK associates with maturing chromatin in a histone-like manner ....................62 

6.3 Replication stress modulates the formation of DEK bodies .................................64 

6.4 A high-throughput screening assay for the identification of DEK body  

regulators .................................................................................................................64 

6.4.1 Development of the assay - the pilot screen ...........................................................65 

6.4.2 The primary screen identifies DEK body regulators ................................................68 

6.4.2.1 Quality control and reproducibility of the primary screen .................................69 

6.4.2.2 Scoring of hits reveals SUMO-related proteins as DEK body upregulators ......70 

6.4.3 A validation screen confirms major DEK body regulators .......................................72 

6.5 SUMOylation of DEK could modulate its capability to form nuclear bodies .......74 

7 Material and Methods ...................................................................................... 77 

7.1 Material .....................................................................................................................77 

7.1.1 Chemicals ..............................................................................................................77 

7.1.2 Buffers and solutions ..............................................................................................78 

7.1.3 Media and supplements .........................................................................................79 

7.1.4 Cell lines ................................................................................................................79 

7.1.5 Equipment ..............................................................................................................80 

7.1.6 Consumables .........................................................................................................81 

7.1.7 Software .................................................................................................................82 

7.2 Methods ....................................................................................................................82 

7.2.1 Cell culture .............................................................................................................82 

7.2.2 Live-cell microscopy ...............................................................................................82 

7.2.2.1 Transfection of U2-OS cells .............................................................................82 

7.2.2.2 Time lapse microscopy ....................................................................................83 

7.2.3 Immunofluorescence microscopy ...........................................................................84 

7.2.3.1 Widefield microscopy ......................................................................................84 

7.2.3.2 3D structured illumination microscopy (3D-SIM) ..............................................85 



 

7.2.4 High-throughput siRNA screen coupled with time lapse fluorescence microscopy ..86 

7.2.4.1 Preparation of transfection-ready imaging plates .............................................86 

7.2.4.2 Cell seeding and time lapse microscopy ..........................................................87 

7.2.4.3 Image analysis using CellProfiler.....................................................................88 

7.2.4.4 Data aggregation and transformation using R .................................................89 

7.2.5 Low-throughput siRNA validation screen coupled with time lapse fluorescence 

microscopy .............................................................................................................90 

7.2.5.1 Cell seeding and liquid-phase transfection ......................................................91 

7.2.5.2 Time lapse microscopy ....................................................................................91 

7.2.5.3 Image analysis using CellProfiler.....................................................................92 

7.2.5.4 Data aggregation and transformation using R .................................................92 

7.2.6 Biochemical methods .............................................................................................93 

7.2.6.1 SDS-PAGE (SDS polyacrylamide gel electrophoresis) ....................................93 

7.2.6.2 Western blotting ..............................................................................................93 

7.2.6.3 Isolation of Proteins on Nascent DNA (iPOND) ...............................................94 

7.2.6.4 Validation of siRNAs via western blotting ........................................................96 

7.2.6.5 In cellula SUMOylation assay ..........................................................................97 

8 Appendix ..........................................................................................................100 

8.1 siRNA library primary screen ................................................................................ 100 

8.2 R code for data analysis ........................................................................................ 113 

9 Abbreviations ..................................................................................................125 

10 Index.................................................................................................................128 

10.1 Figures ................................................................................................................... 128 

10.2 Tables ..................................................................................................................... 129 

11 Record of contributions .................................................................................130 

12 References .......................................................................................................131 

 



 

1 

1 Zusammenfassung 

Das ubiquitäre menschliche Onkoprotein DEK wurde zuerst als Fusionsprotein in einem 

Leukämiepatienten entdeckt. Es bindet Chromatin in Zellen und kann die Topologie von DNA 

in vitro verändern. DEK ist ein stark posttranslational modifiziertes Protein. Es ist unter 

anderem das Ziel kovalenter und nicht-kovalenter poly-ADP-Ribosylierung (PARylierung). 

Neben seiner Rolle in der Regulierung der Transkription vieler Gene wurde DEK sowohl mit 

der DNA-Reparatur als auch -Replikation in Verbindung gebracht. Herunterregulierung von 

DEK führt zu einer Verlangsamung der Replikationsgabel und einer beeinträchtigten 

Überlebensfähigkeit. Diese Eigenschaften verschlechtern sich weiter, wenn den Zellen 

niedrige Konzentrationen Replikationsstress-auslösender Chemikalien zugegeben werden. 

Die Bildung von DEK-Clustern, die einmal pro Zellzyklus während der späten S-Phase 

auftreten, verdeutlicht, dass DEK in der DNA-Replikation involviert ist. Diese sogenannte DEK 

Bodies wurden das erste Mal in einer GFP-DEK Knock-in U2-OS Zelllinie, die jüngst in dieser 

Arbeitsgruppe entwickelt worden ist, beobachtet. DEK Bodies bilden sich während der späten 

S-Phase und ihre Signale überlagern sich mit denen von Replikations-Foci, wie 

Kolokalisierungs-Studien mit PCNA gezeigt haben. Diese Erkenntnisse führten zur Hypothese, 

dass DEK oder eine seiner Varianten an der Replikation von DNA-Sequenzen beteiligt ist, die 

typischerweise in der späten S-Phase dupliziert werden. Die Mechanismen, die diese 

Unterstützerrolle von DEK in der DNA-Replikation erklären könnten sind jedoch weiterhin 

unklar. 

Diese Forschungsarbeit dient der systematischen Untersuchung von DEK Bodies und hat das 

Ziel, DEK’s Funktionen in der DNA-Replikation aufzuklären und potentielle molekulare 

Mechanismen herauszufinden. Dazu wurde mithilfe von Superauflösungs-Mikroskopie 

gezeigt, dass DEK in der Nähe von Replikationsgabeln bindet und nicht mit neugebildeter DNA 

kolokalisiert. In vergleichbarer Weise zeigten iPOND Experimente (Isolation of Proteins on 

Nascent DNA) eine Anreicherung von DEK in heranreifendem Chromatin aber nicht in 

neugebildeter DNA im Kontext globaler DNA-Replikation. Um Regulatoren der DEK Body-

Bildung zu identifizieren, wurde ein Mikroskopie-basiertes Hochdurchsatz-siRNA-Screening-

Experiment durchgeführt. Hierbei wurden mehr als 300 Gene in U2-OS GFP-DEK Zellen 

mittels RNA-Interferenz herunterreguliert und die DEK Body-Bildung mittels Zeitraffer-

Fluoreszenzmikroskopie verfolgt. Bei der automatisierten Bildanalyse dieser Aufnahmen 

stellte sich heraus, dass siRNAs, die folgende Proteine herunterregulieren, die Anzahl an DEK 

Bodies deutlich erhöhen: Histon Acetyl- und Methyltransferasen und Proteine, die an 

SUMOylierungs- und Ubiquitinierungsprozessen beteiligt sind. Ein anschließender 

Validierungsscreen bestätigte, dass verschiedene siRNAs, die für die SUMO-assoziierten 

Proteine SUMO1, SAE1 and UBE2I spezifisch sind, DEK Bodies hochregulieren. In der Folge 
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konnte im Rahmen eines Zell-basierten Experimentes demonstriert werden, dass DEK 

tatsächlich mit SUMO-Proteinen modifiziert wird.  

Die Ergebnisse dieser Arbeit geben erste Hinweise darauf, dass die Aktivität von DEK während 

der DNA-Replikation, besonders in der späten S-Phase, mittels SUMOylierung gesteuert wird. 

Sie untermauern außerdem den Bedarf an weiterer Forschung im Hinblick darauf, wie das 

Zusammenspiel von SUMOylierung und PARylierung DEK’s Funktionen während der DNA-

Replikation und -Reparatur modulieren kann. 
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2 Abstract 

Originally discovered as a fusion protein in a leukemia patient, the highly conserved human 

oncoprotein DEK has been shown to bind to chromatin in cells and alter the topology of DNA 

in vitro. DEK is highly post-translationally modified. Amongst others, it is a high affinity target 

of covalent and non-covalent poly(ADP-ribosyl)ation (PARylation). Besides regulating the 

transcription of many genes, DEK was implicated both in DNA repair and replication. 

Downregulation of DEK expression slows down replication forks and impairs proliferative 

capability, enhancing replication-associated DNA damage. These phenotypes are aggravated 

when the cells are treated with low concentrations of replication stress-inducing drugs. A role 

for DEK in DNA replication is corroborated by the formation of DEK protein clusters once per 

cell cycle during late S phase. These clusters, termed DEK bodies, were observed for the first 

time in a GFP-DEK knock-in U2-OS cell line previously established in the laboratory and 

correspond to replication sites, as indicated by PCNA colocalization studies. These findings 

led to the hypothesis that DEK or a variant of DEK is involved in the replication of DNA 

sequences which are typically duplicated late in S phase. Still, the molecular mechanisms 

through which DEK exerts its replication-promoting activity are not understood yet. 

This thesis presents a thorough and systematic investigation of DEK bodies with the aim to 

further explore DEK´s role in replication and narrow down potential mechanisms of action. 

Determination of DEK body fine structure via superresolution microscopy revealed that DEK 

binds in the vicinity of the replication fork and does not colocalize with nascent DNA. Similarly, 

iPOND (Isolation of Proteins on Nascent DNA) experiments showed an enrichment of DEK on 

maturing chromatin but not on nascent DNA in the context of global DNA replication. To identify 

regulators of DEK body formation, a microscopy-based high-throughput siRNA screening 

assay was performed. Over 300 genes were downregulated in U2-OS GFP-DEK cells and the 

dynamics of DEK body formation were investigated via time-lapse fluorescence microscopy. 

Automated image analysis revealed that siRNAs targeting histone acetyl- and 

methyltransferases and proteins involved in the SUMO and ubiquitin modification pathways 

upregulate DEK bodies. In a follow-up validation screen, several siRNAs targeting 

SUMOylation proteins SUMO1, SAE1 and UBE2I were confirmed as DEK body upregulators. 

A SUMOylation assay confirmed that DEK is indeed a target of SUMOylation in cells. 

The findings of this thesis pinpoint SUMO modification as a major regulatory pathway of the 

activity of DEK during replication, in particular in late S-phase. They also provide a rationale 

for future studies addressing the interplay of SUMOylation and PARylation in determining 

DEK´s role at the interface of DNA replication and repair.   
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3 Introduction 

3.1 DEK 

The DEK gene was discovered in 1992 in the acute myeloid leukemia (AML) patient Derek K. 

(von Lindern et al., 1992). In this patient, translocation t(6;9) fuses the 3’ part of CAN (now 

known as the nucleoporin NUP214) on chromosome 9q34 to the 5’ part of DEK on 

chromosome 6p23. This rearrangement results in the expression of a chimeric, 165 kDa DEK-

NUP214 protein capable of leukemogenesis in a small subpopulation of hematopoietic stem 

cells (Oancea et al., 2010). Recent studies have shown that about 1% of all AML patients carry 

this translocation (Oyarzo et al., 2004; Sandahl et al., 2014; Slovak et al., 2006).  

DEK is a nuclear, non-histone chromatin-bound protein with no enzymatic activity. It is 

expressed in most tissues and without fluctuation throughout the cell cycle (Kappes et al., 

2001). DEK is highly conserved among higher eukaryotes, but absent in C. elegans and yeast 

(Waldmann et al., 2004). In many tumor types including AML, colon, bladder, skin, breast, 

prostate and liver an overexpression of human DEK has been demonstrated (Abba et al., 2007; 

Carro et al., 2006; Han et al., 2009; Kappes et al., 2011a; Kondoh et al., 1999; Kroes et al., 

2000; Orlic et al., 2006; Sanchez-Carbayo et al., 2003). A recent meta-analysis substantiated 

DEK’s proposed status as a “bona fide” oncogene. The authors correlated overexpression of 

DEK with poor survival in solid tumors and suggested DEK as a biomarker to predict prognosis 

in these types of cancer (Liu et al., 2017).  

DEK is associated to a plethora of cellular processes including DNA replication, transcription 

and repair and mRNA processing. Many of its amino acids have been shown to be target of 

different post-translational modifications, which are thought to regulate its diverse functions 

(see 3.1.3).   

 

3.1.1 DEK structure and function 

DEK isoform 1, the major of two human splice variants, contains 375 amino acids (aa) and is 

43 kDa in size (Figure 1). It is a unique protein, as apart from orthologs in other species, no 

human paralog has been described with similar sequence or domain structure so far 

(Waldmann et al., 2004). DEK contains two large regions with highly intrinsically disordered 

amino acids (aa 1 - 59 and aa 177 - 335, (Dosztanyi et al., 2005; Kozlowski and Bujnicki, 

2012)). Intrinsically disordered proteins (IDPs) or protein regions (IDPRs) do not fold into a 

stable secondary structure and consequently cannot easily be solved by NMR spectroscopy 

or X-ray crystallography. IDP(R)s are predicted to occur in every kingdom of life, with 
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increasing abundance in increasingly complex organisms: 2% of archaean, 4% of prokaryotic 

but 33% of eukaryotic proteins contain at least one disordered segment of 30 aa or longer 

(Ward et al., 2004). Major functions of IDP(R)s are in signaling cascades and nucleotide 

binding  during transcription and translation (Darling and Uversky, 2018). For DEK, the 

functional consequences of its highly disordered regions have not yet been investigated 

systematically. Only the 3D structure of two parts of DEK has been solved so far via NMR 

spectroscopy: The N-terminal segment (aa 78 - 208, (Devany et al., 2008)) and the C terminus 

(aa 309 - 375, (Devany et al., 2004)). As shown in Figure 1, these segments mostly do not 

overlap with the predicted IDPRs. The high disorder of the unsolved regions might explain the 

failure to obtain structural data for full-length DEK.  

 

 

Figure 1: Structural properties of the DEK protein 

The 3D structure of two parts of the 375 amino acids long DEK protein has been determined: The first 

segment contains the pseudo-SAP and SAP DNA binding domains and the second segment the C-

terminal DNA interaction site. The majority of DEK is predicted to be intrinsically disordered (red; “IUPred 

long“ predictor from http://iimcb.genesilico.pl/metadisorder), its structure is thus difficult to determine. 

 

The N-terminal segment of DEK (DEK78-208) contains two motifs: a domain with two α-helices 

with homology to a SAP box (SAF-A/B, Acinus and PIAS, aa 149 - 183) and a so-called 

pseudo-SAP (ps-SAP) domain with three α-helices. The putative DNA-binding SAP motif is 

highly conserved and found in over 40 DNA-binding proteins with functions in e.g. DNA repair 

and chromatin organization (Aravind and Koonin, 2000). It is the only known part of DEK with 

homology to other proteins (Devany et al., 2008). The ps-SAP domain is localized N-terminally 

of the SAP box. Remarkably, it exhibits a 3D structure similar to the SAP domain but shows 

no similarities in the amino acid sequence. This combination of ps-SAP and SAP box is a 

unique structural feature of DEK (Devany et al., 2008) and thought to be responsible for its 

structure-specific DNA binding capabilities: Binding to non B-DNA secondary structures such 
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as four-way junctions (Waldmann et al., 2003) and DNA supercoils (Bohm et al., 2005). 

Furthermore, DEK is capable of inducing positive supercoils in circular DNA (Waldmann et al., 

2002). The second structurally resolved part of DEK is the C-terminus (DEK309-375). With its 

three α-helices it is structurally related to the winged-helix motif (Gajiwala and Burley, 2000) 

and also exhibits DNA binding and multimerization capabilities (Kappes et al., 2004b). Of note, 

sequence-specific binding has also been reported: DEK binds to the peri-Ets site, which is a 

regulatory element of the HIV-2 enhancer (Fu et al., 1997) and to sequence variants of the 

class II MHC promoter, a transcription factor binding site with sequence similarities to the peri-

Ets site (Adams et al., 2003). 

The DNA binding and topology changing properties of DEK are also connected to its reported 

histone chaperone activity. Drosophila DEK has been shown to act as a histone H3.3 

chaperone in vitro and in intact flies, where it co-activates transcription of the nuclear ecdysone 

receptor (Sawatsubashi et al., 2010). In line with this, DEK regulates H3.3 deposition in human 

and mouse cells (Ivanauskiene et al., 2014) and modulates H3 occupancy in Arabidopsis 

(Waidmann et al., 2014). In vitro histone chaperone activity has been confirmed for human 

DEK using core histones (Kappes et al., 2011b).  

In summary, many of DEK’s chromatin-related functions are closely linked to what is known 

about its DNA-binding structural elements. Collectively, these properties led to the 

classification of DEK as a chromatin architectural protein (Waldmann et al., 2004). 

 

3.1.2 DEK’s role in transcription 

The scientific literature about DEK’s role in transcription elucidates a contradictory function: as 

an activator or repressor of gene expression. Evidence for a gene activating function stems 

from immunofluorescence studies, where DEK was found to bind to euchromatin, the 

transcriptionally active part of chromatin (Hu et al., 2005; Hu et al., 2007; Takata et al., 2009). 

More specifically, DEK is enriched at promotor sites of Topoisomerase I and CD21/CR2 (Hu 

et al., 2005; Hu et al., 2007). It also associates with transcriptional activators such as MLLT3, 

leading to its upregulation (Shibata et al., 2010), and AP-2α and C/EBPα, enhancing their 

activity (Campillos et al., 2003; Koleva et al., 2012). AP-2α is the main cell 

differentiation/development transcription factor while C/EBPα is a central regulator of 

metabolism and a mediator of myeloid differentiation. Furthermore, immunoprecipitation 

experiments in Drosophila demonstrated an association of DEK with activating histone 

modifications such as H3K4me2/3 (Sawatsubashi et al., 2010). DEK was also purified as a 

component of the chromatin-remodeling complex B-WICH (Cavellan et al., 2006). This large 3 

MDa complex contains, amongst others, WSTF (a tyrosine-protein kinase, also known as 
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BAZ1B) and SNF2H (a helicase, also known as SMARCA5) and is suggested to activate RNA 

polymerase I- and III-mediated transcription by recruiting histone H3 acetyltransferases 

(Vintermist et al., 2011). 

On the other hand, DEK has been implicated in the maintenance of heterochromatin, the 

transcriptionally inactive part of chromatin: It binds HP1α (also known as CBX5) and enhances 

its binding to the gene silencing histone modification H3K9me3. HP1α itself serves as a scaffold 

for other modifying proteins, among them the histone methyltransferases SUV39H1/2, which 

spread the H3K9me3 mark and thereby stabilize the heterochromatin (Kappes et al., 2011b). 

In line with this, DEK inhibits the activating histone acetyltransferases (HATs) p300 and PCAF 

(also known as KAT2B) via its acidic regions, leading to hypoacetylation of chromatin regions 

and transcriptional repression in human cell cultures and in Drosophila (Ko et al., 2006; Lee et 

al., 2008). DEK also associates with the promoters of NF-κB-regulated genes and represses 

their TNFα-stimulated transcription (Sammons et al., 2006). NF-κB is a main transcription 

factor in the regulation of the immune response to infection and activated, amongst others, by 

the inflammatory cytokine TNFα. Interestingly, NF-κB requires co-activation by HATs and was 

shown to bind p300 and PCAF (Sheppard et al., 1999), which are inhibited by DEK. 

Additionally, DEK itself is acetylated by PCAF/p300 and thought to dissociate from the peri-

Ets site of the HIV-2 promoter after acetylation, thus enabling transcription (Cleary et al., 2005). 

However, the potential link between the acetylation status of DEK, DEK’s inhibitory effect on 

PCAF/p300 activity and its repressive influence on NF-κB-driven transcription has not yet been 

investigated. DEK also physically interacts with transcriptional repressor Daxx, which, together 

with histone deacetylase II, might inactivate transcription via histone deacetylation (Hollenbach 

et al., 2002). Furthermore, removal of DEK from chromatin by the histone chaperone SET or 

by poly(ADP-ribose)ylation through PARP-1 was shown to be necessary but not sufficient for 

RNA polymerase II-mediated transcription (Gamble and Fisher, 2007). 

In conclusion, DEK seems to act both as an activator and a suppressor of gene transcription. 

This behavior was confirmed in a recent genome-wide DNA binding and gene expression 

analysis, where DEK was found to predominantly bind to open, actively transcribed chromatin 

with both gene up- und downregulating consequences (Sanden et al., 2014). However, the 

decisive factors that determine whether gene expression is increased or decreased remain 

unknown.  

 

3.1.3 Post-translational modifications of DEK 

DEK is modified at dozens of residues by at least six known processes: phosphorylation, 

acetylation, mono-methylation, ubiquitination, SUMOylation and poly(ADP-ribose)ylation 
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(Figure 2). To date, 45 phosphorylation sites have been discovered in mass spectrometry 

studies (phosphosite.org, (Hornbeck et al., 2012; Mor-Vaknin et al., 2011)), ten of which were 

confirmed in low-throughput approaches (Hengeveld et al., 2012; Kappes et al., 2004a; Soares 

et al., 2006). The main kinase responsible for DEK phosphorylation is casein kinase-2 (CK2) 

(Kappes et al., 2004a). Phosphorylation has been shown to drastically reduce DEK’s DNA 

binding properties, but enhances its multimerization (Kappes et al., 2004b) and activates its 

histone chaperone activity (Kappes et al., 2011b; Sawatsubashi et al., 2010). 

 

 

Figure 2: Post-translational modifications of DEK 

DEK contains three PAR binding domains (PBD1-3), seven covalent PARylation sites (purple) and 

several acetylation (blue) and phosphorylation sites (orange; grey when confirmed in low-throughput 

assays). 

 

Acetylation is the second most abundant post-translational modification (PTM) of DEK. In a 

nano-LC-MS/MS experiment 28 modified lysine residues were found (Mor-Vaknin et al., 2011). 

Acetylation of full-length DEK by CBP and p300 in vitro and of the N-terminal part by PCAF in 

cellula have already been demonstrated (Cleary et al., 2005). Here, PCAF-acetylated DEK 

exhibited a reduced affinity to promoter sites and accumulated in interchromatin granules or 

nuclear speckles, which are sites of transcription and mRNA processing. Mono-methylation 

could be detected at three residues via mass spectrometry, but no functional studies have 

been performed so far. (Larsen et al., 2016; Olsen et al., 2016; Possemato, 2009) 

Apart from these small PTMs, there is also evidence of ubiquitination and SUMOylation of 

DEK. In several mass spectrometry studies, nine ubiquitinated lysine sites have been identified 

(Boeing et al., 2016; Kim et al., 2011; Mertins et al., 2013; Povlsen et al., 2012; Theurillat et 

al., 2014; Udeshi et al., 2013; Wagner et al., 2011). SUMOylation of DEK under oxidative stress 

conditions could be shown, however specific target sites and functional consequences were 

not investigated (Grant, 2010).  

Furthermore, DEK is a known target of covalent and non-covalent poly(ADP-ribosyl)ation 

(PARylation). Covalent PARylation is defined as the linkage of ADP-ribose moieties from 

PAR-binding domains
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NAD+ to amino acids with a nucleophilic nitrogen, oxygen or sulfur. Enzymes catalyzing this 

reaction are called poly(ADP-ribose) polymerase (PARPs). PARylation introduces a negative 

charge and can lead to bulky adducts, as PAR chains can contain over 200 ADP-ribose units 

(Alvarez-Gonzalez and Jacobson, 1987). Depending on the function of the target protein, the 

location of the acceptor residue within the target protein, chain length and branching properties 

of the attached polymer, PARylation has a plethora of cellular consequences such as induction 

of apoptosis, regulation of gene expression, DNA repair and protein degradation (Beneke, 

2012). Proteins can also non-covalently bind to PAR chains via specific PAR-binding domains 

(PBDs), introducing another level of regulatory complexity of PARylation. DEK itself contains 

seven known PARylation sites (Bonfiglio et al., 2017; Gibson et al., 2016; Martello et al., 2016; 

Zhang et al., 2013) and three putative PBDs, PBD1-3, (Fahrer et al., 2010). Covalent 

PARylation reduces DEK’s chromatin binding and DNA topological activity (Gamble and 

Fisher, 2007; Kappes et al., 2008), while PAR-binding primarily promotes DEK`s 

multimerization (Fahrer et al., 2010). In a recent study, we showed a strong interaction of PBD2 

with PAR in full-length DEK which could be abolished through site-directed mutagenesis (Ganz 

and Vogel, 2018, manuscript submitted). Recently, it has been shown that in DEK, as in p53 

and possibly many other PARylated proteins, the ability to be covalently PARylated depends 

on the non-covalent PAR-binding capability (Fischbach et al., 2018). This study showed 

reduced covalent PARylation of DEK after diminishing the PAR interaction of PBD2 via 

mutagenesis.   

 

3.2 The eukaryotic cell cycle 

The eukaryotic cell cycle is characterized by two key phases: The S (synthesis) phase, defined 

by the duplication of the genome (DNA replication), and M (mitotic) phase, defined by the 

orchestrated condensation and segregation of chromosomes (mitosis) and subsequent cell 

division (cytokinesis). Both phases require massive manipulation of the DNA and must 

therefore be highly regulated to maintain genome integrity and prevent DNA damage (Murray, 

1993). M and S phases are divided by gap (G) phases. During G1 the newly divided cells 

increase metabolic activity and grow in size in preparation of the following S phase. During G2 

cells finish replication of very long genes, prepare for the M phase by synthesizing proteins 

necessary for mitosis and start to form the spindle apparatus. The main regulators of the cell 

cycle are the cyclin-dependent Ser/Thr kinases (CDKs) and cyclins (Murray, 1993). CDKs are 

only catalytically active after binding to their specific cyclin and formation of a heterodimeric 

holoenzyme. While expression of CDKs remains relatively constant throughout the cell cycle, 

cyclin levels fluctuate periodically, thereby activating/deactivating their corresponding kinases 

and regulating cell cycle transitions.  
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3.3 Eukaryotic DNA replication 

3.3.1 Molecular mechanisms of replication 

Duplication of the human genome is a herculean effort: In a diploid cell, almost 6.2 billion base 

pairs of DNA have to be copied accurately and completely within the 6 to 8 hours of S phase. 

The process of DNA replication can be classified into three steps: initiation, elongation and 

termination (Burgers and Kunkel, 2017).  

Initiation is marked by the assembly of the pre-

replicative complex (pre-RC) at origins of replication 

(Figure 3). This “licensing” of origins (Chevalier and 

Blow, 1996) already starts in late mitosis and ends in 

early G1 phase. The pre-RC is assembled in the 

following order: The hexameric origin recognition 

complex (ORC), consisting of genes ORC1-6, recruits 

Cdc6, Cdt1 and two copies of the hexameric MCM 

helicase complex, comprised of MCM2-7 (Bell and 

Kaguni, 2013), for bidirectional synthesis. Although 

every pre-RC contains two MCM hexamers, the number 

of chromatin-bound MCM complexes have been shown 

to exceed the number of ORC binding sites by far (Fujita et al., 2002). It is now believed that 

MCM helicases can slide along the DNA and flexibly initiate replication, thereby contributing to 

the robustness of the replication process (Hyrien, 2016). The MCM helicases stay dormant 

until the G1/S transition, when the pre-RC is activated by two kinases, CDK (CDK2·cyclinE) 

and DDK (Cdc7·Dbf4). Only then 24 additional proteins are recruited to the pre-RC to form the 

pre-initiation complex (pre-IC), among them Cdc45, DNA polymerase ε (Pol ε), the four subunit 

Figure 3: Step-wise assembly of the eukaryotic pre-

initiation replication complex 

The hexameric origin recognition complex (ORC) is the first to 

bind at origins of replication in early G1 phase. In a concerted 

manner, Cdc6, Cdt1 and the MCM helicase complex are 

recruited to form the pre-replicative complex (pre-RC). At the 

G1/S border, the pre-RC is activated by DDK/CDK kinases, 

Cdc45, DNA polymerase ε, the tetrameric GINS complex and 

other proteins not shown here. The now active pre-initiation 

complex (pre-IC) unwinds the DNA, allowing RPA to bind the 

single strands and DNA polymerase α·primase to synthesize 

the first RNA primer followed by a short DNA stretch. Figure 

adapted from (Burgers and Kunkel, 2017). 
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GINS complex (GINS1-4) and TICRR (Moyer et al., 2006). The newly assembled Cdc45-MCM-

GINS (CMG) complex is now able to unwind the DNA to form the typical replication fork 

structure. The thusly created single strands are quickly bound by RPA to protect from 

secondary structure formation, which is then displaced by the tetrameric DNA polymerase α 

(Pol α)·primase enzyme. Pol α·primase exhibits RNA as well as DNA polymerase activity (with 

its PRIM1 respectively POLA1 subunits): It synthesizes a short (10 - 30 nt) RNA primer, the 

first “Okazaki fragment” (Okazaki et al., 1968), followed by up to 300 DNA bases with low 

processivity, before the strand-specific high processivity polymerases continue elongation 

(Baranovskiy et al., 2016; Nethanel et al., 1988).  

On the leading strand, Pol ε synthesizes DNA continuously in 5’ - 3’ direction until it reaches 

the end of the chromosome or another replication fork coming from the opposite direction (Yu 

et al., 2014). However, this canonical view of Pol ε being the sole leading strand polymerase 

has been challenged by a recent study: Johnson et al. suggested DNA polymerase δ (Pol δ) 

to be responsible for the bulk polymerization activity while Pol ε “only” edits damaged 

nucleotides with its proofreading functionality (Johnson et al., 2015). Despite the ongoing 

debate about leading strand replication, it is established that on the lagging strand Pol 

α·primase is displaced by Pol δ, which continues DNA synthesis until it reaches the next 

Okazaki fragment (Yu et al., 2014). With its strand displacement activity, Pol δ exchanges the 

ribonucleotides with matching deoxyribonucleotides before it reaches the 5’ end of the adjacent 

DNA segment (Garg et al., 2004).  

Apart from the proteins described above, other components are essential in replication: 

Processivity of Pol α and, to an even higher degree, Pol δ is enhanced by the replication clamp 

PCNA, a homotrimer wrapped around the single-stranded DNA (Chilkova et al., 2007). 

Unwinding of the DNA by helicases leads to torsional stress ahead of the replication fork, which 

would eventually stall the fork. To counteract this, topoisomerases such as DNA gyrase and 

topoisomerase I/II relieve the tension by temporarily breaking the DNA strands and introducing 

negative supercoils (Champoux, 2001).  

The complex of proteins that contribute to DNA replication at or near the replication fork, 

including helicases, primases, polymerases, RPA, PCNA and topoisomerases is termed the 

replisome. 

 

3.3.2 Spatiotemporal organization of DNA replication 

Historically, the first evidence for a spatiotemporally conserved compartmentalization of DNA 

replication stems from pulse-labeling and immunofluorescence microscopy experiments with 

nucleoside analoga (Nakamura et al., 1986). Punctuate sites of replication were described 
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(“replication foci”, RFi) that encompass distinct spatial compartments during early, mid and late 

S phase and re-appear in S phases of daughter cells (Jackson and Pombo, 1998). Depending 

on the methods used and the sub-S phase described, a few hundred (late S) to more than a 

thousand (early S) RFi were counted in mammalian cells (Jackson and Pombo, 1998; Ma et 

al., 1998; O'Keefe et al., 1992). However, using fork speed measurements from fiber data and 

the size of the genome it was estimated that 4-6 times more replicons are necessary to fully 

complete genome duplication within 8 - 10 hours (Ma et al., 1998). Just recently, the super 

resolution (SR) microscopy methods 3D-SIM and 2D-STORM have largely confirmed these 

estimates, showing that 4,000 – 6,000 individual replicons per cell respectively 4 replicons per 

RFi form on average at any given time point during S phase (Figure 4) (Chagin et al., 2016; 

Xiang et al., 2018).  

 

 

Figure 4: Super resolution microscopy enables the visualization of individual replicons 

A: Left: A mid S phase nucleus of a Hela S3 cell pulse-labeled with EdU for 15 minutes. RFi were 

detected via click chemistry and imaged using widefield (top), confocal (middle) or 3D-SIM (bottom) 

microscopy. Right: Corresponding cartoon interpretations of replication sites. B: Increase in reported 

RFi numbers due to the improving resolution of microscopy techniques. RFi: replication foci; WF: 

widefield; SR: super resolution. Figure adapted from (Chagin et al., 2016). 
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On the molecular level, replication during S phase only occurs at sites “licensed” by the pre-

RC during G1 phase (see also 3.3.1). The location of these origins of replication throughout 

the genome is in turn determined by the binding preferences of the ORC complex. In S. 

cerevisiae, ORCs bind to ~ 200 bp long consensus sequences termed autonomously 

replicating sequences if the surrounding genomic region is nucleosome-free (Leonard and 

Mechali, 2013; Wyrick et al., 2001). Furthermore, every pre-RC gets activated and forms a 

replication origin (Wyrick et al., 2001). In higher eukaryotes, on the other hand, only a subset 

of pre-RC’s become origins of replication, while the rest stays dormant as backup in cases of 

e.g. replication stress. Additionally, the picture for ORC binding is much more complex: In 

Drosophila, for example, a combination of open chromatin architecture, active histone 

modifications and DNA binding proteins such as transcription factors determines ORC 

localization (Eaton et al., 2011; MacAlpine et al., 2010). In human cells, a genome-wide ChIP-

seq study by Miotto et al. identified 52,000 ORC2 binding sites (Miotto et al., 2016). ORC2 is 

a member of the core origin recognition complex consisting of ORC2-5. The authors found an 

enriched localization of these ORC2 sites to active and accessible chromatin regions as 

marked by histone modifications such as H3K27Ac or H3K4me, and, more specifically, to CpG 

islands, G4 sites, transcription start sites as well as active promotors and enhancers. In 

contrast, ORC density was greatly reduced at common fragile sites (CFSs), at regions with low 

gene density and at recurrent genomic deletions in cancer. All of these genomic regions are 

replicated very late in S phase. Miotto et al. thusly propose that paucity of ORC sites leads to 

regions of late replicating DNA. This is supported by a recent ChIP-seq study using an MCM7 

antibody: Here, active, MCM-containing origins were found to preferentially bind open and 

accessible chromatin, while dormant origins were distributed more uniformly across the 

genome (Sugimoto et al., 2018).  

These results are comparable to studies about replication timing, which is the temporal order 

of origin firing. Replication timing is organized in 400 - 800 kb long genomic regions termed 

replication domains (RDs), which replicate either early or late in S phase (Figure 5, (Rivera-

Mulia et al., 2015)). Each RD contains several origins of replication, and adjacent RDs can 

group to 1.5 - 2.5 Mb long constant timing regions (CTRs) that replicate during the same time 

window. Early and late CTRs are interspersed with timing transition regions (TTRs), which 

replicate gradually later with time. TTRs and late CTRs were found to be sparse with origins 

(Besnard et al., 2012), corresponding to the low frequency of ORC2 binding sites described by 

Miotto et al. 
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Figure 5: Replication domain model 

Chromatin is spatially organized in topologically associated domains (TADs). TADs correspond to 

replication domains (RDs) that are either replicated early in S phase (green) and form the open, 

transcriptionally active compartment A or late in S phase (red) and form the closed, repressive 

compartment B. Neighboring TADs/RDs with the same replication timing give rise to larger constant 

timing regions (CTRs). In this example, TADs 1-2 and 5 form late CTRs while TADs 3-4 are organized 

into an early CTR. Late CTRs have been shown to associate with the nuclear lamina in the periphery of 

the nucleus. Figure adapted from (Rivera-Mulia and Gilbert, 2016). 

 

Interestingly, RDs correspond to the higher-order 3D chromatin structure as determined by 

high-resolution chromatin conformation capture methods such as Hi-C. Hi-C data was used to 

categorize the genome into two structurally different compartments, called A and B, which are 

associated with transcriptionally active euchromatin and inactive heterochromatin, respectively 

(Lieberman-Aiden et al., 2009). Later, even smaller organizational structures called 

topologically associated domains (TADs) were described using similar methods (Dixon et al., 

2012). Intriguingly, correlation of Hi-C data with RDs revealed that RDs match TADs very well 

and that early RDs match with compartment A and late RDs with compartment B (Pope et al., 

2014), linking the temporal organization of replication with the global chromatin structure. 

Furthermore, it could be shown that late RDs/TADs from the repressive/closed compartment 

B correspond to lamina associated domains (LADs, see Figure 5) (Kind et al., 2013). LADs 

were originally described as stable units of chromosome organization characterized by being 

transcriptionally repressive and physically interacting with the nuclear lamina (Guelen et al., 

2008).  

Finally, it has been hypothesized that a replication focus visualized by fluorescence 

microscopy corresponds to a RD/TAD described by biochemical methods (Rivera-Mulia and 

Gilbert, 2016). This model is supported by the observed numbers per cell (4000-6000 

RFi/RDs/TADs) and spatiotemporal patterns (many small, < 1 Mb-sized RFi/RDs/TADs in early 

S that cluster to fewer larger domains at the nuclear and nucleolar periphery in late S). 

TAD/RD

Late B

Early A
R

e
p
lic

a
tio

n
 t
im

in
g

H
i-C

 co
m

p
a
rtm

e
n

ts

Lamin

1 2 3 4 5

400 - 800 KB

CTR: 1.5 - 2.5 MB 



 

15 

However, it is still unclear whether the 3D genome structure is cause or consequence of the 

observed replication timing. It has, for example, been shown that the 3D organization is not 

sufficient to dictate the replication timing program, as TAD structure is maintained during G2 

phase while the determinants of the replication timing program are lost (Dileep et al., 2015). 

 

3.4 DNA replication stress 

DNA replication stress can be defined as a condition that impedes the progression of the 

replication fork compared to its physiological rate. Excessive replication stress induces 

genomic instability and is a hallmark of cancer development, which is why the eukaryotic cell 

has developed many mechanisms to prevent it or deal with its consequences (Taylor and 

Lindsay, 2015). 

 

3.4.1 Endogenous sources of replication stress 

Even in healthy cells without external stimulus, the replication machinery regularly encounters 

numerous obstacles that originate from problematic DNA sequences, metabolic byproducts 

and other insults (Figure 6). A major endogenous source of replication stress are unrepaired 

DNA lesions, e.g. bulky DNA adducts, interstrand crosslinks and strand breaks (Zeman and 

Cimprich, 2014). Additionally, a misbalance of nucleotides, misincorporated ribonucleotides 

and re-replication of DNA caused by deregulation of pathways such as origin licensing are 

known stressors for the replication fork (Neelsen et al., 2013).  

 

 

Figure 6: Endogenous sources of DNA replication stress 

Selection of the main contributors to intrinsic replication stress. Adapted from (Zeman and Cimprich, 

2014). 
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Other common endogenous sources arise due to hard-to-replicate sequences. There are three 

types of these sequences that impose a hindrance on the replication fork. The first type 

includes isolated repeated motifs such as microsatellites or satellite regions as well as closely 

spaced or dispersed repeats such as transposable elements or pseudogenes. It has been 

estimated that these repetitive sequences constitute remarkable 45 - 69% of the human 

genome (de Koning et al., 2011; Kuhn et al., 2007).  

The second type is non-B-DNA form secondary structures, for example G4-DNA, hairpins, 

cruciform and Z-DNA. Related to these structures are transient RNA-DNA hybrids formed 

behind the transcription machinery called R-loops. As transcription of essential replication 

genes also occurs in S phase and replication of very long genes can last until M phase, 

transcription machinery and replisome can collide when they encounter each other head-to-

head, leading to the stabilization of R-loops and stalling of the replication fork (Santos-Pereira 

and Aguilera, 2015). Non-B-DNA structures and R-loops can either be repaired by e.g. repair 

endonucleases XPF and XPG in case of R-loops (Wickramasinghe et al., 2015) or bypassed 

by template switching, recombination or translesion synthesis.  

The third type of hard-to-replicate sequences is fragile sites, which are heritable chromosomal 

regions prone to form a gap or break under conditions of mild replication stress or deregulated 

replication as found in many cancer cells. Rare fragile sites occur in about 5% of the human 

population while common fragile sites (CFSs) are an intrinsic part of the genome of a given 

cell type (Lukusa and Fryns, 2008). 10-20 different CFSs per cell type have been identified, 

with some (e.g. FRA3B and FRA16D) being expressed in most of the examined cells (Glover 

et al., 1984). In many cases, CFSs can be found in very large genes (> 1 Mb, e.g. FHIT and 

WWOX) (Bednarek et al., 2000; Ohta et al., 1996). In unperturbed cells, these genes are 

usually replicated during G2 phase and thus unproblematic (Le Beau et al., 1998). Under mild 

exogenous replication stress conditions (in most studies induced by DNA polymerase inhibitor 

aphidicolin), however, their replication can be delayed until M phase, inducing CFS expression. 

Consequences are typical hallmarks of genomic instability, such as formation of ultrafine 

anaphase bridges, copy number variants (CNVs) or breaks and deletions in metaphase 

chromosomes (Glover et al., 2017; Le Beau et al., 1998).  

Interestingly, CFS-associated CNVs are not only found in cancers but also in pre-cancerous 

lesions, despite the absence of exogenous sources of replication stress and mutations in DNA 

damage repair genes. Instead, oncogene overexpression is thought to be the source of 

replication stress in early stages of cancer development (Bartkova et al., 2006; Di Micco et al., 

2006). In this oncogene-induced model of tumorigenesis, overactivation of oncogenes such as 

c-MYC, cyclin E or Ras can lead to signs of replication stress including a decreased number 

of licensed origins, origin hyperactivation, nucleotide misbalance and replication fork slowing 
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(Halazonetis et al., 2008). The consequence often is under-replication of DNA, which in turn 

leads to DNA damage during mitosis. When encountering these signs of replication stress, 

cells normally activate the DNA damage response (DDR), which induces senescence or 

apoptosis if the replication stress-induced DNA damage cannot be coped with. In 

hyperproliferating cells, however, this also puts selective pressure on mutations in DDR genes, 

allowing cells to bypass this tumorigenic barrier e.g. by lesions in the p53 tumor suppressor 

pathway. 

 

3.4.2 Exogenous sources of replication stress 

Apart from these intrinsic sources, replication stress can also be induced exogenously by 

ultraviolet (UV) or ionizing radiation (IR) and by small chemical compounds that cause DNA 

damage or interfere with replication-related enzymes. Aphidicolin (APH), a tetracyclic 

diterpene isolated from several fungi (Cephalosporum aphidicola, Nigrospora sphaerica and 

N. oryzae (Bucknall et al., 1973; Starratt and Loschiavo, 1974)), classifies into the last group 

(Figure 7). APH reversibly inhibits the replicative DNA polymerases by binding the subunit with 

polymerase activity at the DNA-polymerase interface (the 3D structure has been resolved for 

the Pol α-APH-DNA complex (Baranovskiy et al., 2014)).  Specificity of binding has been 

shown for Pol α and δ and, due to structural similarity, proposed for Pol ε. Binding of APH leads 

to a slow down or even halt of the polymerase while the helicases still proceed, generating 

long single-stranded DNA stretches. This uncoupling is especially problematic at CFSs where 

it has been shown to lead to chromosomal breakage (Durkin et al., 2008). Uncoupling is most 

effective at low doses (0.1 - 1 µM (Koundrioukoff et al., 2013)), when the polymerases are only 

slowed down. At high doses (5 µM - 200 µM), APH stalls the polymerases, leading to massive 

DNA damage as signaled by ATR kinase activation and subsequent S phase arrest (see also 

3.4.3). 

 

 

Figure 7: Chemical structures of relevant replication stress compounds 

 

(+)-Aphidicolin (APH) Camptothecin (CPT) Hydroxyurea (HU)
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Camptothecin (CPT) is a pentacyclic alkaloid isolated from the Camptotheca acuminata tree 

(Wall et al., 1966). CPT binds reversibly to the covalent topoisomerase I-DNA cleavage 

complex (Top1cc), stabilizing it and preventing re-ligation of the single-strand break (Staker et 

al., 2002). When a replication fork collides with the Top1cc, a double-strand break (DSB) can 

be generated (Tuduri et al., 2009). Furthermore, prolonged stabilization of the Top1cc leads to 

supercoiling during replication or transcription processes and consequently to more replication 

stress (Koster et al., 2007). At low doses (10 nM - 100 nM), CPT slows down replication forks 

through torsional stress but does not generate significant amounts of DSBs (Ray Chaudhuri et 

al., 2012; Techer et al., 2017), while at high doses (≥ 1 µM) apoptosis is induced due to 

accumulated DSBs (Teicher, 2008). In contrast to CPT, etoposide selectively inhibits 

topoisomerase II. Etoposide is a semisynthetic derivative of podophyllotoxin from the wild 

mandrake plant. It generates DNA strand breaks already at low concentrations (10 µM) by 

forming irreversible topoisomerase II-DNA cleavage complexes (Top2cc) (Rybak et al., 2016) 

and induces apoptosis at high concentrations (25 - 100 µM) (Soubeyrand et al., 2010). 

In contrast to the chemicals described above that inhibit replication-related enzymes, 

hydroxyurea (HU) acts on the available amount of DNA synthesis precursors. It interferes in 

the rate-limiting step of deoxyribonucleotide synthesis by inhibiting the ribonucleotide 

reductase (RNR) (Krakoff et al., 1968). RNR reduces nucleoside di- and triphosphates (NDPs 

respectively NTPs) to the corresponding deoxyribonucleotides (dNDPs respectively dNTPs). 

Sufficient levels of dNTPs and the right balance between dNTPs and NTPs in the nucleoplasm 

are obligatory for a physiological progression of the replication fork as well as for DNA repair 

(Hakansson et al., 2006). Inhibition of RNR is rapid and has been observed within 5 minutes 

of 3 mM HU treatment (Bianchi et al., 1986). The consequence of dNTP depletion is, at lower 

concentrations (0.3 mM (Barthelemy et al., 2016)), a slowdown of the replication fork and, at 

higher concentrations (1 - 5 mM), fork stalling and S phase arrest due to checkpoint activation 

(Sinclair, 1965). Furthermore, dNTP misbalance favors the misincorporation of ribonucleotides 

into the DNA strand, which can lead to activation of the DNA damage response and genomic 

instability (Reijns et al., 2012). As dNTPs are also needed for DNA repair and mitochondrial 

DNA synthesis, HU, contrarily to APH and CPH, does not only affect S phase progression 

(Hakansson et al., 2006). 

 

3.4.3 Consequences of DNA replication stress 

How mammalian cells react to insults inducing replication stress depends on the extent of 

replication fork slowing. Low levels of fork stalling (moderate replication stress) as caused by 

low concentrations of APH, for example, lead to a partial activation of the DNA replication 
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checkpoint (DRC). This leads to the recruitment of the sensors ATR, Rad9-Hus1-Rad1 and 

DNA topoisomerase 2-binding protein 1 to the fork, resulting in phosphorylation of RPA but not 

CHK1 by ATR (Koundrioukoff et al., 2013). Whether the Fanconi anaemia (FANC) pathway is 

activated, remains unclear. Another protective mechanism against fork slowing is increased 

origin firing. This compensation mechanism makes use of the excess of latent origins 

throughout the genome (see also 3.3.2) by increasing the rate of initiation events where 

replication fork speed is reduced and vice versa (Taylor, 1977; Techer et al., 2016). 

High levels of fork slowing and fork stalling (stringent replication stress) as caused by high 

concentrations of HU or APH lead to massive uncoupling of the polymerases and helicases 

and subsequent accumulation of RPA-coated ssDNA  (Tourriere and Pasero, 2007). Now the 

DRC is fully activated, as evidenced by the additional phosphorylation of CHK1, FANCM and 

FANCD2-FANCI by ATR. The activated CHK1 and ATR kinases in turn activate further 

downstream targets, leading to the upregulation of several cellular responses like DNA repair 

pathways and cell cycle arrest (Dungrawala et al., 2015). Interestingly, the formation of late S 

phase replication foci is also reduced as a consequence of DRC activation, suggesting the 

suppression of late origin firing to preserve the correct replication timing (Dimitrova and Gilbert, 

2000). It is speculated that the cell is able to inhibit initiation in late domains due to their unique 

TAD structure ((Techer et al., 2017), see also 3.3.2) 

 

3.5 DEK in unperturbed and perturbed DNA replication 

DEK binds to chromatin throughout the cell cycle in transformed cells and when exogenously 

overexpressed (Kappes et al., 2001; Matrka et al., 2015), while it seems to disappear from 

chromatin during mitotic pro- and anaphase in untransformed cells with low DEK expression 

(Matrka et al., 2015). Biochemical assays based on the purification of nascent DNA such as 

iPOND (Isolation of Proteins on Nascent DNA) or nascent chromatin capture found DEK to be 

slightly enriched in nascent DNA compared to unlabeled DNA respectively bulk chromatin 

(Agudelo Garcia et al., 2017; Lopez-Contreras et al., 2013)). DEK is also enriched in maturing 

chromatin compared to nascent DNA (Alabert et al., 2014; Lossaint et al., 2013). However, in 

two further iPOND studies, DEK was not found on nascent chromatin at all (Aranda et al., 

2014; Sirbu et al., 2013). In summary, these reports substantiate that DEK is not a replisome 

component directly involved in replication, but rather binds to maturing chromatin in the vicinity 

of the fork. Otherwise DEK would not have been purified in any of these studies. 

Although no direct involvement of DEK in the replication process has been described yet, there 

is evidence that DEK is a supporting factor of unperturbed replication: In cells with 

downregulated DEK expression, clonogenic survival assays demonstrated a reduced 
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proliferative potential while DNA fiber assays showed a decrease in fork speed (Deutzmann et 

al., 2015). Past research pinpointed DEK’s role in replication to its properties as a chromatin 

architectural protein: In vitro experiments with SV40 minichromosomes showed that DEK 

introduces positive supercoils to chromatin and reduces the replication efficiency of chromatin 

templates (Alexiadis et al., 2000; Waldmann et al., 2002). Furthermore, it preferentially 

associates with four-way junctions over duplex DNA and with supercoiled over linear DNA, 

both structures that can induce replication stress per se or can be consequences of replication 

stress (Waldmann et al., 2003). In summary, these data suggest that DEK can alter DNA 

topology on a global chromatin scale while also acting locally on problematic secondary 

structures.  

DEK’s involvement in the replication process becomes more pronounced when inducing 

replication stress. iPOND studies revealed a strong enrichment of DEK at the fork under 

moderate and severe replication stress compared to untreated cells (Lossaint et al., 2013; 

Ribeyre et al., 2016). Research in this laboratory demonstrated that downregulation of DEK in 

cells under moderate short-term replication stress via APH and CPT treatment results in the 

intensification of replication stress phenotypes: Replication fork progression, proliferative 

capability and clonogenic survival were impaired and cells accumulated replication-born DNA 

damage and transmitted it to daughter cells (Deutzmann et al., 2015). This means, in turn, that 

the presence of DEK protects cells from the consequences of moderate replication stress. Of 

note, in a high-throughput genome-wide RNA interference study DEK knockdown had no 

impact on the recovery from severe HU-induced replication stress (Kavanaugh et al., 2015). 

Recently, the fork-protective properties of DEK have been investigated in the context of 

PARP1/2 activity (Ganz and Vogel, 2018, manuscript submitted). Here, it could be shown that 

DEK’s protective properties are modulated by PARP1/2 activity depending on the type and 

extent of replication stress. Under the same conditions as described above (low dose CPT 

treatment in DEK knockdown cells), additional pharmacological inhibition of PARP1/2 led to a 

restoration of fork progression and DNA damage to physiological levels. In contrast, when high 

doses of HU were used to induce fork stalling, PARP1/2 inhibition had no additional effect 

compared to DEK downregulation alone. 

Taken together, while DEK’s protective function at the replication fork can be considered tumor 

suppressive in untransformed cells, DEK may help in pre-cancerous cells with high levels of 

endogenous replication stress to overcome the barrier of tumorigenesis.  
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3.6 A potential new role for DEK in replication 

As described in the previous chapters (3.1, 3.5), evidence from in vitro DNA binding studies, 

replication stress experiments and cellular models with down- or upregulated DEK expression 

support a role of DEK in replication. However, immunofluorescence experiments have shown 

an inconspicuous localization pattern during S phase so far (Kappes et al., 2001; Matrka et al., 

2015). This raised the question of how DEK exerts its function during replication and if this 

function is linked to its DNA binding properties.  

To address these and other questions related to DEK localization, a U2-OS cell line stably 

expressing GFP-tagged DEK on an endogenous level was developed in this laboratory 

(Gwosch, 2017).  

 

 

Figure 8: Cell phase-specific formation of DEK bodies 

A: eGFP was introduced N-terminally of the DEK coding sequence in U2-OS cells via a TALEN-

mediated genomic knock-in to generate a stable GFP-DEK expressing cell line. B: Immunofluorescence 

microscopy using a PCNA-specific antibody reveals the formation of novel, distinct nuclear aggregates 

of GFP-DEK (DEK bodies) during late S phase in U2-OS GFP-DEK cells. C: The same experiment as 

in B, but in U2-OS wildtype cells and with additional DEK-specific antibody. B-C (bottom): Graphs show 

colocalization profiles along the white line. DEK body signals overlap with PCNA replication bodies. B-

C adapted from (Gwosch, 2017). 
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Using TALEN technology, the eGFP sequence was introduced upstream of the DEK genomic 

locus (Figure 8 A). A monoclonal cell line with wildtype-like viability (metabolic rate) as well as 

nuclear area and a moderate GFP-DEK expression level was selected via single-cell 

fluorescence assisted cell sorting (single-cell FACS). Using these cells, long-term time lapse 

fluorescence microscopy experiments were carried out. These experiments revealed the 

formation of sporadic, bright aggregates of GFP-DEK in the nucleus once in the cell cycle 

(Figure 8 B). These DEK aggregates (termed DEK bodies) could also be detected via indirect 

immunofluorescence microscopy in U2-OS wildtype cells using a DEK-specific antibody and 

do thus not represent an artefact of GFP-fusion protein expression (Figure 8 C). Colocalization 

with RFP-PCNA reveals that DEK bodies exclusively form during late-S phase. Furthermore, 

DEK body signals overlap with late-S PCNA bodies known to represent clustered replicons 

(Chagin et al., 2016). Interestingly, only a subset of PCNA-positive replication machineries 

contains GFP-DEK. During this phase, predominantly hard-to-replicate sequences, e.g. 

satellite and repetitive sequences as well as problematic secondary structures such as 

cruciform DNA, are replicated. As DEK has been shown to bind cruciform DNA, it was 

hypothesized that DEK or a variant of DEK plays a specialized role in late S phase.  
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4 Aim 

The oncoprotein DEK is known to be a supportive factor of DNA replication, especially when 

the replication machinery is under exogenous stress. However, a direct role of DEK during 

replication, e.g. as part of the replisome, has not been observed yet in human cells. In this 

laboratory, a U2-OS cell line expressing endogenous DEK fused to an GFP reporter protein 

has recently been developed. Using this cell line, the formation of sporadic nuclear bodies of 

DEK during replication, termed DEK bodies, could be observed for the first time.  

In this study, the U2-OS GFP-DEK cell line will be utilized to 

1. Characterize the dynamics and fine structure of DEK bodies. 

2. Identify potential regulatory pathways that modulate DEK bodies via a high-throughput 

RNA interference screen. 

DEK body regulators identified in the high-throughput primary screen will be validated via a 

low-throughput secondary screen. Follow-up studies on the most prominent regulators will 

provide a starting point for further research of this newly discovered function of DEK. 

Furthermore, DEK’s role during global DNA replication will be investigated by studying its 

binding dynamics to nascent DNA via the biochemical iPOND (Isolation of Proteins on Nascent 

DNA) assay. 
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5 Results 

5.1 DEK forms distinct nuclear bodies during S phase 

DEK is a nuclear protein that binds to chromatin constitutively throughout the cell cycle. It 

exhibits a punctuate staining pattern in immunofluorescence images, with single dots smaller 

than the resolution limit of around 250 nm of conventional light microscopes. On the other 

hand, DEK has been implicated in supporting the replication fork under stress (Deutzmann et 

al., 2015; Ganz et al., 2018) and modulating gene transcription (Sanden and Gullberg, 2015). 

These functions have mostly been inferred from in vitro assays and comparative analysis of 

DEK knockdown cells, but quite surprisingly have never been observed as changes in DEK’s 

uniform binding pattern. 

To aid the investigation of DEK’s localization in living cells, a GFP-DEK knock-in U2-OS cell 

line has been created during a previous PhD thesis (Gwosch, 2017). Live-cell experiments 

with these cells revealed the formation of sporadic, bright aggregates of GFP-DEK in the 

nucleus once per cell cycle (see also Figure 9 A). Co-localization studies with RFP-PCNA 

showed that DEK bodies form during late-S phase and overlap with PCNA bodies known to 

represent active replication sites. These findings led to the hypothesis that DEK or a variant of 

DEK is involved in the replication of DNA sequences which are typically duplicated late in S 

phase. These sequences include, for example, telomeric and centromeric DNA known to 

harbor problematic secondary structures. 

 

5.1.1 Not all late S phase replication machineries are positive for DEK bodies 

To corroborate the previous findings and quantify the dynamics of DEK bodies, time lapse 

confocal microscopy experiments were performed using a PCNA-specific chromobody. This 

marker is less cytotoxic than ectopically expressed RFP-PCNA. A chromobody consists of a 

nanobody, a heavy-chain antibody fragment raised in alpacas against an antigen of choice 

fused to a fluorescent protein. The PCNA chromobody binds endogenous human PCNA in a 

highly specific manner (Burgess et al., 2012). GFP-DEK cells were transfected with a 

chromobody expression plasmid and a time lapse microscopy experiment was started 24 

hours after transfection using a spinning disk confocal microscope. Images were acquired at 

multiple positions every 10 minutes for 24 hours. On average, 19% of cells showed a clearly 

visible PCNA localization pattern. The number of unique DEK bodies per cell was counted and 

the time spanning from the first frame in which a DEK body appeared until the last frame 

displaying a DEK body in one sequence was measured. If a DEK body was present in more 

than one frame with only small alternations of shape and intensity it was counted as one. Sub-
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S phases were annotated according to their well-documented PCNA patterns: From hundreds 

of evenly distributed PCNA-positive replication machineries in early S through fewer and bigger 

aggregates concentrating in the periphery in mid S to very few, large replication factories in 

late S (Schonenberger et al., 2015). Due to the low signal intensities of the endogenous PCNA-

specific marker, the onset of early S phase could not unequivocally be discriminated from G1 

phase and was consequently not evaluated. G2 phase was defined as the period between the 

disappearance of the last PCNA replication factory (end of S phase) and pro-metaphase of 

mitosis. M phase was defined as the period between pro-metaphase and the end of 

cytokinesis, when the daughter cells flatten and attach to the surface. 

DEK bodies started to form at the transition from mid to late S phase and disappeared together 

with the PCNA replication machineries at the onset of G2 phase (Figure 9 A). DEK bodies 

occurred for 0.8 ± 0.5 h (error margin represents the standard deviation, Figure 9 B left). The 

PCNA pattern also allowed to measure G2 (3.4 ± 1.2 h) and M phase (1.0 ± 0.4 h) duration. 

An average of 6.0 ± 1.7 PCNA replication machineries in late S phase cells were counted, of 

which 45% (2.7 ± 1.0) colocalized with DEK bodies (Figure 9 B right). All DEK bodies 

colocalized with PCNA bodies. 
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Figure 9: DEK forms nuclear bodies during late S phase that colocalize with PCNA replication 

machineries 

A: Time lapse fluorescence microscopy of GFP-DEK cells transfected with a plasmid encoding a PCNA-

binding chromobody. A representative, magnified image sequence of a nucleus passing through S 

phase until cell division is shown. Red: PCNA chromobody, green: GFP-DEK. Scale bar: 5 µm. B: 

Quantification of 56 PCNA chromobody expressing cells from two independent experiments as in A. 

Left: Cells were classified as mid S, late S, G2 and M phase according to their PCNA localization pattern. 

DEK nuclear bodies were annotated when clearly distinguishable from nuclear background. Depicted 

are the mean durations for each phase. Right: PCNA bodies and DEK bodies were counted in late-S 

phase. A PCNA or DEK body clearly visible in at least two consecutive frames was classified as single 

event. The violin plot represents the density distribution of the single data points, the black line indicates 

the median, the box the interquartile range (IQR) and the whiskers  1.5 IQR. 

 

5.1.2 DEK bodies are sites of active and unperturbed replication 

Having drawn a connection between DEK bodies and late-S phase replication, the question 

arose whether DEK bodies are indeed sites of active DNA duplication. To this end, U2-OS 

wildtype and GFP-DEK cells were pulse-labelled with the thymidine analogue EdU (5-ethynyl-

2’-deoxyuridine) for 10 minutes before fixation. Replicating cells incorporated EdU, which was 

visualized via click chemistry using a fluorophore-coupled azide. In case of wildtype cells, 

endogenous DEK and PCNA were visualized via indirect immunocytochemistry while for GFP-

DEK cells only PCNA antibodies were used. Widefield fluorescence microscopy experiments 

not only demonstrated that late S phase DEK bodies exist in wildtype cancer cells, but also 

showed a clear overlap of DEK bodies with EdU-labeled nascent DNA (Figure 10 A, yellow to 

white bodies in merged image). To test whether the replication fork is in a physiological state 
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within DEK bodies or under replication stress, DNA damage markers RAD51, γH2AX and 

53BP1 were additionally visualized with specific antibodies (Figure 10 B). DEK bodies clearly 

did not colocalize with any of the tested markers. Importantly, the functionality of these markers 

has been validated in this laboratory through induction of replication stress using drugs, 

ionizing radiation or laser microirradiation (Deutzmann et al., 2015; Ganz, 2016; Gwosch, 

2017; Schmalz et al., 2018). 

 

  

Figure 10: DEK bodies colocalize with nascent DNA but not with DNA damage markers 

Widefield fluorescence microscopy images of U2-OS wildtype and GFP-DEK cells. Scale bar: 5 µm. In 

each image one representative DEK body is marked by a white arrow. A Top: DEK (green) and PCNA 

(red) were visualized in wildtype cells via indirect immunofluorescence microscopy, EdU (magenta) 

using click chemistry. The left cell is in mid S phase, the right cell in late S displaying two DEK bodies. 

Bottom: PCNA (red) was visualized in GFP-DEK cells via indirect immunofluorescence microscopy, EdU 

(magenta) using click chemistry. The left cell is in early S phase, the right cell in late S displaying three 

DEK bodies. B Top: γH2AX (red) and RAD51 (magenta) were visualized in GFP-DEK cells via indirect 

immunofluorescence microscopy. The right cell exhibits five DEK bodies. Bottom: 53BP1 (red) and 

cyclin A (magenta) were visualized in GFP-DEK cells via indirect immunofluorescence microscopy. The 

left cell is positive for S phase marker cyclin A and exhibits three DEK bodies. The right cell is cyclin A-

negative and exhibits 53BP1-positive OPT domains typical for G phase. 
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5.1.3 Superresolution microscopy reveals fine structure of DEK bodies 

DEK bodies have a diameter of ~ 1 µm (see for example Figure 10), too small to resolve their 

fine structure in conventional confocal microscopy with its resolution limit of about 250 nm for 

excitation in the UV-VIS region of the electromagnetic spectrum. To circumvent this barrier, a 

3D structured illumination (3D-SIM) superresolution microscope was utilized. Structured 

illumination microscopy allows using the same sample preparation techniques as in 

conventional fluorescence microscopy, but yields an up two-fold increase in resolution. U2-OS 

wildtype cells were therefore labelled with EdU and DEK and PCNA were detected via indirect 

immunocytochemistry (see also chapter 5.1.2). The cover slips were inspected for late-S nuclei 

(as classified by their typical PCNA and EdU pattern) in widefield mode (Figure 11 A), followed 

by the acquisition of single nuclei in 3D-SIM mode. When observing single slices of the 

reconstructed, super-resolved z-stack it appeared that DEK, PCNA and EdU signals do not 

colocalize but rather are in the vicinity of each other within DEK bodies (Figure 11 B). By 

plotting the fluorescence intensity values for all three channels along a line (Figure 11 C) it can 

be appreciated that the peaks lay next to each other.   
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Figure 11: DEK binds in the vicinity of the replication fork within DEK bodies 

Superresolution microscopy images of DEK and PCNA in late S phase. U2-OS cells were pulse-labelled 

with EdU for 10 min. DEK (green) and PCNA (red) were visualized via indirect immunofluorescence 

microscopy, EdU (magenta) using click chemistry. A: Pseudo-widefield representation of a 

representative late-S nucleus imaged in 3D-SIM mode. B: Single z-slice from a middle section of the 

super-resolved image stack after reconstruction and registration. The magnified inset shows one DEK-

positive large replication focus. C: Fluorescence intensity profiles of DEK, PCNA and EdU. Interpolated 

intensity profiles were calculated along the arrow line indicated in B and normalized to the maximum 

value. 
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difficult to detect in fibroblasts as the DEK signal intensity within the bodies seemed to be lower 

compared to the nuclear background signal. Nevertheless, in mid/late S phase a similar pattern 

of DEK and PCNA signals could be identified within DEK bodies: PCNA and DEK signal peaks 

hardly overlapped but rather were in the vicinity of each other within DEK bodies (Figure 12 B 

and C). 

 

  

Figure 12: DEK shows a similar localization pattern in BJ5-ta fibroblasts compared to U2-OS 

cells 

Superresolution microscopy images of DEK and PCNA in a BJ5-ta fibroblast cell. DEK (green) and 

PCNA (red) were visualized via indirect immunofluorescence. A: Pseudo-widefield representation of one 

slice of a representative S phase nucleus imaged in 3D-SIM mode. B: Single z-slice from a middle 

section of the super-resolved image stack after reconstruction and registration. The magnified inset 

shows one DEK-positive large replication focus. C: Fluorescence intensity profiles of DEK and PCNA. 

Interpolated intensity profiles were calculated along the arrow line indicated in B and normalized to the 

maximum value. 
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5.2 DEK associates with maturing chromatin in a histone-like manner 

Having shown single-cell evidence of DEK localizing in the proximity of the replication fork for 

a subset of replication foci, its global binding to nascent DNA was investigated using a 

biochemical approach. Isolation of Proteins on Nascent DNA (iPOND) is a ChIP-like method 

to purify EdU-labelled nascent DNA and study associated proteins via mass spectrometry or 

western blotting. Replicating cells were pulse-labelled with EdU before coupling to biotin azide 

via click chemistry. As negative control (no click sample), biotin azide was omitted from the 

click reaction mix. After cell lysis and sonication, the lysate (input sample) was incubated with 

streptavidin-coupled beads to enrich the biotin-containing DNA fragments. Bound proteins 

were eluted under denaturing conditions (capture sample) and detected via western blotting.  

In a first time course experiment, the time of incubation with EdU (pulse duration) was 

increased from 2.5 to 30 minutes (Figure 13 A). The longer the pulses, the longer the stretch 

of DNA that is labelled behind the replication fork and the more the newly synthesized 

chromatin has time to mature. PCNA, as part of the replisome, could be detected already after 

2.5 minutes. DEK and H3, as a histone a marker for mature chromatin, were only detectable 

in trace amounts at this time point (Figure 13 B). PCNA’s binding to chromatin declined after 5 

minutes, as the labelled DNA became longer (Figure 13 C). Binding of H3 and DEK, on the 

other hand, increased until 10 minutes (H3) respectively 15 minutes (DEK) and remained 

constant thereafter. At 5 and 10 minutes, a significant 2-3-fold enrichment of PCNA on the 

nascent DNA was observed as compared to DEK and H3, a statistically significant difference.  

Next, a pulse-chase experiment was conducted (Figure 13 D). The EdU pulse duration was 

maintained at 10 minutes, but after washing excess EdU the cells were treated for increasing 

durations with EdU-free, thymidine containing medium. Under these conditions, nascent DNA 

is no longer labelled with EdU. The longer durations of this chase period, the farther the 

replication fork travels away from the labelled DNA segment. In these pulse-chase 

experiments, PCNA rapidly dissociated from the maturing chromatin with increasing chase 

durations and became barely detectable 30 minutes after medium exchange (Figure 13 E and 

F). DEK, on the other hand, markedly recruited to the maturing chromatin and was significantly 

enriched after 15 minutes. This was accompanied by a two-fold enrichment of H3, which 

became significant 30 minutes after chase. 
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Figure 13: DEK associates with nascent chromatin concomitantly to nucleosome assembly 

A-C: Hela S3 cells were pulse-labelled with EdU for 2.5 – 30 min and biotin-azide was covalently 

attached via click chemistry. After cell lysis, EdU-biotin containing DNA fragments were precipitated 

using streptavidin-coupled magnetic beads. Bound proteins (capture) were identified by western blot 

analysis. A: Scheme of iPOND pulse experiment. B: Representative western blots of input and capture 

samples using antibodies specific for DEK, PCNA and histone H3. C: Densitometric analysis from five 

independent experiments. The fold change of captured protein is displayed relative to the 30 min time 

point. Band intensities were normalized to the respective input intensities. Shown are mean values, one-

sided error bars represent the standard deviation. Statistical test: 2way ANOVA with Bonferroni posttest; 

*** p<0.001, ** p<0.01, * p<0.05, no asterisk: not significant.  

D-F: Hela S3 cells were pulse-labelled with EdU for 10 min, followed by a chase into thymidine 

containing medium for 0 – 30 min. iPOND was performed as in A-C. D: Scheme of iPOND chase 

experiment. E: Representative western blots of input and capture samples using antibodies specific for 

DEK, PCNA and histone H3. F: Densitometric analysis from five independent experiments. The fold 

change of captured protein is displayed relative to the 0 min time point. Normalization and statistical 

analysis as in C. 

 

In summary, in both pulse and pulse-chase experiments DEK and the core histone H3 bind in 

a very similar manner to chromatin behind the fork. In contrast to the replisome component 

PCNA, they show a delayed enrichment to nascent DNA and do not disappear from the 

maturing chromatin after prolonged chase periods. Instead, they recruit until 30 minutes of 

chase duration. 
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Taken together, the microscopical data uncover a new, specialized role of DEK in late S phase 

replication, while the in vitro data pinpoint DEK to be part of the mature chromatin rather than 

to be associated to nascent DNA in the global replication process. 

 

5.3 Replication stress modulates the formation of DEK bodies 

The influence of post-translational modifications of DEK on DEK body occurrence has been 

tested by E. Gwosch during her PhD thesis. Neither inhibition of phosphorylation via 

tetrabromobenzotriazole (an inhibitor of casein kinase-2) or KU-55933 (an inhibitor of upstream 

kinase ATM) nor downregulation of poly(ADP-ribose)ylation via ABT-888 (an inhibitor of 

PARP1/2) altered DEK body number or duration (Figure 6.23 in (Gwosch, 2017)). Therefore, 

the replication process itself was challenged by using drugs that induce replication stress.  

Before testing the influence of replication stressors on DEK bodies, the effect of laser 

illumination at 488 nm during the time lapse experiments on the fitness of the GFP-DEK cells 

was investigated. Every cell line reacts differently when repeatedly exposed to focused laser 

light in live-cell experiments. Especially UV and blue wavelengths (340 - 500 nm) can impose 

stress through oxidative radical formation (Ge et al., 2013). One way of measuring the fitness 

of cells during time lapse experiments is by determining their M phase durations. The process 

of mitosis is highly controlled and thus very sensitive to exogenous stressors. M phase duration 

of GFP-DEK cells was measured in the spinning disk confocal microscope used previously for 

PCNA colocalization experiments (chapter 5.1). Cells were kept at 37° C and 5% CO2 and 

images were acquired for 48 hours with a frame interval of 10 minutes. To measure the 

baseline level of M phase duration, cells were exposed to brightfield illumination and visualized 

by DIC (Differential Interference Contrast) microscopy. To test the impact of the 488 nm laser, 

GFP-DEK signals with 5% respectively 10% laser power (LP) were measured additionally 

(Figure 14 A). 5% LP corresponds to 131 µW/cm2 measured in the focal plane and is the lowest 

value where DEK bodies are clearly distinguishable from the nuclear background signal with a 

signal-to-noise ratio of 2-3. Evaluation of M phase duration demonstrates baseline values of 

~39 and 42 minutes for brightfield illumination respectively 5% LP while at 10% LP the average 

M phase is prolonged to 124 minutes (Figure 14 B). Visual inspection confirmed the expected 

increase in cell death events and mitotic failures. The GFP-DEK signal was evaluated to count 

the average number of DEK bodies per cell, the duration of DEK body occurrence and the G2 

phase duration (Figure 14 C). All three metrics distinctly increase at 10% LP, substantiating 

the phototoxic effects of the blue laser. 
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Figure 14: 488 nm laser illumination with moderate intensity induces cytotoxic effects on GFP-

DEK cells 

Time lapse microscopy of GFP-DEK cells either using brightfield illumination only or in combination with 

fluorescence imaging using the 488 nm laser line. Images were acquired for 48 h with a spinning disk 

confocal microscope. A: Magnified images of a representative GFP-DEK cell (white arrows) at the start 

(t1) and end (t2) of a DEK body sequence and the start (t3) and end (t4) of M phase. Laser power was 

set to 5%. Scale bar: 10 µm. B-C: The violin plot represents the density distribution of the single data 

points, the black line indicates the median, the box the interquartile range (IQR) and the whiskers  1.5 

IQR. B: The length of M phase was evaluated in at least 52 cells using the brightfield DIC signal. C: The 

number of DEK bodies, the length of DEK body sequences and the length of G2 phase were measured 

in at least 78 cells using the GFP-DEK signal. Similar DEK body signals appearing in two consecutive 

frames were ascribed to a single DEK body.  

 

For the following replication stress experiments, the 488 nm laser was set to 131 µW/cm2 (5-

6% LP) to minimize phototoxic effects. Three different chemicals with different mechanisms for 

replication stress induction were used. Hydroxyurea (HU) inhibits the ribonucleotide reductase, 

lowering the pool of deoxyribonucleotides (dNTPs) available for DNA synthesis. Aphidicolin 

(APH) inhibits DNA polymerases α, δ, and ε, and camptothecin (CPT) inhibits topoisomerase 

I, an enzyme necessary for reducing torsional stress generated by unwinding the DNA helix 

during replication. 

U2-OS GFP-DEK cells were treated with the respective drug or left untreated, equilibrated in 
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24 hours with a frame interval of 10 minutes. Low concentrations of HU (10 µM), APH (200 

nM) and CPT (100 nM) were chosen, as higher concentrations (e.g. 0.5 - 2 mM HU, 1 - 10 µM 

CPT) have been shown to lead to fork stalling and cell cycle arrest, which blocks DEK body 

formation (own observations, (Ganz et al., 2018; Lukas et al., 2011; Ray Chaudhuri et al., 

2012)). The number of unique DEK bodies per cell and the length of the image sequences 

displaying DEK bodies were counted. As cell cycle controls, G2 and M phase duration were 

measured. Only cells which successfully completed cytokinesis were evaluated. While HU had 

no impact on DEK body parameters, APH strongly reduced the DEK body number to almost 1 

per cell and prolonged DEK body duration by 28% to 36 minutes (Figure 15 A and B). CPT 

had a small impact on DEK body numbers but strongly increased DEK body and G2 phase 

duration. An increase of the CPT concentration to 1 µM lead to no detectable DEK bodies due 

to massive cell death (data not shown). 
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Figure 15: The number of DEK bodies is downregulated after treatment with aphidicolin 

A: Time lapse fluorescence microscopy of GFP-DEK cells treated for 1 h with 10 µM HU, 200 nM APH, 

100 nM CPT or left untreated (Ctrl) before imaging for 24 h in a spinning disk confocal microscope. 

Depicted are representative, magnified image sequences of nuclei during DEK body formation (red 

boxes) or shortly afterwards. Scale bar: 10 µm. B: Quantification of A. The number of DEK bodies, the 

length of DEK body sequences, M and G2 phase durations were counted in a minimum of 15 to a 

maximum of 132 cells. Similar DEK body signals appearing in two consecutive frames were ascribed to 

a single DEK body. The violin plot represents the density distribution of the single data points, the black 

line indicates the median, the box the interquartile range (IQR) and the whiskers  1.5 IQR. * One outlier 

each from the control and CPT experiments has been removed from the plot for visualization purposes. 

 

Taken together, inhibition of the major DNA polymerases via APH had the strongest effect on 

DEK bodies, while topoisomerase I inhibition via CPT affected cell viability more than DEK 

body numbers. 
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5.4 A high-throughput screening assay for the identification of DEK body 

regulators 

The drugs that were used in the previous chapter impair DNA replication on a global scale – 

their targets, DNA polymerases and topoisomerases, act throughout early-, mid- and late-S 

phase and during the replication of regular alpha-helical DNA as well as more complex 

secondary structures.  

To gain deeper insights into the function and regulation of DEK bodies, it would be of interest 

to identify proteins that specifically modulate their occurrence. To this end, an exploratory 

siRNA screening approach was chosen (see 5.4.2). The library of this primary screen was 

custom-designed to include known DEK interactors and regulators as well as DNA replication 

and post-translational modification proteins that have not yet been associated with DEK. siRNA 

hits from the primary screen were finally validated in a secondary, low-throughput experiment 

(see 5.4.3). 

First, a pilot screen was performed to find appropriate controls and to establish the screen 

workflow of plate preparation, transfection, imaging and image analysis. 

 

5.4.1 Development of the assay - the pilot screen 

The high-throughput siRNA screening assay was carried out at the Advanced Light Microscopy 

Facility (ALMF) of the EMBL in Heidelberg. It is based on a method developed at this facility 

by B. Neumann and colleagues (Neumann et al., 2006): Briefly, 96-well imaging plates are 

coated with a mixture of transfection reagent, siRNA, sucrose and gelatin by lyophilization, 

allowing for room temperature storage of the ready-to-use plates. With this procedure, solid-

phase transfection can be induced whenever a cell suspension is added. 48 to 72 hours after 

seeding of cells, RNA interference is maximally effective and live-cell imaging experiments can 

be performed (Figure 16 A).  
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Figure 16: Development of a high-throughput siRNA screening assay to investigate DEK body 

occurrence 

A: Workflow of the pilot screen. Putative positive and negative control siRNAs were introduced into GFP-

DEK cells via solid-phase reverse transfection and DEK body occurrence was visualized using a high-

content fluorescence microscope. Replication stress drugs APH and CPT were added to untransfected 

cells 1 h prior to imaging. Time lapse images were analyzed with the CellProfiler software. B: Main steps 

of the image analysis pipeline. Magnified details and exemplary frames of cells transfected with a 

negative control siRNA are shown. Nuclei with detected DEK bodies are outlined in red, nuclei that 

passed quality control in white. Nuclei that were filtered out due to cell death or mitosis are not outlined. 

DEK bodies are encircled in red. Scale bar: 20 µm. C: Scheme of the gap filling algorithm used after 

image analysis to calculate DEK body parameters. 

 

For the pilot experiments, for each siRNA three wells were coated corresponding to technical 

triplicates. Several controls were included (Table 1): Wells coated with gelatin/sucrose only 

were used as untreated controls, addition of transfection reagent served as mock control. A 

DEK-targeting siRNA (sDEK, all siRNAs from the SilencerSelect series, Ambion) served as 

transfection control and two different non-targeting randomized siRNAs as negative treatment 
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controls (sNEG1 and sNEG9). Previous results have demonstrated that APH treatment elicited 

the strongest effect on DEK body number without strongly impeding cell cycle progression. As 

APH is known to bind DNA polymerase α and δ, siRNAs targeting their catalytic subunits 

(sPOLA and sPOLD) were included as positive controls. Two siRNAs with known strong mitotic 

phenotypes were used as alternative transfection controls: sKIF11, leading to arrest in mitotic 

prophase and sAURKB, leading to arrest in anaphase (Neumann et al., 2010; Pau et al., 2013). 

To compare DEK body numbers and duration with previous experiments, APH or CPT were 

added to cells plated in wells coated with gelatin/sucrose but lacking siRNA transfection 

reagent. 

 

Table 1: Treatments/siRNAs included in the pilot screen. 

identifier 
treatment 
type target gene name gene id comment control type 

untreated - - - gelatin/sucrose coating 
only 

negative 

mock transfection 
reagent 

- - coating + transfection 
reagent 

negative 

sNEG1 siRNA - - non-targeting siRNA negative 

sNEG9 siRNA - - non-targeting siRNA negative 

sDEK siRNA DEK DEK - transfection 

APH drug - - 200 nM APH positive 

CPT drug - - 100 nM CPT positive 

sPOLD siRNA DNA polymerase δ POLD1 catalytic subunit positive 

sPOLA siRNA DNA polymerase α POLA1 catalytic subunit positive 

sKIF11 siRNA kinesin family 
member 11 

KIF11 microtubule motor protein phenotypic 

sAURKB siRNA aurora kinase B AURKB binds to mitotic spindle phenotypic 

 

Imaging was performed using a high-content widefield fluorescence microscope (ImageXpress 

Micro XLS, Molecular Devices) equipped with a GFP emission filter set, a large CMOS sensor 

(3.5 x 3.5 mm) and a 20X objective with a high numerical aperture lens (0.75). Images were 

analyzed automatically with the open source software CellProfiler on a remote cluster to 

minimize computing time. The image analysis pipeline encompassed background correction, 

nuclei segmentation, filtering of dead and mitotic cells, intensity-based detection of DEK bodies 

and tracking of nuclei via the minimal overlap method ((Figure 16 B), see also Methods, 

7.2.4.3). DEK bodies were mapped to their corresponding nuclei and tracks, allowing to obtain 

continuous DEK body sequences. Detection of false-negative as well as false-positive DEK 

bodies could be reduced by applying a gap filling algorithm and extracting only the longest 

DEK body sequence within the same track (Figure 16 C, see also Methods, 7.2.4.4). DEK body 

parameters (including DEK body count, DEK body duration, etc.) were calculated from the 

time-resolved data using the statistical software package R. 
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Two experiments (pilot 1 and 2) were performed with varying imaging durations and intervals 

as well as positions and number of cells per well (Table 2) to find the best conditions. To 

generate the time lapse data, an image was taken at each position every 5 or 10 minutes. The 

total dosage of blue light at the end of each pilot experiment was identical to minimize 

differential phototoxic effects. The total exposure to fluorescent light was kept constant for 

better comparability by acquiring the same number of images at each position in both pilot 

experiments. 

 

Table 2: Imaging conditions of the pilot experiments. 

 
incubation time 

time lapse 
duration imaging interval positions/well cells seeded/well 

pilot 1 48 h 24 h 5 min 4 4000 

pilot 2 48 h 48 h 10 min 9 2500 

 

After image analysis with CellProfiler, average statistics were calculated for each time point, 

position and treatment/siRNA. When plotting the average cell count per timepoint for different 

treatments/siRNAs, a stagnation of growth can be discerned for the CPT/APH/sPOLD/sKIF11 

treated cells. Negative control cells (untreated/mock/sNEG1) as well as sPOLA/sAURKB 

treated cells maintained a linear growth function (Figure 17 A). Visual inspection showed an 

increased cell death in CPT/APH/sKIF11-treated cells, while sAURKB/sKIF11 cells additionally 

developed abnormal nuclear morphologies (Figure 17 B). When zooming in and increasing 

brightness, it became apparent that siRNA-treated but not untreated cells had extranuclear 

GFP signals (Figure 17 C, white arrows). This potential sign of stress is probably due to the 

transfection reagent itself, as mock-treated cells exhibited the same signals, albeit weaker. To 

investigate the knockdown efficiency of the RNA interference method, the fluorescence 

intensity of the nuclear GFP-DEK signal of sDEK-treated cells was compared to the sNEG1 

negative control (Figure 17 D). A 4.4-fold median decrease of nuclear intensity for pilot 2 

compared to a 1.5-fold reduction for pilot 1 showed that a reduced cell density improved 

knockdown efficiency. 
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Figure 17: Evaluation of cellular fitness and DEK knockdown efficiencies for the pilot 

experiments 

A: Mean number of detected nuclei per time point of selected treatments/siRNAs. Mean values are an 

average of all imaged positions. B: Representative images of selected treatments from the last time 

point of the time lapse experiments. Typical nuclear phenotypes are encircled in white. Scale bar: 50 

µm. C: Representative images of selected negative controls from the first time point of the time lapses. 

Image brightness is increased to highlight extranuclear GFP-DEK signals (white arrows). Scale bar: 10 

µm. D: Mean nuclear fluorescence intensity per time point. Transfection control sDEK is compared to 

the negative control sNEG1. Mean intensity values are an average of all imaged positions. 
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hand, clearly decreased under APH/CPT treatment and, to a lesser extent, under sNEG1/9 

and sPOLA treatment as compared to the untreated control. The decrease in DEK body 

numbers observed for sNEG1/sNEG9 could be explained by the higher stress levels due to 

the transfection reagent (see also Figure 17 C). As POLA and POLD are targets of APH, a 

similar effect of the corresponding siRNAs and APH treatment was expected. sPOLA, 

however, led to the same number of DEK bodies as sNEG1/sNEG9 and a considerably higher 

number than APH. sPOLD had the opposite effect on DEK bodies, making it the only treatment 

of the pilot screen that substantially increased DEK body formation. Treatments 

downregulating DEK bodies seemed to also negatively affect cellular fitness (e.g. APH, CPT, 

sKIF11). Therefore, sPOLD was chosen as positive control for the primary screen. No 

differences in the effects of sNEG1 and sNEG9 on DEK body numbers could be determined. 

As sNEG1 had been used extensively by the ALMF as a negative control in previous screens 

(B. Neumann, personal communication), this siRNA was chosen as negative control. Finally, 

the broader interquartile ranges (IQRs) and elongated violin plots in pilot 2 demonstrated a 

higher variance both in DEK body numbers and sequence lengths than in pilot 1. The median 

values of both measurements, however, were similar in both experiments. Thus, an imaging 

interval of 10 minutes seemed to be sufficient to resolve the formation of DEK bodies.  
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Figure 18: Synopsis of DEK body measurements from the pilot screening experiments 

The mean DEK sequence length (top) and mean number of DEK bodies per cell (bottom) of selected 

treatments/siRNAs. For every position, an average value was calculated; the violin plot represents the 

density distribution of these averages, the black line indicates the median, the box the interquartile range 

(IQR) and the whiskers  1.5 IQR. 

 

In summary, pilot 1 showed a smaller DEK knockdown efficiency but also a smaller data 

variance than pilot 2. Consequently, slightly fewer cells were seeded in the primary screen 

than in pilot 1 (3500 cells per well instead of 4000). Images were acquired in 12 minute intervals 

for 24 hours to ensure complete acquisition of the 96-well plate before the next interval. 

Furthermore, sNEG1 and sPOLD were chosen as negative respectively positive controls. 

 

5.4.2 The primary screen identifies DEK body regulators 

After establishing the main assay parameters in the pilot experiments, a primary siRNA screen 

was designed to find new potential DEK body regulators. To this end, a library of 332 genes 

targeted by at least two different siRNAs per gene (678 siRNAs in total) was created. The 

library consists of known DEK regulators (e.g. B-WICH components BAZ1B and SMARCA6 

(Cavellan et al., 2006), HP1α, SUV39H1/2 (Kappes et al., 2011b)), DNA damage repair and 

replication genes (e.g. WRN, BRCA1/2, p53, RAD50/51, polymerases, topoisomerases, 
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helicases) and post-translational modifiers (e.g. poly(ADP-ribose)polymerases, kinases, 

acetyltransferases, methyltransferases, SUMO proteins). As negative control, the same non-

targeting siRNA (sNEG1) as in the pilot was included on every imaging plate. sPOLD was used 

as positive control for DEK body upregulation and sDEK as transfection control. Eight unique 

96-well plate layouts were prepared to include all library siRNAs and controls. After preparation 

of the transfection mix, each layout was coated onto eight imaging plates to allow for imaging 

of replicates (see 5.4.1). The frame interval was increased from 10 to 12 minutes compared to 

the pilot screen to allow for imaging of all 384 positions per time point (four positions per well 

in 96 wells). Imaging duration was decreased from 24 to 22 hours to maintain a 24-hour rhythm 

including temperature equilibration time for each replicate (Figure 19 A). At least two 

independent replicates were imaged for each plate layout, yielding 6528 time lapses with 111 

images each. 

 

5.4.2.1 Quality control and reproducibility of the primary screen 

The scope of the primary screen and the amount of produced data impeded a manual 

inspection of every image. Therefore, an automatic quality control (QC) became necessary. 

This objective was achieved using the statistical software R (for the code see Appendix, 8.2) 

and parameters calculated with CellProfiler. The main source of low-quality images were out-

of-focus or blurry images caused by problems of the hardware focusing system, debris 

swimming through the field-of-view or dirt beneath the imaging plate (Figure 11 B). These 

issues might lead to false-negative segmentation of nuclei or detection of DEK bodies. For this 

reason, time lapses with extreme values in the Power Log-Log Slope (PLLS, (Bray et al., 

2012)), a measure for the distribution of spatial frequencies in an image, were excluded. Nuclei 

with low fluorescence intensities were excluded (e.g. all sDEK time lapses) because nuclei 

segmentation as well as DEK body detection was not reliable (Figure 11 C). Additionally, time 

lapses with too few nuclei were discarded because U2-OS cells only grow exponentially when 

there are sufficient cell-to-cell contacts. Of note, dead and mitotic cells had already been 

excluded by the CellProfiler image analysis pipeline (see also Figure 16 B) based on their high 

standard deviation of nuclear intensity. In total, 414 out of 6528 (6.3%) time lapses, 24 out of 

683 (3.5%) siRNAs and 1 out of 332 genes (CBX3) did not pass QC. 
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Figure 19: Workflow of the primary screen and quality control (QC) parameters 

A: Workflow of the primary screen. 332 genes were downregulated using a library of 678 siRNAs and 

DEK body occurrence in GFP-DEK cells was imaged using a high-content fluorescence microscope. 

Time lapse images were analyzed with CellProfiler software leading to the identification of DEK body 

regulators. B: Representative images showing wrong focus (left) and bright artefacts (right) as typical 

problems arising during automated imaging. C: The PowerLogLog slope, a measure for image quality, 

plotted against the integrated nuclear intensity. The dotted lines mark QC thresholds for these two 

parameters. Each data point represents the mean of one position averaged over all time points. 

Positions that failed all QC parameters are in orange, those that passed are in blue. Prominent examples 

for positions that failed QC are encircled in red.  

 

After QC, parameters of control wells were compared with those of the pilot screens to 

demonstrate the reproducibility of the assay (Figure 20). Evaluation of the mean nuclear 

fluorescence intensity showed that treatment with sDEK reduced nuclear DEK signal in the 

primary screen better than in pilot 1 and to a similar extent than in pilot 2: The median of all 

sDEK measurements was reduced 3.6-fold compared to sNEG1 in the primary screen, 1.8-

fold in pilot 1 and 5.1-fold in pilot 2 (Figure 20 A). DEK body duration and numbers were 

affected in a similar way: DEK body sequence length remained at the same level for all 

treatments while only sPOLD upregulated DEK body numbers compared to sNEG1-treated 

cells (Figure 20 B). The main difference between the primary and the pilot screens was a 

slightly lower DEK body count in the primary screen, regardless of the conditions. 
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In conclusion, the primary screen showed a better knockdown efficiency compared to pilot 1 

and performed similarly to the pilot screens regarding DEK body duration and numbers, 

demonstrating the excellent reproducibility of the assay. 

 

  

Figure 20: Comparison between pilot and primary screen controls 

A-B: Measurements of negative control siRNA sNEG1, untreated wells and test siRNAs from the pilot 

screens and the primary screen. For every position, an average value was calculated; the violin plot 

represents the density distribution of these averages, the black line indicates the median, the box the 

interquartile range (IQR) and the whiskers  1.5 IQR. A: Mean nuclear fluorescence intensity. B: Top: 

Mean DEK body sequence length, bottom: mean number of DEK bodies per cell. 
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5.4.2.2 Scoring of hits reveals SUMO-related proteins as DEK body 

upregulators 

To inspect the distribution of the mean number of the DEK bodies over all replicates, a 

histogram of the raw data for all positions was plotted (Figure 21 A). It revealed a slightly right-

skewed normal distribution, with the negative control sNEG1 forming less DEK bodies than the 

mean and median of all siRNAs. The variance of sNEG1 was similar over all plates and 

replicates, making it a suitable reference for normalization (Figure 21 B top). To be able to 

compare and score siRNA hits across plates and replicates, a Z-score of the log-transformed 

mean number of DEK bodies per cell (�) was calculated for each position (�): 

�-����� =  
����(��)� ����(�������)

����(�������)
                                                                                     (1) 

The Z-score corrects for plate-wise variations by subtracting the mean of all sNEG1 

measurements (�������) and dividing by its standard deviation (�������).  
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Figure 21: Data normalization of the primary screen 

A: Histogram displaying the distribution of the mean number of DEK bodies per cell of all measured 

positions. Black line: the mean of the sNEG1 positions; blue: median of all positions; red: mean of all 

positions. B: The mean number of DEK bodies per cell of selected siRNAs plotted against all 96-well 

plates/replicates before (top) and after (bottom) Z-score normalization. Each data point represents the 

mean of one position averaged over all time points. Dotted line: Mean of sNEG1; dashed and continuous 

line (bottom): Z=|2| respective Z=|3| thresholds. 
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was due to a higher cytotoxicity of siRNAs with a negative effect on DEK body numbers, 

leading to more excluded siRNAs after QC. These thresholds resulted in 51 candidate siRNAs 

enhancing (upregulators) and 29 candidates reducing DEK body numbers (downregulators). 

In absolute numbers, top scoring upregulators had 1.7-2.1 DEK bodies per cell, the negative 

control sNEG1 1.41 and downregulators 1.1-1.3 DEK bodies per cell. Visual inspection of the 

strongest hits confirmed their DEK body up- respectively downregulating effects compared to 

the negative control (Figure 22 B). However, for many downregulators an increase in cell death 

and abnormal nuclear morphologies could be observed. The upregulators generally had a 

more inconspicuous morphology, comparable to sNEG1. 
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Figure 22: Scoring of hits from the primary screen 

A: Log2-transformed Z-score of the average number of DEK bodies per cell. Each data point represents 

the mean of all Z-scores of the same siRNA from two independent replicates, normalized against the 

negative control siRNA sNEG1. In dark grey: Top scorers. In blue: siRNAs of target genes included in 

the pilot screen. B: Raw images of negative control siRNA sNEG1 (s813) and the two strongest DEK 

body upregulating (left) and downregulating (right) siRNAs. Overviews of representative images and 

magnified insets with DEK body-positive nuclei are shown. 

 

Next, it was analyzed whether specific pathways and biological processes were enriched within 

the DEK body regulating siRNAs. Therefore, the g:GOSt tool from the g:Profiler website 

−5

−4

−3

−2

−1

0

1

2

3

4

5

6

Z
−
sc

o
re

 (
L

o
g

)
2

Number of DEK bodies per cell

sPOLA

sNEG1

sPOLD

50 µm

50 µm

50 µm

s14590 - sUBE2I

s813 - sNEG1

DEK body upregulators DEK body downregulators

s28485 - sGINS2

s40363 - sTICRR

s17209 - sBAZ1B

5 µm 5 µm

5 µm

5 µm

5 µm

5 µm

50 µm5 µm 5 µm

50 µm5 µm 5 µm

A

B



 

51 

(https://biit.cs.ut.ee/gprofiler/) was used, with the target genes of the up- respectively 

downregulating siRNAs as input and the 331 library genes remaining after QC as statistical 

background. When more than one siRNA targeting the same gene was in the hit list, only the 

higher-ranked gene was included. The g:GOSt tool searches in several databases for two or 

more entries from the hit list with matching biological processes, molecular functions or protein 

complexes and calculates the probability that these matches have occurred by random chance 

(p < 0.05, Table 3). 

 

Table 3: List of the strongest DEK body upregulating genes based on the Z-score of the 

corresponding siRNAs. When two different siRNAs targeting the same gene scored as hits, only the 

siRNA with the larger absolute value is shown and indicated in bold. For the upregulators, only the top 

10% (31 out of 331 genes) are included. Raw values before normalization and their standard deviation 

(SD) are shown. Highlighted in color: Hits grouping into common gene ontologies. 

 

 

rank gene name Z-score raw SD rank gene name Z-score raw SD

1 UBE2I 5.67 2.07 0.16 331 CDKN1B -4.87 1.08 0.08

2 GINS2 5.61 2.04 0.15 330 TICRR -4.54 1.10 0.07 Gene ontology

3 BRIX1 5.17 1.95 0.19 329 BAZ1B -3.35 1.19 0.11

4 ABCF1 4.91 1.91 0.19 328 YTHDC2 -3.27 1.15 0.10

5 DTL 4.62 2.06 0.17 327 -2.93 1.18 0.11

6 UBE2A 4.61 1.94 0.25 326 MCM10 -2.85 1.14 0.13

7 FTSJ3 4.48 1.86 0.08 325 -2.80 1.18 0.05 G1/S transition

8 ATR 4.46 1.86 0.07 324 -2.41 1.19 0.14 G2/M checkpoint

9 GNL2 4.43 1.83 0.20 323 CHAF1B -2.35 1.26 0.15

10 SUMO1 4.34 2.05 0.13 322 PSIP1 -2.31 1.22 0.06

11 APEX1 4.20 1.84 0.49 321 EIF3A -2.31 1.11 0.07

12 PYM1 4.18 1.88 0.21 320 ATR -2.31 1.27 0.14

13 GNL3L 4.14 1.86 0.25 319 RNF4 -2.25 1.23 0.14

14 ACTL6A 4.08 1.84 0.23 318 CHAF1A -2.10 1.28 0.07

15 CDT1 4.04 1.83 0.16 317 KMT5A -2.08 1.12 0.10

16 SUV39H2 3.95 1.87 0.24 316 CHEK2 -2.01 1.28 0.12

17 TOP1 3.94 1.88 0.32 315 BRIP1 -1.94 1.29 0.10

18 HDAC2 3.92 1.80 0.19 314 POLG -1.83 1.26 0.12

19 HEY2 3.88 1.82 0.19 313 APEX1 -1.77 1.32 0.28

20 PARP3 3.83 1.95 0.15 312 ORC1 -1.75 1.18 0.13

21 SUV39H1 3.82 1.83 0.19 311 RPA4 -1.72 1.28 0.13

22 SAE1 3.74 1.96 0.28 310 FANCM -1.71 1.18 0.13

23 TAF5L 3.74 1.83 0.14 309 WRN -1.67 1.28 0.11

24 MGME1 3.63 1.76 0.16 308 MTREX -1.63 1.17 0.05

25 ERCC6 3.60 1.90 0.24 307 RAD9A -1.62 1.36 0.32

26 FEN1 3.46 1.72 0.14 306 TIPIN -1.62 1.29 0.12

27 KAT2B 3.44 2.06 0.09 305 HSP90AA1 -1.61 1.20 0.10

28 KMT5B 3.38 1.78 0.11 304 RFC3 -1.54 1.31 0.08

29 XRCC5 3.36 1.77 0.14 303 RFC1 -1.53 1.31 0.08

…

35 UBB 3.27 1.79 0.19

…

44 TAF6L 3.01 1.75 0.25

Upregulators Downregulators

histone acetyl / 

methyltransferases

SUMO / Ubiquitin 

enzymesMCM10
RPA1
MCM7

UBC
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Gene ontology (GO) analysis of the upregulators revealed significant enrichment for siRNAs 

targeting 1.) histone acetyl- and methyltransferases and 2.) SUMO/Ubiquitin pathway proteins. 

Firstly, acetyltransferases KAT2B, TAF5L and TAF6L are part of PCAF, the P300/CBP-

associated factor complex, while ACTL6A is part of NuA4 and several SWI/SNF-like 

nucleosome remodeling complexes. One member of the histone deacetylases which catalyzes 

the reverse reaction, HDAC2, is also among the hits. The methyltransferases SUV39H1/2 are 

responsible for the H3K9me3 modification, thereby spreading heterochromatin. Secondly, from 

the ubiquitin modification pathway, siRNAs targeting ubiquitin precursor UBB, the E2 

conjugating enzyme UBE2A and DTL, a substrate-specific adaptor of the E3 ligase CUL4A-

DDB1, were found as top hits. Of note, UBC, another ubiquitin precursor, appears as a 

downregulator (see below). Also, none of the two human E1 enzymes (UBA1 and UBA6) and 

only one other E2 enzyme, UBE2B, were included in the screen. From the SUMOylation 

pathway, SUMO1 (Small ubiquitin-related modifier 1), E1 activating enzyme SAE1 and E2 

enzyme UBE2I were among the top hits. Interestingly, two SUMO3 siRNAs (rank 54/62) were 

also among the major upregulators. From seven SUMO-related siRNAs included in this screen 

(SUMO1-4, SAE1, UBE2I, SENP3), only three (SUMO2/4, SENP3) were not among the top 

10% scoring siRNAs.  

On the other hand, all downregulators with significant GO enrichment can be grouped into cell 

cycle transition GOs (Table 3). Downregulation of proteins involved in G1/S transition, as e.g. 

CDK2·cyclinE inhibitor CDKN1B, MCM helicase component MCM7, pre-initiation complex 

(pre-IC) component TICRR and ssDNA binder RPA1, seems to have a stronger impact than 

G2/M checkpoint proteins like CHEK2, BRIP1 and ORC1. While this is not statistically 

significant, many of the downregulators, including several cell cycle regulating proteins, are 

involved in DNA strand break repair: BAZ1B, UBC, RPA1, ATR, RNF4, CHEK2, BRIP1, WRN, 

RAD9A, TIPIN and RFC1/3. Notably, UBC is, as the DEK body upregulator UBB, a ubiquitin 

precursor. Another interesting downregulator is RNF4, as it connects the ubiquitination and 

SUMOylation pathways. RNF4 and RNF111 (not included in the screen) are the only known 

human SUMO‐targeted ubiquitin ligases (STUbLs) - they recognize SUMOylated proteins via 

their SUMO-interacting motif (SIM) and mediate their polyubiquitination for proteasomal 

degradation (Kumar et al., 2017; Poulsen et al., 2013).  

Apart from these GO-enriched genes, some singular hits stand out. GINS2, BRIX1 and ABCF1 

siRNAs are among the strongest upregulators, with Z-scores close to or above 5. GINS2 is 

part of the GINS-complex and is recruited to origins of replication alongside TICRR, amongst 

others. BRIX1 is required for the biogenesis of the 60S ribosomal subunit (Sanghai et al., 2018) 

and ABCF1 is a member of the superfamily of ATP-binding cassette (ABC) transporters 

involved in translation initiation (Qu et al., 2018). TOP1 is noteworthy because it is also the 

target of CPT. Both pretests and pilot experiments have shown that low doses of CPT and 
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APH reduce DEK body numbers (chapter 5.3). For POLD, the target of APH, an increase in 

DEK body numbers could already be observed in the pilot screen. In the primary screen, DEK 

body numbers of all three POLD1 (the catalytic subunit) siRNAs increased markedly (Z > 2), 

albeit not as strongly as those of both TOP1-specific siRNAs (Z > 3). On the side of the 

downregulators, BAZ1B and YTHDC2 have a Z-score below -2. BAZ1B is an essential 

component of the chromatin remodeling B-WICH complex (which also comprises DEK) and 

recruits histone H3 acetyltransferases such as KAT2B to facilitate RNA polymerase I and III-

mediated transcription. YTHDC2 is a RNA helicase that binds the internal N6-methyladenosine 

RNA modification and is essential for germline development (Kasowitz et al., 2018). 

Taken together, downregulation of post-translational modification pathways, especially lysine 

acetylation and SUMOylation, seems to upregulate DEK bodies. On the other hand, 

knockdown of proteins involved in cell cycle transitions lead to a decreased DEK body count. 

 

5.4.3 A validation screen confirms major DEK body regulators 

To confirm the findings from the primary screen, a validation screen with selected siRNAs from 

the primary screen was performed at the University of Konstanz. As the high-content 

equipment from the EMBL in Heidelberg was not available, the high-content semi-automatic 

approach from the primary screen had to be adapted to a low-content manual approach: The 

RNA delivery method was changed to liquid-phase transfection and the microscope setup to a 

confocal spinning disk microscope (Figure 23 A). Additionally, picking of siRNAs from the 

library and seeding of cells had to be done manually without the aid of a pipetting robot. Image 

and data analysis was performed analogous to the primary screen, with modifications in 

several CellProfiler and QC parameters owing to the different microscope setup (see also 

Methods, 7.2.5). siRNAs targeting 9 DEK body upregulators (16 siRNAs in total) and 7 

downregulators (10 siRNAs) as well as transfection control sDEK and negative control sNEG1 

were included in this screen. In 96-well plates, two wells per siRNA (technical duplicates) and 

six positions per well were imaged and the experiment was performed in triplicates. Z-scores 

were calculated as previously described (1). 

Before evaluating the validation screen data, the transfection efficiency of the adapted protocol 

was compared to that of the primary screen (Figure 23 B). The mean nuclear fluorescence 

intensities show a higher variance of the position averages in the validation screen and 

reduction of nuclear fluorescence intensity in sDEK siRNA-treated cells was not as pronounced 

as in the primary screen. As visual inspection suggests a much stronger reduction (Figure 23 

C), this effect is most likely due to mis-segmentation of the nuclei during image analysis. The 

automatic thresholding algorithm applied here needs a minimal signal-to-noise ratio to robustly 
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discriminate between background and nuclear signal. This ratio was not given in sDEK siRNA-

treated cells from the validation screen. Examination of the raw images additionally confirmed 

similar DEK body phenotypes of the strongly up- and downregulating siRNAs (sUBE2I and 

sRPA1, respectively). 

In general, both up- and downregulators follow the same trend when directly comparing the 

mean numbers of DEK bodies obtained from the primary and the validation screen (Figure 23 

D), with considerably smaller Z-scores in the validation screen. With the exception of RAD50, 

downregulators could be confirmed to yield negative Z-score values. On the side of the 

upregulators, both TOP1 siRNAs, one of the two TAF5L siRNAs (s25811), one of the two 

KAT2B siRNAs (s16896) and three of the six SUMOylation-related siRNAs (UBE2I, SAE1, one 

SUMO1 siRNA) scored top in the validation screen. However, two of the strongest hits from 

the primary screen, SUMO1 s14608 and SUV39H2 s36183, as well as histone 

methyltransferases SUV39H1/2 had a Z-score around 0. 
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Figure 23: A low-throughput validation screen confirms siRNAs from the SUMOylation and 

histone acetyltransferase pathways as upregulators of DEK bodies 

A: Workflow of the validation screen. Steps deviating from the primary screen are highlighted in red. A 

total of 16 genes was downregulated using 26 siRNAs. DEK body occurrence was visualized in GFP-

DEK cells using a confocal fluorescence microscope. Time lapse images were analyzed with CellProfiler 

software as depicted in Figure 16. B: Mean nuclear fluorescence intensity of untreated cells, cells 

treated with negative control siRNA sNEG1 and transfection control sDEK of the primary and the 

validation screen. Values were normalized to untreated cells. For every position, an average value was 

calculated; the violin plot represents the density distribution of these averages, the black line indicates 

the median, the box the interquartile range (IQR) and the whiskers  1.5 IQR. C: Raw images of cells 

treated with sNEG1, sDEK and DEK body upregulating siRNA sUBE2I and downregulating siRNA 

sRPA1. Representative magnified images with DEK body-positive nuclei are shown. Scale bar: 10 µm. 

D: Comparison of siRNA measurements from the validation and the primary screen. The log2-

transformed Z-score of the mean number of DEK bodies per cell is shown. For the primary screen the 

means of two, for the validation screen the means of three independent experiments are depicted. 
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Although the upregulating effects were not as pronounced as in the primary screen, the results 

of the validation screen corroborated the finding that SUMOylation proteins might play a major 

role in the regulation of DEK body formation. From the SUMO peptides themselves, one 

SUMO1 siRNA could be confirmed as an upregulator in the validation screen while both 

SUMO3 siRNAs gave mixed Z-scores well below ±1. SUMO2 and SUMO4 siRNAs scored only 

in the midfield of the primary screen and were thusly not included in the validation screen 

(Figure 24 A). siRNAs targeting the major enzymes involved in the processing of SUMO 

proteins, E1 activating enzyme SAE1 and E2 conjugating enzyme UBE2I, are also among the 

top performers in both screens. UBA2, the binding partner of SAE1, the de-SUMOylating SENP 

enzymes with the exception of SENP3 and the ever-growing number of known SUMO E3 

ligases were not included in the screen, precluding a statement at this point. 

 

5.5 SUMOylation of DEK could modulate its capability to form nuclear 

bodies  

The siRNA-mediated high-throughput screen showed that downregulation of the SUMOylation 

pathway leads to the upregulation of the number of DEK bodies in U2-OS GFP-DEK cells. A 

low-throughput validation screen confirmed this phenotype. Thus, it was hypothesized that 

DEK is a target of SUMOylation and that its SUMOylation state modulates its ability to form 

aggregates in late-S phase.  

To test this hypothesis, specificity and effectiveness of the RNA interference was evaluated at 

the protein level: U2-OS GFP-DEK cells were transfected with the same UBE2I-, SAE1-, 

SUMO1- and SUMO3-specific siRNAs as in the primary and the validation screen. 

Transfection with sNEG1 served as a control for the wildtype expression level. After 48 hours, 

cells were lysed and total protein extracts were subjected to western blot analysis. For each 

target gene, a separate experiment was performed using the respective primary antibodies 

and a PCNA-specific antibody as loading control. For UBE2I and SAE1, specific signals could 

not be detected (data not shown). For SUMO1 and SUMO3 high molecular weight signals were 

detected, which might be (chained) modifications of unknown target proteins (Figure 24 B). 

Quantification of these signals and normalization to PCNA revealed ~ 70 - 75% of knockdown 

efficiency for both SUMO1 siRNAs and one of the SUMO3 siRNAs (s13176). The second 

SUMO3 siRNA (s13178) achieved a knockdown efficiency of only about 40%.  
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Figure 24: SUMO1/3 siRNAs are effective in downregulating SUMO1/3 protein levels 

A: Scheme of the reversible SUMO modification cycle and its main contributors (left). Overview of 

SUMO-related siRNAs included in the primary screen and identified as hits in the validation screen 

(right). B: Knockdown efficiency of the SUMO1 and SUMO3 siRNAs at the protein level. Whole cell 

lysates of U2OS GFP-DEK cells were subjected to western blotting 48 h after transfection using 

SUMO1- respectively SUMO2/3-specific antibodies. As negative control the sNEG1 siRNA was used, 

PCNA served as loading control. Quantified SUMO signals are marked with an arrow. The experiment 

was performed once. C: Densitometric quantification of B. SUMO levels were normalized to PCNA and 

are plotted as percentage of their control levels (sNEG1). 

 

About 60% of known SUMOylation sites follow the consensus motif ψ-K-X-E/D (with ψ 

representing any hydrophobic amino acid and X representing any amino acid residue (Zhao et 

al., 2014)). Interestingly, the DEK primary sequence harbors one such motif at lysine 261 

(AKRE, http://sumosp.biocuckoo.org). Based on this knowledge and the results of the siRNA 

screen, the question arose as to whether DEK is a target of SUMOylation in cells. To this end, 

a system for the in cellula analysis of SUMOylation was exploited. This system relies on Hela 

cell lines stably expressing 6His-tagged SUMO1 or SUMO3 and Hela wildtype cells as 

negative controls. His-SUMO proteins were purified from whole cell lysate of these cell lines 

using Ni2+-NTA agarose beads. After elution from the beads, proteins which have been 

modified with SUMO moieties can be detected via western blot. Using a DEK-specific antibody 

a band could be detected at around 50 kDa in the His-SUMO-IP for SUMO3 and a weaker 

band for SUMO1 (Figure 25 A). Quantification of three experiments revealed that the SUMO1 

signal was about 20% of the SUMO3 signal (Figure 25 B). A band shift of about 10 kDa for 
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both SUMO1- and SUMO3-modified DEK also indicates the modification with a single SUMO 

peptide, which is 12 kDa in size.  

 

 

Figure 25: DEK is bound to SUMO1/3 in cellula 

A: Hela cells stably expressing 6His-tagged SUMO1 or SUMO3 variants and wildtype cells (control) 

were lysed and subjected to affinity purification and western blotting using a DEK-specific antibody. One 

representative blot depicting whole cell lysates before (Input) and after (His-SUMO-IP) precipitation of 

His-tagged SUMO variants is shown. B: Densitometric quantification of three independent experiments 

as described in A. The signal of SUMOylated DEK was normalized to the corresponding input sample 

and is plotted as percentage of the SUMO3-modified DEK level. Error bars represent SD. 

 

In conclusion, 3 of the 4 tested SUMO1 and SUMO3 siRNAs from the primary screen were 

effective in reducing SUMO levels in cells. Furthermore, it could be shown for the first time that 

DEK is SUMOylated in cellula under physiological conditions, preferably by SUMO3. 
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6 Discussion 

6.1 DEK forms distinct nuclear bodies during S phase 

The role of the oncoprotein DEK in DNA replication has primarily been investigated in vitro 

using the recombinant protein or performing comparative studies with DEK knockdown cells. 

The in vitro experiments elucidated that DEK binds preferentially to non-canonical DNA and, 

due to its supercoil-inducing properties, can be classified as a DNA architectural protein 

(Waldmann et al., 2004). Co-immunoprecipitation studies showed an association with 

transcription-associated chromatin remodeling complex B-WICH (Cavellan et al., 2006) and 

with transcriptional regulators HP1α (Kappes et al., 2011b), AP-2α and C/EBPα (Campillos et 

al., 2003; Koleva et al., 2012). Studies in DEK knockdown cells highlighted a supportive role 

of DEK in replication, with DEK increasing replication fork speed and protecting from DSBs 

especially when the cells were subjected to drug-induced replication stress (Deutzmann et al., 

2015). However, immunofluorescence experiments neither showed a conspicuous localization 

pattern throughout the cell cycle nor found DEK to be part of the replisome (Kappes et al., 

2011a; Matrka et al., 2015). This raised the questions of how DEK exerts its function during 

replication and how its DNA binding properties may affect this function. 

Prior to this thesis, a U2-OS cell line stably expressing GFP-tagged DEK on an endogenous 

level was developed in this laboratory to address these questions (Gwosch, 2017). 

Interestingly, time lapse fluorescence microscopy revealed the formation of transient nuclear 

bodies which were termed DEK bodies. Colocalization of these bodies with a fluorescently 

tagged replisome reporter (RFP-PCNA) demonstrated that they reproducibly form in late S-

phase. During this phase, predominantly hard-to-replicate sequences, e.g. satellite and 

repetitive sequences as well as problematic secondary structures such as cruciform DNA, are 

replicated. As DEK has been shown to preferentially bind cruciform DNA, a specialized role of 

DEK in late S phase replication was hypothesized. 

In this thesis, the dynamics of DEK bodies in the novel GFP-DEK cell line were further 

characterized. To visualize replication factories in these cells, a commercially available 

fluorescently-tagged nanobody specific to human PCNA was expressed. This chromobody has 

one main advantage to the traditionally used expression of the target protein fused with a 

fluorescent reporter (in this case RFP-PCNA): Nanobodies are derived from alpaca heavy 

chain antibodies and ectopic to human cells. Thus, they should not interfere with normal cell 

physiology, with the exception of binding to the target protein. RFP-PCNA, in contrast, 

competes with endogenous PCNA during replication and can be recognized by post-translation 

modifiers. The major disadvantage, on the other hand, is that fluorescent signal intensities are 

generally much lower when using chromobodies, as the epitope on the endogenous PCNA 
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molecules must be accessible and permit binding on a scale that generates detectable 

fluorescence signals. Therefore, it was imperative to use a sensitive confocal spinning disc 

system for the time lapse experiments. 

 

6.1.1 Assessment of cell viability under different imaging conditions  

In all low-throughput time lapse experiments, duration of the mitotic phase (M phase) was used 

as a readout for cellular fitness because mitotic phenotypes could be easily identified by the 

means of either GFP-DEK signals or differential interference contrast (DIC) images. Also, as 

DNA damage repair and transcription are massively reduced during mitosis, this cell cycle 

phase is very sensitive to exogenous stressors. In 24 hour-long brightfield-only time lapses, a 

baseline M phase duration of 39 minutes was observed (Figure 14). This compares well to the 

reported 30 minutes for U2-OS cells (without cytokinesis), as cytokinesis usually lasted for 1 

frame of 10 minutes in our experiments (Brito and Rieder, 2009; Chao et al., 2018). The 

increase of M phase to 124 minutes under moderate 488 nm laser illumination (10% laser 

power; LP) illustrates the phototoxic stress exerted by this high-energy radiation. In the 

chromobody experiments in which cells were irradiated both at 488 and 568 nm at low intensity, 

M phase lasted 46% longer than baseline (60 minutes), indicating moderate stress levels. 

Another viability readout, the G2 phase duration, showed no increase upon 568 nm 

illumination, while moderate 488 nm illumination at 10% LP prolonged G2 phase to 364 

minutes. Again, the baseline values for G2 correspond well to data from the literature (198 

minutes compared to 220 minutes from (Chao et al., 2018)). These cell cycle measurements 

demonstrate that the illumination settings of low 488 nm laser intensity (5% LP) chosen in this 

study do not generate measurable phototoxic effects in U2-OS cells. Furthermore, transfection 

with the chromobody-encoding plasmid and the additional use of the 568 nm laser line seemed 

to impose a moderate amount of stress on the cells, as the more stress-sensitive M phase was 

prolonged while G2 phase remained the same.  

Phototoxicity also seemed to interfere with DEK body formation, as both the DEK body 

numbers and the sequence lengths markedly increased at 10% LP of the 488 nm laser. DNA 

replication per se is challenged under these conditions due to constantly generated DNA 

damage (for a more detailed discussion see 6.3). DEK body formation during late S phase as 

a special case of replication seemed to be affected in a similar way.   
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6.1.2 Not all late S phase replication machineries are positive for DEK bodies 

The PCNA chromobody expression experiments in GFP-DEK cells confirmed that DEK bodies 

form in late S phase. Compared to previous experiments with this cell line performed in 

absence of exogenous PCNA chromobody expression, shorter DEK body (48 vs. 180 minutes) 

and G2 phase durations (204 vs. 390 minutes) were determined (Figure 9) (Gwosch, 2017). 

These effects might be due to optimized imaging conditions (5% LP vs. 10% LP, 20X objective 

vs. 40X) that reduced phototoxic stress.  

Interestingly, only 50% of the late S phase replication foci were positive for DEK bodies. One 

explanation could be that the domain organization in these particular chromosomal regions 

allows DEK to access the DNA while other late replicating regions are less permissive. Another 

explanation could be that these foci represent a specific type of hard-to-replicate sequences, 

e.g. satellite DNA, which are part of heterochromatin, typically replicated late in S phase and 

for which the presence of DEK might be needed or at least beneficial. Colocalization with 

H3K9me3, a histone modification that marks constitutive heterochromatin, further substantiates 

that DEK bodies represent replication of (a subtype of) heterochromatic sequences (Gwosch, 

2017). As these sequences are inherited and pose a challenge for the replication machinery 

in every cell cycle, DEK bodies should also be recurrently detected. Indeed, DEK bodies were 

detected consistently in every cell that passes through S phase. This is in accordance to 

reported observations in early S phase, where replication foci from the same genomic regions 

formed in subsequent daughter generations, hinting towards a cell-to-cell consistency of 

replication domain organization  (Jackson and Pombo, 1998). This hypothesis could be tested 

by utilizing FISH (fluorescence in situ hybridization) on fixed GFP-DEK cells using markers for 

different types of repetitive sequences and testing for colocalization with DEK bodies.  

Alternatively, DEK is only recruited to replication foci when the fork is under stress, e.g. stalled 

or blocked. However, colocalization of the investigated DNA damage markers γH2AX, RAD51 

and 53BP1 with DEK bodies could not be detected (Figure 10). 

 

6.1.3 DEK bodies are sites of active and unperturbed replication 

The next logical question to ask was whether DEK bodies are indeed sites of DNA replication. 

Here, widefield immunofluorescence microscopy in EdU-labelled GFP-DEK cells was used to 

confirm that, as expected, DNA is being replicated within DEK bodies (Figure 10). More 

specifically, 3D-SIM SR microscopy revealed that within DEK bodies smaller DEK signals are 

in close proximity to PCNA and EdU foci, with surprisingly little overlap (Figure 11). It has been 

shown by gSTED microscopy that signals for immunostained PCNA and fluorescently-labelled 
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nascent DNA stretches overlap only partially (Triemer et al., 2018). The reason for this pattern 

is that DNA is usually labelled with fluorescent nucleosides for 10 – 20 minutes, leading to 

DNA stretches of labelled daughter strands which are several thousand bases long. The 

replication fork (here PCNA) is immobilized at the moment of fixation and henceforth displays 

a punctuate staining pattern terminal to one strand. In this study, similar patterns of PCNA and 

EdU were detected in U2-OS wt and GFP-DEK cells. Furthermore, it was shown that DEK 

neither colocalizes with nascent DNA nor with replication forks but is present in close proximity. 

Importantly, DEK body formation is not restricted to transformed cells with high DEK 

expression levels such as U2-OS and Hela Kyoto cells (data not shown) - in immunolabelling 

experiments of BJ-5ta foreskin fibroblasts DEK localization next to PCNA was also observed 

within late S phase DEK bodies (Figure 12). Of note, the intensity of the DEK signal within the 

bodies seemed to be lower compared to U2-OS cells, hinting towards a correlation between 

DEK expression level and the extent of DEK accumulation within DEK bodies. 

Taken together, DEK seems to bind to maturing chromatin several thousand bases behind the 

fork. As this conspicuous pattern only occurs in a subset of late S phase replication, it could 

be determined by the domain organization of the chromatin or the type of DNA sequence being 

replicated. 

 

6.2 DEK associates with maturing chromatin in a histone-like manner 

iPOND is a biochemical method to study the dynamics of DNA binding proteins during 

replication. As an ensemble method, it provides information on a population scale, in contrast 

to single-cell methods like immunofluorescence microscopy. One has also to keep in mind that 

in an asynchronous cell culture, as is the case here, iPOND gives an average over the whole 

S phase, so early, mid or late S phases cannot be discriminated. 

In this study, iPOND was performed with Hela S3 cells to study the replicative DNA binding 

dynamics of DEK on a global scale. As a marker for a replisome component the polymerase 

processivity factor and replisome scaffolding protein PCNA was used. As a marker for a 

constitutive chromatin component which is actively disassembled from the DNA directly at the 

replication fork histone H3 was chosen. The initial pulse time course experiments showed that 

PCNA started to recruit to nascent DNA even at the earliest time point of 2.5 minutes and 

peaked at 10 minutes (Figure 13). H3 and DEK, on the other hand, exhibited a delayed 

enrichment, which started at 10 and peaked at 15-30 minutes. Assuming an average fork 

speed of 1.65 kb per minute in Hela cells (Chagin et al., 2016), in 10 minutes of pulse duration 

up to 16.5 kb of DNA would have been replicated before a considerable amount of DEK binds 

to the DNA. Most likely, this value is overestimated, as the nucleoside analogue EdU must be 
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taken up by the cells and phosphorylated before it can be used as substrate by the DNA 

polymerases. 

For the complementary pulse-chase experiments pulse durations of 10 minutes were chosen 

because all three studied proteins already showed moderate (H3 and DEK) to high (PCNA) 

intensities in western blot analysis. Here, as expected, PCNA disappeared quickly from the 

labelled DNA fragments (after 7.5 minutes), while H3 and DEK signals increased until 15 

minutes of chase duration. This observation again substantiates that H3 is not present directly 

at the fork but is assembled into nucleosomes behind the fork as the chromatin matures. Both 

early enrichment of PCNA and delayed recruitment of a core nucleosome histone in iPOND 

experiments have been shown before by Sirbu et al. (Sirbu et al., 2011) and others (Lossaint 

et al., 2013; Mohni et al., 2014; Wells et al., 2013).  

In conclusion, DEK mimics the binding dynamics of histone H3 in pulse and pulse-chase 

iPONDs. This is in accordance with DEK’s reported localization as a constitutive chromatin 

component (Kappes et al., 2001) and hypothesized function as chromatin architectural protein 

(Waldmann et al., 2004). However, contradictory to DEK’s putative histone chaperone activity 

(Drosophila DEK (Sawatsubashi et al., 2010)), histone chaperones have been found enriched 

at nascent DNA in iPOND studies (CAF1-A/B (Alabert et al., 2014; Sirbu et al., 2013), Hat1 

(Agudelo Garcia et al., 2017)).  

iPOND samples can not only be processed by western blotting, as is the case here, but also 

by mass spectrometry (MS). This technique enables the unbiased identification of proteins 

associated to the labelled DNA. In most iPOND-MS studies, DEK was found to be slightly 

enriched in pulse samples compared to unlabeled DNA/bulk chromatin (Agudelo Garcia et al., 

2017; Lopez-Contreras et al., 2013)) or enriched in chase compared to pulse samples (Alabert 

et al., 2014; Lossaint et al., 2013). In two studies, DEK was not found at all (Aranda et al., 

2014; Sirbu et al., 2013). The majority of these reports substantiate that DEK is not a replisome 

component directly involved in replication. However, they also highlight an association of DEK 

to maturing chromatin in the vicinity of the fork; otherwise DEK would not have been identified 

in any of these studies. 

Interestingly, the iPOND results can be correlated to the SR imaging data. Here, DEK does 

not colocalize with PCNA after a 10 minute EdU pulse but rather binds on the opposite end of 

the EdU-labelled DNA stretch. However, one has to keep in mind that DEK bodies occur for a 

short period of 50 minutes, which is only about 1/10 of the entire S phase, and that only a 

subset of available molecules (maybe a modified version of DEK) is found within the bodies. 

iPOND data come from an asynchronous cell population and cannot distinguish between 

replication forks in different sub-S phases. It is therefore unlikely that a hypothetical sub-

species of DEK forming nuclear bodies contributes in a measurable way to iPOND 
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experiments, which represent the binding dynamics of all DEK molecules during the whole S 

phase. In future experiments, cells could be synchronized at the G1/S border before pulse-

labelling. It could already be sufficient to pulse the cells with EdU for one hour after release 

from the cell cycle block for the enrichment of early S phase cells or for 4 hours, as an example, 

for mid S phase cells before performing iPOND. At these early time points in S phase, DEK 

body formation can be excluded. In a second iPOND experiment, an asynchronous population 

would be labelled for the same duration. If differences of DEK enrichment were observed in 

the asynchronous iPOND data, they would be attributed to the DEK bodies, as they could only 

have formed in late S phase cells present in an asynchronous population. 

 

6.3 Replication stress modulates the formation of DEK bodies 

Having established that DEK binds in the vicinity of the active replication fork within late S 

phase replication foci, the impact of replication stress on the binding behavior was investigated 

next. The live cell experiments with the U2-OS GFP-DEK cell line demonstrated a dependency 

on the type of drug: HU had no measurable effect on cellular fitness (G2 and M phase duration) 

and on DEK bodies (number and duration), while APH and CPT induced a retardation of G2 

phase, which is indicative of DNA damage that may have arisen due to excessive replication 

stress (Figure 15) (O'Connell et al., 2000). CPT also prolonged DEK body sequence lengths 

in a similar manner than increased 488 nm laser illumination (see the phototoxicity experiment; 

Figure 14 and 6.1.1), suggesting problems in late S phase replication. APH, however, had a 

much stronger effect on the number of DEK bodies than CPT, reducing it to one per cell in the 

majority of measurements. Interestingly, in the phototoxicity experiment the increased 488 nm 

illumination had the opposite effect than drug treatment, increasing DEK body numbers. 488 

nm light mainly leads to DNA double strand breaks and oxidative base modifications generated 

by reactive oxygen species (Ferrando-May et al., 2013). In contrast to APH- and CPT-

treatment, photochemical damage is generated during all cell cycle phases and also affects 

mitochondrial DNA (Godley et al., 2005). This broader effect on cellular viability might explain 

that there are differences in DEK body numbers between DNA damage mediated by drugs or 

high energy laser light. The causes for these differences, however, remain elusive.  

 

6.4 A high-throughput screening assay for the identification of DEK body 

regulators 

As discussed above, drug-induced replication stress reduced DEK body count, with 200 nM 

APH exhibiting the strongest effect while inducing moderate cytotoxicity. APH inhibits the main 



 

65 

replicative polymerases α, δ, and ε and therefore impacts on replication during the entire S 

phase. Consequently, these results only confirm that these polymerases are needed for DNA 

synthesis within DEK bodies and that without active polymerases cells have problems in 

assembling late S phase replication foci. In order to investigate the cause for DEK foci 

formation, more specific information about potential regulatory pathways were essential. We 

therefore developed a high-throughput siRNA-based screen to find siRNAs that lead to an up- 

or downregulation of DEK bodies. Gene ontology analysis of the resulting hits was expected 

to reveal common pathways that modulate DEK body occurrence. 

The screen was developed and performed at the Advanced Light Microscopy Facility (ALMF) 

of the European Molecular Biology Laboratory (EMBL) in Heidelberg. A subsequent validation 

screen was carried out at the Bioimaging Center in Konstanz. Three experiments were 

performed: A pilot screen with control and test siRNAs to establish the workflow, a high-

throughput primary screen with the final siRNA library to identify potential hits (DEK body 

regulators) and a low-throughput validation screen to independently confirm the hits from the 

primary screen. 

 

6.4.1 Development of the assay - the pilot screen 

In a pilot screen, a workflow for solid-phase siRNA transfection originally developed by 

scientists at the ALMF (Neumann et al., 2006; Neumann et al., 2010) was adapted in the 

following way: 1. A robust image- and data analysis pipeline capable of handling > 1 million 

time lapse images was established. 2. Different imaging conditions and cell numbers were 

analyzed. 3. Negative and positive control siRNAs for the primary screen were tested. 4. The 

impact of replication stress drug treatment on DEK body statistics was compared with results 

from the initial test experiments. 

Firstly, an automated image analysis pipeline to segment nuclei, filter dead and mitotic cells, 

detect DEK bodies and track nuclei over time was developed using the CellProfiler software 

(Figure 16). Segmentation of nuclei using an automatic intensity threshold proved 

unproblematic, because the nuclei of the monoclonal GFP-DEK cell line had uniform intensities 

and the signal-to-noise ratio (SNR) was consistently > 3. Detected nuclei that exceeded 

threshold values of the standard deviation of nuclear intensity or mean nuclear intensity were 

classified as mitotic or dead due to condensed and/or fragmented DNA and consequently 

filtered out. Additionally, a shape filter was implemented to eliminate both circular (mitotic or 

dead) nuclei that had not been filtered out in the previous step as well as irregularly shaped 

nuclei (polylobed, multinuclear nuclei or overlapping nuclei of neighboring cells).  



 

66 

In case of DEK body detection, the SNR had a relatively broad range (2-4) when considering 

the nuclear background fluorescence as noise. Therefore, DEK bodies were detected using a 

manual threshold with a relatively high intensity value to avoid false positives at the cost of 

missing barely visible DEK bodies with comparably low peak intensities. Tracking of DEK 

bodies within the same nucleus in subsequent time lapse images could not be implemented 

(data not shown) because DEK bodies often form close to each other, impeding an 

unambiguous discrimination between the existing and the newly formed DEK body. Although 

this missing tracking capability led to a general decrease in detected DEK body numbers 

compared to manual analysis, the mean number of DEK bodies per cell was consistent 

between the two pilot experiments for all treatments/siRNAs. 

The tracking of nuclei was solved using an overlap algorithm between nuclei in subsequent 

time lapse images. As the cells generally were rather immobile, tracking was straight forward. 

When a cell went into M phase or died, it had been filtered out and consequently its track was 

lost. Two causes for incorrect tracking were observed: Mis-segmentation of interphase nuclei 

and incorrect classification as dead/mitotic. For negative control cells (sNEG1) a mean track 

length of 5.5 hours was measured. Assuming an interphase duration of around 18 hours for 

U2-OS cells (Chao et al., 2018), the same cell is assigned to an average of 3.3 tracks until 

mitosis. While it would be ideal to track every single cell for the whole experiment, the average 

track length of 5.5 hours was still long enough to capture DEK body-containing sequences, 

which lasted for around 1/8 (40 minutes) of the track length. 

In early implementations of the image analysis pipeline, prophase mitotic nuclei were regularly 

not filtered out and additionally detected as DEK body positive (data not shown). This error 

could be ascribed to incomplete DNA condensation leading to intensity variations of the 

chromatin-bound GFP-DEK signal that were not as pronounced as in later M phases and 

remained below the threshold of the filtering algorithm. However, the signal was fragmented 

enough to generate local intensity maxima that were detected as DEK bodies. To eliminate 

this source of false positive DEK bodies, a morphological closing filter was applied onto each 

vector of DEK body number which removed all DEK body-containing sequences with the length 

of one or two frames. As a “real” DEK body sequence of two frames or shorter was never 

observed (the median is four frames = 40 minutes), a removal by mistake should be unlikely.  

Additionally, this filter served the purpose of closing gaps of up to two frames within DEK body-

containing sequences. As DEK body sequences were always observed to be continuous, 

these gaps most likely resulted from false negatives.  

Secondly, two pilot experiments with differing imaging conditions and number of seeded cells 

were compared to find the optimal conditions for the screen (Figure 17 and Figure 18). Higher 

cell numbers resulted in a less efficient DEK knockdown, most likely because U2-OS cells are 
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more difficult to transfect at high densities. One has to keep in mind, though, that the more the 

GFP-DEK signal is reduced, the less reliable nuclei segmentation becomes. Nevertheless, 

DEK body numbers were reduced in APH/CPT-treated cells and elevated in sPOLD cells to 

similar extents in both pilot experiments, demonstrating the robustness of the assay.  

Thirdly, cells transfected with negative control siRNAs sNEG1 and sNEG9 performed similarly 

compared to untreated cells in terms of growth rate, nuclear intensity and DEK body duration 

(Figure 17 and Figure 18). Only the number of DEK bodies was slightly reduced in both siRNAs 

compared to untreated cells, possibly owing to the presence of transfection complexes which 

impose additional stress on the cells. Hence, both sNEG1 and sNEG9 could have been used 

for the primary screen; as sNEG1 had been used more frequently in past assays, the choice 

fell on the latter.  

Interestingly, knockdown of putative positive controls Pol α and δ had opposing effects (Figure 

18): the reduction of DEK body numbers seen for sPOLA was expected as treatment with APH 

had the same effect, albeit stronger. Surprisingly, sPOLD exhibited the opposite effect and 

was the only siRNA/treatment in the pilot screen that elevated DEK body numbers compared 

to negative controls. In general, the biological consequences of inhibiting the activity of an 

enzyme via a drug versus reducing its expression level via RNA interference need not be the 

same. After RNA interference, the remaining Pol δ molecules could compensate for the 

missing copies more effectively than Pol α. Pol α, together with its DNA primase subunit, is 

necessary for both leading and lagging strand replication, while Pol δ is considered to be the 

only leading strand polymerase (Yu et al., 2014). This is substantiated by the primary screening 

results of Pol ε, the lagging strand polymerase, whose downregulation also increased DEK 

body numbers compared to Pol α (Z-score=1.94 and 1.65 compared to 0.93 and -0.52 for each 

of the two siRNAs). One PARP1 siRNA (s1097) also scored high (Z-score = 3.09). 

Interestingly, PARP1 has recently been found to be activated during replication in unperturbed 

cells, where it was proposed to facilitate lagging strand synthesis by detecting unligated 

Okazaki fragments (Hanzlikova et al., 2018). However, one has to keep in mind that PARP1 is 

the major PAR producer in human cells and that DEK is PARylated both covalently and non-

covalently ((Fischbach et al., 2018; Ganz et al., 2018)). It is therefore reasonable to assume 

that global PARylation levels or the PARylation status of DEK influence the formation of DEK 

bodies. 

Additionally, different knockdown efficiencies of differing siRNAs cannot be ruled out as RNA 

or protein levels were not determined. In general, reduction of DEK body numbers seemed to 

correlate with reduced growth due to increased cytotoxicity, which is evident for APH/CPT, 

sKIF11, sAURKB (Figure 17). As the goal for the primary screen was to find siRNAs that 

specifically modulate DEK bodies without broad toxic effect, more meaningful results were 
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expected from DEK body upregulators than from downregulators. Thus, sPOLD was chosen 

as positive control. 

Fourthly, replication stress drugs APH and CPT demonstrated similar effects on DEK body 

duration and number as compared to the initial test experiments. In both experiments, CPT 

increased the DEK body duration more than APH (compare Figure 18 with Figure 15). 

However, in the pilot screen, as opposed to the initial tests, APH had a smaller impact on DEK 

body numbers per cell. In absolute numbers, DEK body durations match very well between 

initial tests and the pilot screen. This demonstrates the robustness of the automatic image and 

data analysis. However, DEK body numbers were generally lower in the pilot screen. This is 

due to the above described limitation of the image analysis pipeline, which cannot track DEK 

bodies over time. Instead, it calculates the sum of all DEK bodies within a sequence and 

divides it by the length of the sequence. As only one DEK body is detected in the majority of 

frames, the resulting average numbers are lower than after manual tracking of DEK bodies. 

 

6.4.2 The primary screen identifies DEK body regulators 

Ideally, a primary screen can be performed using a genome-wide siRNA library. For this study 

with more limited resources, a bias in selecting the appropriate target could not be avoided. 

The library was designed to include known DEK interactors and modifiers (1) and genes (2) 

that have previously not been connected with DEK. For (1) two sources were used: literature 

about DEK as well as physically interacting proteins (DEK interactors) from a mass-

spectrometry immunoprecipitation experiment (F. Kappes, personal communication). Proteins 

from (2) were drawn from the commercially available DNA damage response library from 

ThermoFisher (A30089), which encompasses 582 target genes. To reduce this number, only 

the 155 genes that were assigned the gene ontologies “DNA replication” and “S phase” 

according to the gene oncology consortium were kept. The pooled list included these 155 

ThermoFisher library genes, 122 DEK interactors and 151 genes from DEK literature. From 

this list 91 genes were discarded because they were represented in at least two independent 

sources. In the end, 5 genes had to be excluded from the library by hand (EXOSC4, EXOSC9, 

FANCB, FANCI, FANCL) in order to fit all siRNAs (2-3 per gene plus controls) on eight 96-well 

plates, yielding the final library of 332 genes. The aforementioned EXOSC and FANC genes 

were chosen for removal because of their functional redundancy: EXOSC2/7/10 from the 

exosome complex as well as FANCA/C/E/F/G/M from the Fanconi anemia core complex 

remained in the library to represent the corresponding biological functions. The siRNAs 

provided by ThermoFisher were exon-targeting, chemically modified for improved specificity 

(according to the manufacturer) and were selected based on an EMBL-internal in silico quality 
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score. When both of the two best siRNAs of a gene scored below a threshold, a third siRNA 

was added. This resulted in 14 genes with three siRNAs and 318 genes with two siRNAs, 

adding up to 678 siRNAs.  

 

6.4.2.1 Quality control and reproducibility of the primary screen 

Because of the large amount of data, an automatic quality control (QC) was implemented for 

the primary screen. Two main parameters were included: The Power-Log-Log slope (PLLS) 

as an image-based measure of blur artefacts (Bray et al., 2012) and the object-based nuclear 

intensity. Visual inspection of randomly chosen images showed that high PLLS values (>-1.6) 

represented blurred out-of-focus images and low values (<-2.2) saturation artefacts (Figure 

19). An alternative metric for the identification of overexposed images with artefacts would 

have been the percent maximal, which is the percentage of pixels at the maximum image 

intensity value (Bray et al., 2012). In some cases, only a few images were affected with 

extreme PLLS values while the remaining time lapse was analyzable. Therefore, a single 

image with an extreme PLLS was not used to decide if a time lapse had to be discarded. 

Instead, only when more than the upper and lower 5th-quantiles (equals 6 images out of the 

111-image time lapse) exceeded the thresholds, the whole time lapse failed QC. Additionally 

to the PLLS, the mean nuclear intensity was used for QC because it was noticeable that, aside 

from sDEK, other siRNAs led to a clear reduction in fluorescence intensity. Most prominently, 

one BRCA1 siRNA (s458) decreased DEK fluorescence to about 60% compared to sNEG1-

treated cells (sDEK-treated cells had 27% of residual fluorescence). This hints towards a 

regulation of DEK expression by BRCA1. While the DNA repair protein BRCA1 itself has not 

been implicated as a transcription factor, it has been shown to regulate transcription via 

interaction with RNA polymerase II (Bae et al., 2005) or transcription factors such as p53 and 

estrogen receptor-α (Zhang et al., 1998; Zheng et al., 2001). Furthermore, siRNA-mediated 

downregulation of BRCA1 results in the downregulation of many mitotic genes and yields 

aberrant nuclear morphologies  (Anderson et al., 1998). Indeed, apart from reduced GFP-DEK 

signals these mitotic phenotypes could also be observed in the primary screen data (data not 

shown). 

6.3% of all time lapses failed QC, highlighting its importance for high quality data. Due to 

technical and biological replicates, at least 16 time lapses per gene were acquired (4 time 

lapses per well, 2-3 siRNAs per gene and two replicates per 96-well plate). For this reason, 

the QC-related loss of information could be limited to 1 out of 332 genes (CBX3). CBX3 failed 

QC because in both replicates one well was contaminated with bacteria. 
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The primary screen was performed more than half a year after the pilot screen, with a fresh 

batch of U2-OS GFP-DEK cells and newly coated imaging plates. Nevertheless, comparison 

of the main parameters for knockdown efficiency (nuclear fluorescence intensity) and DEK 

body statistics (duration and number), revealed a very similar trend for the median 

measurements and distribution of raw data (Figure 20). These data demonstrate an excellent 

reproducibility of the assay. 

 

6.4.2.2 Scoring of hits reveals SUMO-related proteins as DEK body 

upregulators 

The choice of the best method for scoring hits from high-throughput screening assays mostly 

depends on the number of replicates available. In genome-wide primary screens, for example, 

only one replicate is usually performed to limit costs and duration of the experiment. For robust 

calculation of t statistics or the strictly standardized mean difference (SSMD), however, 4 to 7 

replicates are recommended (Zhang, 2011). Here, two replicates would not provide sufficient 

statistical power to detect even siRNAs with large effects and the risk of false discoveries and 

false nondiscoveries would be too high. Therefore, a Z-score was calculated to account for the 

variability of results from each siRNA, which can be caused e.g. by plate effects or technical 

variations. The Z-score is based on the assumption that data distribution is unimodal and 

variability of the control measurement (here sNEG1) does not change between replicates 

(Zhang, 2011). By plotting the mean number of DEK bodies calculated for each position, a 

similar variability of sample siRNAs and sNEG1 within plates and of sNEG1 replicates between 

all plates could be shown (Figure 21 B). Hence, for this study it was feasible to use the Z-score 

to identify hits and minimize false discovery and false nondiscovery rates. At least two further 

replicates would have been necessary to apply t statistics or the SSMD and increase the 

statistical power of the assay. 

When inspecting the distribution of the mean number of DEK bodies of all positions before 

normalization, it becomes obvious that sNEG1-transfected cells are in the lower quartile of all 

siRNAs (Figure 21 A). The reason is that the transfection procedure per se is toxic for the cells, 

as shown by a higher amount of extranuclear GFP-DEK signal in sNEG1-treated cells 

compared to untreated cells (see Figure 17 C). Moreover, there are less siRNAs with low Z-

scores that passed QC. This is most likely due to the increasing cell cycle arrests and cell 

death events triggered by these siRNAs. The fact that cell cycle genes (CDKN1B, TICRR, 

MCM7 …) and DNA damage repair genes (BAZ1B, RPA1, UBC …), both part of essential 

cellular pathways, are enriched among the DEK body downregulators corroborates this 

hypothesis. Visual inspection also confirmed more dead cells, cells arrested in mitosis and 
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abnormal nuclear phenotypes, especially as compared to the positive hits (upregulators). For 

these reasons, fewer DEK body downregulating hits than upregulators were identified, even 

though a less stringent threshold (Z=-2 instead of -3) was applied. Lastly, downregulators 

should be interpreted more carefully, as it is not possible to distinguish whether the reduced 

viability or the reduced target protein levels are causative of the observed decline in DEK body 

numbers. 

DEK body upregulating siRNAs show a remarkable enrichment in proteins involved in post-

translational modification pathways (Table 3). Histone acetyltransferases (HATs) ACTL6A, 

KAT2B, TAF5L and TAF6L, histone methyltransferases SUV39H1/2 and SUMOylation-related 

proteins UBE2I, SUMO1 and SAE1 are among the top hits. In a straightforward interpretation, 

the capability of DEK to aggregate during late S phase could directly depend on its modification 

status. The downregulation of acetyltransferases, for example, would then lead to an overall 

reduction of acetylated DEK, which in turn would inhibit aggregation into DEK bodies. 

Interestingly, many HATs do also acetylate non-histone proteins, especially transcriptional 

activators and transcription factors. Specifically, KAT2B has been shown before to acetylate 

DEK (in this study, PCAF is used synonymously for KAT2B) (Cleary et al., 2005). Here, 

overexpression of KAT2B led to an accumulation of DEK in interchromatin granule clusters 

(IGCs), which are nuclear domains enriched in pre-mRNA splicing factors. Pharmacological 

inhibition of KAT2B, inversely, blocked the relocation of DEK into IGCs. Of note, IGCs are not 

identical to the DEK nuclear bodies described in this thesis: ICGs are more abundant (20-30 

clusters per cell) and are stable during the whole interphase (Mintz et al., 1999) while DEK 

bodies are less in number (1-6 per cell) and are present only during late S phase. On the other 

hand, DEK itself seems to inhibit KAT2B and p300 activity, leading to hypoacetylation of 

histones and transcriptional repression (Ko et al., 2006; Lee et al., 2008). DEK and the SUMO 

modification have only been connected in one study reporting SUMOylation of DEK under 

conditions of oxidative stress (Grant, 2010). Furthermore, the DEK sequence harbors a SUMO 

consensus motif at K261 and approx. 40% of SUMO modifications occur at non-consensus 

residues (Zhao et al., 2014).  

One could also interpret the observed enrichment of post-translational modifiers more 

indirectly: Downregulation of one of the central SUMOylation enzymes like SAE1 or UBE2I, for 

example, could impede the SUMOylation process cell-wide, with a plethora of biological 

consequences. This study was limited to investigating changes in GFP-DEK localization, so 

the increase in DEK body numbers was the only measurable consequence of SUMOylation 

inhibition. As cellular viability or differences in nuclear morphologies were not measured in the 

image analysis pipeline, only drastic changes in these parameters would have been noticed 

by eye. Interestingly, SUMOylation and replication have been connected before: In a recent 

iPOND study, SUMOylation was suggested to be predominant on factors present at nascent 
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DNA whereas ubiquitylated proteins dominated on mature chromatin (Lopez-Contreras et al., 

2013). In particular, DNA polymerase δ (POLD) is SUMOylated at two residues on its 

regulatory subunit POLD3, which might regulate protein-protein interactions within the 

polymerase complex (Liu and Warbrick, 2006). In the primary screen, siRNAs targeting the 

regulatory subunits POLD3 and POLD2 score in the midfield whereas all three siRNAs 

targeting the catalytic subunit POLD1 rank relatively high (Z > 2). In this context, reducing the 

activity of Pol δ via inhibition of SUMOylation seems to lead to a similar increase in DEK body 

numbers as reducing Pol δ protein levels via RNAi. Another example of a SUMOylated 

replication-associated protein is RPA1, the main ssDNA-binding protein. RPA is SUMOylated 

upon replication-mediated or CPT-induced DSBs, leading to the recruitment of RAD51 and 

onset of homologous recombination (HR) repair (Dou et al., 2010). SUMO-RPA1 is thought to 

be recognized by the SUMO-binding ubiquitin ligase RNF4, which triggers ubiquitination and 

subsequent proteasomal degradation of its target proteins (Galanty et al., 2012). Indeed, both 

RNF4 depletion and mutation of SUMOylation sites in RPA1 suppress replacement of RPA1 

with RAD51 (Dou et al., 2010; Galanty et al., 2012). Similarly, SUMOylation of the RecQ 

helicase BLM, which contributes to resection of DNA DSBs upstream of RPA1 binding, 

facilitates RAD51 binding to stalled forks (Ouyang et al., 2009). Interestingly, in the primary 

screen, RAD51, RPA1 and RNF4 (but not BLM) were among the strong downregulators of 

DEK bodies (Z-score < -1.1). Hence, downregulation of HR proteins that are regulated by the 

SUMOylation process seems to have the opposite impact on DEK body numbers compared to 

downregulation of SUMOylation itself.  

Lastly, knockdown of the histone methyltransferases SUV39H1 and SUV39H2 should lead to 

a decrease in K3K9me3 levels and consequently of heterochromatin. This change in chromatin 

structure could favor binding of DEK to sites of DNA replication and explain the observed 

increase in DEK body formation. Contrarily, knockdown of HATs should increase 

heterochromatin formation because histone acetylation generally favors open, transcriptionally 

active euchromatin (Kouzarides, 2007). However, HAT siRNAs were identified as DEK body 

upregulators. An explanation could be that HATs, in contrast to histone methyltransferases, 

exhibit a broad substrate specificity that is not limited to histones. It is hence more likely that 

this non-histone acetyltransferase activity of HATs is decisive for suppressing DEK body 

formation. 

 

6.4.3 A validation screen confirms major DEK body regulators 

Hit candidates identified in the primary screen were further analyzed in a validation screen. 

The total number of different siRNAs that could be included in the validation screen was 
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restricted by the lower acquisition speed of the confocal spinning disk microscope compared 

to the specialized widefield high-content microscope used in the primary screen. For this 

reason, DEK body upregulators with common gene ontologies were selected, namely 

SUMOylation-related proteins (SUMO1/3, UBE2I, SAE1), histone acetyltransferases (TAF5L, 

TAF6L, KAT2B) and histone methyltransferases SUV39H1/2. Additionally, topoisomerase I-

specific siRNAs (sTOP1) were included to complement data from the replication stress 

experiments using CPT. Regarding the downregulators, unfortunately some siRNAs with the 

strongest effect were not included, among them CDKN1B, TICRR, BAZ1B and YTHDC2. The 

reason for this discrepancy was an error in the R code employed for the evaluation of the 

primary screen data. This error affected a few DEK body related parameters, modifying 

primarily the ranking of the downregulators - homologous recombination GOs scored lower 

than cell cycle transition GOs. With the current, corrected version of the data analysis pipeline, 

siRNAs enriched in G1/S transition GOs (CDKN1B, TICRR, MCM7) would have been included 

in the validation screen. 

The validation screen deviated in several key aspects from the primary screen: All steps, 

including dispensing the siRNAs, transfection reagents and cells, were performed manually 

and not semi-automatically; the siRNA delivery system was changed from solid-phase 

transfection in ready-to-use plates to liquid-phase transfection in freshly prepared plates; as 

imaging system a spinning disk confocal microscope with an incubation chamber was used 

instead of a high-content widefield system; the quality control thresholds were updated; the 

image analysis pipeline was adapted to lower-resolution images from a smaller sensor with a 

higher signal-to-noise ratio. For these reason, deviations in the Z-scores were expected, 

without affecting the trend of upregulating and downregulating siRNAs, although. 

Throughout all samples, DEK body numbers were considerably lower in the validation screen 

than in the primary screen (Figure 23). Three main reasons account for this discrepancy: 

Firstly, in the validation screen a confocal spinning disk microscope was used, which inherently 

does not capture signals outside of the focal plane. In the case of U2-OS GFP-DEK expressing 

nuclei, GFP signals from perinuclear regions at the bottom and top were reduced or not visible, 

evading detection by the image analysis pipeline. Manual focusing through live cells showed 

that DEK bodies were indeed located in these regions. Although these perinuclear DEK bodies 

were rare, it could have led to an underestimation of DEK body numbers. Secondly, visual 

inspection showed a more stressed nuclear phenotype, even in the case of sNEG1-treated 

cells. As a consequence, extranuclear GFP signals, aberrant nuclear morphologies such as 

polylobed and multinuclear cells and micronuclei were more prominent (data not shownFigure 

23). This was apparent not only by comparison with images from the primary screen but also 

with internal control wells which did not contain any transfection reagent. This phenotype could 

therefore be ascribed to the more toxic effect of the liquid-phase transfection procedure 
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compared to the solid-phase transfection used in the primary screen. Thirdly, manual seeding 

of the cells into 96-well imaging plates produced a more heterogeneous distribution of cells 

within each well. In contrast to the primary screen, a substantial number of imaging positions 

failed QC because of their low cell count. Very low cell densities make U2-OS cells also more 

susceptible to chemicals and transfection reagents, and a higher stress level seems to 

inversely correlate with DEK body number. The elevated variability manifested also in lower Z-

scores because the standard deviation of the sNEG1 samples contributes to the denominator 

of the equation.  

Nevertheless, the Z-scores for the siRNAs of the validation and primary screens were expected 

to have a similar distribution in respect to their sign (positive = upregulators, negative = 

downregulators) and relative position. In terms of the sign, 14 out of 26 siRNAs (54%) could 

be confirmed to be either DEK body up- or downregulating, with a better reproducibility for the 

downregulators (7 out of 10). The remaining siRNAs had Z-scores close to 0, with the 

exception of s791 (RAD50), s13178 (SUMO3) and s16895 (KAT2B) which scored on the 

opposite side as compared to the primary screen. Regarding relative positions, the validation 

screen ranking showed SUMO-related proteins (UBE2I, SAE1, SUMO1) and TOP1 performing 

higher and histone acetyl- (TAF5L, KAT2B) and methyltransferases (SUV39H1/2) lower. 

Taken together, the effect of siRNAs as DEK body up- or downregulating could largely be 

confirmed for downregulators and partly for upregulators. The high variability between 

replicates and among the samples of the validation screen may explain this relatively pour 

reproducibility. The size of the observed effects is small and should not be over-interpreted, 

since the technical challenges discussed above led to a reduced robustness of the assay.   

 

6.5 SUMOylation of DEK could modulate its capability to form nuclear 

bodies  

Next, the focus was placed on the SUMO-pathway proteins as they showed high Z-scores in 

both screens. Western blot experiments demonstrated successful downregulation of > 70% for 

3 of the 4 tested SUMO1 and SUMO3 siRNAs at protein level (Figure 24). As this experiment 

was performed only once, potential outliers could only be detected with biological replicates. 

For SAE and UBE2I, specific signals could not be produced with the available antibodies, so 

alternative antibodies should be tested for these proteins. The screening results could further 

be corroborated by measuring mRNA levels via quantitative real-time PCR. Orthogonally to 

downregulation of SUMO proteins, the SUMO pathway could be inhibited using a 

pharmacological approach. Two different drugs have recently been investigated: Topotecan, 

a semisynthetic CPT derivative, is an FDA-approved anti-cancer drug (e.g. for the treatment 
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of cervical, ovarian and small cell lung cancer) that has been implicated in globally inhibiting 

protein SUMOylation (Bernstock et al., 2017). The compound ML-792 was found in a 

mechanism-based screen and selectively inhibits SAE1 (He et al., 2017). If treatment of the 

GFP-DEK cells with these drugs could reproduce the phenotype from the screens, it would 

make a strong case for the hypothesis that SUMOylation regulates DEK body formation. 

As described above, DEK contains one consensus SUMOylation motif and DEK SUMOylation 

has been shown in a mass spectrometry study in H202-treated SH-SY5Y neuroblastoma cells 

(Grant, 2010). Here, for the first time the SUMOylation of DEK in unperturbed Hela cells is 

shown. In two different cell lines His-tagged variants of SUMO1 respectively SUMO3 were 

purified via Nickel-NTA beads. DEK signals were identified in SUMO3 and, to a lesser extent, 

in SUMO1 cell extracts, confirming that DEK is SUMOylated in cellula (Figure 25). Note that 

RanGAP1, a constitutively monoSUMOylated key regulator of the RAN GTP/GDP cycle 

(Mahajan et al., 1998), was used as a positive control but did not give rise to a specific band 

in the western blot experiments. In contrast to “traditional” antibody-based SUMO 

immunoprecipitations (IPs), the His-SUMO IP method applied here works under denaturing 

conditions. It should therefore produce less false negatives, because SUMO-deconjugating 

isopeptidases (SENPs) are denatured during sample preparation as well as less false 

positives, because non-covalent interactions are suppressed (Tatham et al., 2009). A DEK-

specific IP with SUMO-binding antibodies would complement this finding. Our GFP-DEK U2-

OS cell line in combination with a GFP-trap, i.e. GFP-binding nanobodies coupled to agarose 

beads, and subsequent SUMO-specific western blot experiments would achieve the same 

goal. An additional benefit is that the same cellular system as in the screens would be utilized.  

The next step in characterizing the SUMOylation of DEK and its implications on DEK body 

formation could be the identification of SUMOylation site(s) via mutagenesis studies. These 

could be performed by in vitro SUMOylation assays with mutated and/or truncated versions of 

DEK. A first target should be the only consensus motif at K261 (AKRE); non-consensus target 

sites could be K61/62 (EKKKE) and K144/145(KKKEE), which have a weak predictive score. 

Furthermore, potential non-covalent interactions to other SUMOylated proteins could be 

investigated by mutating the predicted SUMO-interacting motif (SIM) VLDL at position 163-

166. Assays to analyze SUMO binding are, for example, yeast two-hybrid approaches or 

binding studies with recombinant His-SUMO and GST-DEK. In the latter case, affinity 

purification of GST-DEK would yield a putative GST-DEK-His-SUMO complex, which could be 

detected via His- or SUMO-specific western blot experiments. When a SUMO-deficient variant 

is finally found, it could be fused to a red fluorescent protein and introduced into GFP-DEK 

cells. Now, multiplexed fluorescent live-cell microscopy would enable the comparison of DEK 

body formation dynamics of wildtype and SUMO-deficient DEK. To minimize potential 

problems arising from the competition between these two DEK variants, U2-OS cells with 
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stably downregulated DEK expression (shDEK cells) could be used as recipients. The latter 

experiments would provide a rationale to investigate if indeed the SUMOylation status of DEK 

modulates its aggregation or if it is a secondary effect mediated by other, SUMOylated 

proteins.  

In this study, the SUMOylation pathway was chosen for further characterization. Nevertheless, 

the results from the primary and the validation screen also justify taking a closer look into the 

HATs. Especially KAT2B is of interest, as it has been shown to acetylate DEK (Cleary et al., 

2005), resulting in its dissociation from promoter sites, and to be inhibited by DEK itself (Lee 

et al., 2008). An inhibitor-based approach seems, however, difficult, as selective and cell-

permeable HAT inhibitors have not yet been discovered (Baell and Miao, 2016). Mutation of 

acetylation sites would be more challenging than in the case of SUMOylation - there are many 

more known acetylation sites in DEK (28 from high-throughput screens) than putative 

SUMOylation sites. However, in one study acetylation has been reported to occur within the 

first 70 N-terminal amino acids of DEK (Cleary et al., 2005). This would narrow the number of 

sites to investigate down to four. 
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7 Material and Methods 

7.1 Material 

7.1.1 Chemicals 

Compound Supplier 

Acetic acid  Carl Roth 

Acetone  University Supply 

Ammonium chloride  Merck 

APH (aphidicolin) Sigma-Aldrich 

APS (Ammonium persulfate) Serva 

Aqua Poly/Mount Polyscience 

Biotin-PEG3-azide Jena Bioscience 

Bromophenol blue (3′,3″,5′,5″-tetrabromophenolsulfonphthalein) Sigma-Aldrich 

BSA (bovine serum albumin)  Sigma-Aldrich 

Chroma fluorescent slides  Chroma Technology Group 

Complete mini protease inhibitor cocktail tablets Roche 

Copper(II) sulfate (CuSO4)  Sigma-Aldrich 

CPT (camptothecin) Sigma-Aldrich 

Disodium phosphate (Na2HPO4) Sigma-Aldrich 

DMSO (dimethyl sulfoxide) Sigma-Aldrich 

DTT (dithiothreitol)  Merck Millipore 

EDTA (ethylamine tetraacetic acid)  Sigma-Aldrich 

EdU (5-ethynyl-2'-deoxyuridine) Jena Bioscience 

EGTA (ethylene glycol-bis(β-aminoethyl ether)-N,N,N',N'-
tetraacetic acid)  

Sigma-Aldrich 

Ethanol  VWR 

Glycerol  Carl Roth 

Glycine  Carl Roth 

Guanidinium-HCl Sigma-Aldrich 

HCl (hydrochloric acid)  Carl Roth 

HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) Carl Roth 

HU (hydroxyurea) Sigma-Aldrich 

Hydrogen peroxide  Merck Millipore 

Imidazole Sigma-Aldrich 

Isopropanol  Carl Roth 

Luminol  Sigma-Aldrich 

Methanol  Fluka 

MgCl2 (magnesium chloride) Sigma-Aldrich 

Na3VO4 (sodium orthovanadate) Sigma-Aldrich 

NaCl (sodium chloride)  Carl Roth 

NaF (sodium fluoride) Sigma-Aldrich 

p-Coumaric acid  Sigma-Aldrich 

PFA (paraformaldehyde) Riedel-deHaen 

PIPES (piperazine-N,N′-bis(2-ethanesulfonic acid)) Sigma-Aldrich 

Potassium chloride  Riedel-deHaen 

Potassium dihydrogenphosphate (KH2PO4) Sigma-Aldrich 

Proteinase K  Sigma-Aldrich 

RNAse A  Sigma-Aldrich 
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Rotiphorese Gel A (30% acrylamide)  Carl Roth 

Rotiphorese Gel B (2% bis-acrylamide)  Carl Roth 

Sarkosyl (sodium lauroyl sarcosinate) Sigma-Aldrich 

SDS (sodium dodecylsulfate) Sigma-Aldrich 

Skimmed milk powder Migros, Swiss 

Sodium azide  Sigma-Aldrich 

Sodium dihydrogenphosphate (NaH2PO4) Sigma-Aldrich 

Sodium hydroxide  Riedel-deHaen 

Sodium molybdate Sigma-Aldrich 

Sodium-L-ascorbate  Sigma-Aldrich 

Sucrose  Merck Millipore 

TEMED (tetramethylethylenediamine)  Serva 

Thymidine Sigma-Aldrich 

Tris (tris(hydroxymethyl)aminomethane) Sigma-Aldrich 

Triton X-100  Sigma-Aldrich 

Tween20  Sigma-Aldrich 

Urea Merck Millipore 

Vectashield H-1000 Vector Laboratories 

β-Mercaptoethanol  Merck Millipore 

 

7.1.2 Buffers and solutions 

Name Composition 

2x SDS sample buffer 100 mM Tris pH 6.8, 3% SDS, 20% glycerol, 25% β-
mercaptoethanol, 0.005% bromophenol blue 

2x stacking gel buffer, pH 6.8 0.25 M Tris, 0.2% SDS 

2x SUMO SDS sample buffer 5% SDS, 150 mM Tris pH 6.8, 25% glycerol, 0.0025% 
bromophenol blue 

3x separating gel buffer, pH 8.8 2.25 M Tris, 0.3% SDS 

5x running buffer 250 mM Tris, 1.92 M glycin 

Blotting buffer (500 ml) 100 ml 5x running buffer, 100 ml methanol, 300 ml H2O 

CSK extraction buffer 10 mM HEPES pH 7.4, 300 mM sucrose, 100 mM NaCl, 3 
mM MgCl2, 10 mM NaF, 1 mM NaVO3, 11.5 mM sodium 
molybdate, 0.5% Triton X-100 

ECL A (5 ml) 4.4 mL MQ H2O, 500 µL 1 M Tris pH 8.5, 50 µL 250 mM 
luminol, 22 µL 90 M p-coumaric acid 

ECL B (5 ml, mix ECL A:B 1:1 before 
use) 

4.5 mL MQ H2O, 500 µL 1 M Tris pH 8.5, 3 µL 30% H2O2 

iPOND click reaction buffer (prepare 
freshly before use) 

10 mM sodium-L-ascorbate, 2 mM CuSO4, 25 μM biotin-
PEG3-azide in DMSO or DMSO only for no click control, in 
PBS 

iPOND lysis buffer 10 mM HEPES pH 7.2, 2 mM EDTA, 1 mM EGTA, 100 mM 
NaCl, 0.2% SDS, 0.1% sarkosyl, add Complete protease 
inhibitor (Roche) freshly before use 

iPOND permeabilization buffer 0.25% Triton X-100 in PBS 

iPOND washing buffer 10 mM HEPES pH 7.2, 2 mM EDTA, 1 mM EGTA, 650 mM 
NaCl, 0.2% SDS, 0.1% sarkosyl 

Marker mix for SDS-PAGE (26.7µl) 1 µl biotinylated marker, 10 µl 2x SDS sample buffer, 9 µl 
H2O, boil for 5 min at 95 °C; add 6.7 µl prestained marker 

PBS (phosphate buffered saline), pH 7.4 3 mM KH2PO4, 10 mM Na2HPO4, 137 mM NaCl 

Ponceau S 0.2% Ponceau S, 5% acetic acid 



 

79 

SDS lysis buffer 0.5% SDS, 50 mM Tris pH 7.5, add 1 mM DTT freshly before 
use 

SDS running buffer (1000 ml) 200 ml 5x running buffer, 5 ml 20% SDS, 795 ml H2O 

Sodium phosphate buffer pH 6.3 (200 
mM, 50 ml) 

11.25 ml 0.2 M Na2HPO4, 38.75 ml 200 mM NaH2PO4 

Sodium phosphate buffer pH 8.0 (200 
mM, 50 ml) 

47.35 ml 0.2 M Na2HPO4, 2.65 ml 200 mM NaH2PO4 

SUMO cell lysis buffer (prepare freshly 
before use) 

6 M guanidinium-HCl, 10 mM Tris, 100 mM sodium 
phosphate buffer pH 8.0 

SUMO elution buffer  200 mM imidazole, 5% SDS, 150 mM Tris pH 6.8, 30% 
glycerol, 720 mM β-mercaptoethanol, 0.0025% bromophenol 
blue 

SUMO pH 6.3 wash buffer (prepare 
freshly before use) 

8 M urea, 10 mM Tris, 100 mM sodium phosphate buffer pH 
6.3, 0.1% Triton X-100, 5 mM β-mercaptoethanol 

SUMO pH 8.0 wash buffer (prepare 
freshly before use) 

8 M urea, 10 mM Tris, 100 mM sodium phosphate buffer pH 
8.0, 0.1% Triton X-100, 5 mM β-mercaptoethanol 

TNT (Tris-NaCl-Tween) 10 mM Tris pH 8.0, 150 mM NaCl, 0.05% Tween20 

 

7.1.3 Media and supplements 

Compound Supplier 

Media 
 

CO2-independent medium Gibco 

DMEM (Dulbecco’s Modified Eagle Medium), high glucose, 
pyruvate 

Gibco 

McCoy's 5A modified medium Gibco 

McCoy's 5A modified phenol red free medium Hyclone 

Opti-MEM I reduced serum medium  Gibco   

Supplements 
 

0.25% trypsin-EDTA  Gibco 

D-glucose Sigma-Aldrich 

FBS (fetal bovine serum) PAA, Capricorn Scientific 

Hygromycin B, Streptomyces sp., sterile-filtered solution in PBS, 
cell culture tested 

Calbiochem 

L-glutamine 200 mM  Gibco 

Penicillin/streptomycin 100 µg/ml  Gibco 

 

7.1.4 Cell lines 

Cell line Characteristics Source 

BJ-5ta hTERT immortalized human foreskin 
fibroblasts 

Laboratory stock 

Hela S3 Human cervix adenocarcinoma Laboratory stock 

Hela S3 6His-
SUMO1 

Human cervix adenocarcinoma, stably 
overexpressing 6His-tagged SUMO1 

Laboratory stock 

Hela S3 6His-
SUMO3 

Human cervix adenocarcinoma, stably 
overexpressing 6His-tagged SUMO3 

Laboratory stock 

U2-OS Human bone osteosarcoma Laboratory stock 

U2-OS GFP-DEK Human bone osteosarcoma, endogenous 
DEK replaced with GFP-DEK 

E. Gwosch, University of 
Konstanz 
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7.1.5 Equipment 

Product Supplier 

Equipment 
 

2.5, 10, 20, 100, 200, 1000, 5000 µl pipettes Eppendorf 

Amersham Imager 600 RGB GE Healthcare Life Sciences 

Biodrop Touch Biodrop 

Bioruptor sonificator Diagenode 

Casy cell counter TT Roche 

Centrifuge 5415R  Eppendorf 

Centrifuge 5424 R  Eppendorf 

Centrifuge 5810R  Eppendorf 

Folio Bag Sealer  Severin 

Heracell Vios 250i incubator  Hereaus 

Laminar flow Herasafe  Heraeus 

Magnetic rack Dyna Mag-2 Life Technologies 

Megafuge 2.0R  Heraeus 

Mini Protean Tetra Cell Bio-Rad 

Mr. Frosty freezing container  Thermo Fisher Scientific 

Multipette E3x Eppendorf 

peqSTAR thermocycler  Peqlab 

pH meter  Inolab 

Pipetboy comfort Integra 

Powersupply EPS301  Amersham 

Rotator SB3 Stuart 

Extend laboratory balance Sartorius 

CP225D analytical balance Sartorius 

Semi-dry fastblotter B43 / B44  Biometra 

Thermomixer comfort  Eppendorf 

Tube rotator VWR 

Vaccusafe  Integra 

Water bath  Julabe 

Water bath JB2  Grant Instruments   

High-throughput siRNA screening equipment 
 

IXM XLS High-Content widefield microscope  Molecular Devices 

Liquidator 96 manual pipetting system Mettler Toledo 

miVac Quattro vacuum concentrator with microplate rotor Genevac  

Multidrop Combi reagent dispenser Thermo Scientific 

Planapochromat 20X/0.75 objective Nikon 

Viaflo 96/384 electronic multichannel pipette Integra   

Microscopy 
 

AxioObserver widefield microscope Zeiss 

CellObserver HS spinning disc microscope Zeiss 

DeltaVision OMX Blaze4 3D-SIM microscope GE Healthcare Life Sciences 
Planapochromat 20X/0.80 objective Zeiss 

Planapochromat 40X/1.40 oil objective Zeiss 

Planapochromat 60X/1.42 oil objective Olympus 
XR2100 power meter X-Cite 
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7.1.6 Consumables 

Product Supplier 

Consumables 
 

10, 15 cm cell suspension culture dishes  Corning 

10, 20, 100, 1000 µl autoclaved tips University supply 

10, 20, 100, 1000 µl sterile aerosol tips  VWR 

15 ml centrifuge tubes  Corning 

2 ml Cryogenic vials  Corning 

20 ml Discard it II syringe  BD 

25 mm syringe filter 0.45 μm /0.22 μm  BD 

50 ml centrifuge tubes  Corning 

6-,12, 24-,96-well culture plates  Corning 

75-175 cm2 culture flasks  Corning 

8-well ibidi treat µ-slide Ibidi 

96-well flat-bottom COC imaging plates Greiner 

96-well flat-bottom ibidi treat µ-plates Ibidi 

Cell strainer cap Corning 

Costar stripettes (5-25 ml)  Corning 

Nitrocellulose Protan Premium 0.45 µm NC  Amersham 

Parafilm  Pichiney Plastic Pack 

Particulate respirator mask FFP1  M3 

Pasteur capillary pipettes 230 mm  WU Mainz 

PCR tubes  VWR 

Reaction tubes (1.5, 2 ml)  University supply 

Whatmann paper, 1.7/3 mm VWR   

Kits 
 

BCA Protein Assay Kit Pierce Biosciences 

Click-iT® Alexa Fluor 647 Imaging Assay Life Technologies   

Protein markers 
 

Biotinylated molecular weight marker B2787-1VL Sigma-Aldrich 

Precision Plus proteinwestern C standard BioRad 

Prestained protein molecular weight marker Fermentas 

Streptavidin biotinylated HRP GE Healthcare Life Sciences   

Beads 
 

NanoLink streptavidin magnetic beads, 0.8 μm  Solulink 

Nickel-NTA agarose resin Qiagen   

Transfection reagents 
 

Effectene Qiagen 

Lipofectamine 2000 Life Technologies 

Lipofectamine RNAiMAX Life Technologies   

Plasmids 
 

pcDNA5_CCC_TagRFP Chromotek   

siRNAs 
 

Silencer Select, chemically modified modified duplex RNAs Ambion 
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7.1.7 Software 

Product Version Developer 

CellProfiler 2.1.0 (on cluster at EMBL)  www.cellprofiler.com 

 2.2.0 (on workstation for validation screen)  
Fiji 1.51n https://fiji.sc/ 

MetaXpress 6.2.3.733 Molecular Devices 

Prism 5.0.2 GraphPad 

R 3.5.0 www.r-project.org 

RStudio 1.1.453 www.rstudio.com 

SoftWoRx 6.5.2 GE Healthcare 

ZEN blue 2.0 Zeiss 

 

7.2 Methods 

7.2.1 Cell culture 

U2-OS osteosarcoma cells were cultured in McCoy’s 5a modified medium supplemented with 

10% fetal bovine serum (FBS), 100 U/ml penicillin and 100 μg/ml streptomycin. U2-OS wildtype 

cells were a kind gift of G. Marra, University of Zurich, Switzerland. U2-OS GFP-DEK cells 

were developed in this laboratory by E. Gwosch (for details see 3.6) (Gwosch, 2017). During 

all experiments using siRNA-mediated protein downregulation (high-throughput screening 

assays, validation screen, western blots) penicillin and streptomycin were omitted from the 

medium. Hela S3 cervical adenocarcinoma cells Hela 6His-SUMO cells were cultured in 

DMEM medium supplemented with 10% FBS, 100 U/ml penicillin, 100 μg/ml streptomycin and 

6 mM L-glutamine. hTERT immortalized BJ-5ta foreskin fibroblasts were cultured in a 4:1 

mixture of DMEM medium and Medium 199 supplemented with 10% FBS, 4 mM L-glutamine 

and 10 µg/ml hygromycin B. 

 

7.2.2 Live-cell microscopy 

7.2.2.1 Transfection of U2-OS cells 

For detection of endogenous PCNA, U2-OS GFP-DEK cells were transfected with a plasmid 

containing a PCNA-specific chromobody (pCCC-TagRFP, Chromotek) using the nonliposomal 

lipid reagent Effectene (Qiagen). Pre-experiments found 100 ng of plasmid DNA per well in a 

8-well ibidi µ-slide, a DNA:Enhancer ratio of 1:8 and a DNA:Effectene ratio of 1:10 to be most 

effective.  

2 x 104 U2-OS GFP-DEK cells were seeded in 8-well ibidi µ-slides and incubated until 60 - 70% 

confluency (18 - 24 h) at 37 °C, 5% CO2. At the day of transfection, the medium was exchanged 
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with 200 µl of pre-warmed fresh medium. For eight wells, a master transfection mix was 

prepared as follows: 800 ng pCCC-TagRFP DNA was filled up to 450 µl with EC buffer and 

6.4 µl Enhancer were added. After vortexing for 1 s and incubation for 4 min, 8 µl Effectene 

diluted in 392 µl EC buffer were added. The mixture was vortexed for 7 s and incubated for 

further 10 min. 95 µl of the transfection mix were added drop-wise into each well. After 4 h at 

37 °C, 5% CO2, the medium was exchanged with 250 µl of fresh pre-warmed medium and the 

cells were incubated for further 20 h. Then, time lapse fluorescence microscopy was performed 

as described in 7.2.2.2. 

 

7.2.2.2 Time lapse microscopy 

For experiments without simultaneous PCNA chromobody visualization, 7 x 104 U2-OS GFP-

DEK cells were seeded in 8-well ibidi µ-slides 24 – 36 h prior to imaging and incubated at 37 

°C, 5% CO2.  

For all time lapse experiments, standard McCoy’s 5a medium was exchanged with imaging 

medium (phenol red free McCoy’s 5a supplemented with 10% FBS, 100 U/ml penicillin and 

100 μg/ml streptomycin) prior to imaging. If applicable, imaging medium was also 

supplemented with the indicated concentration of replication stress drug. If the brightfield 

channel with DIC (differential interference contrast) slider was used, the standard lid was 

replaced with a special DIC lid. The cells were then equilibrated in a pre-warmed CellObserver 

HSl microscope (Zeiss) equipped with a CSU-X1 spinning disc unit (Yokogawa) and a full 

incubator for 1 h at 37 °C, 5% CO2, humid atmosphere. Images were acquired in spinning disc 

mode with a PlanApochromat 20X/0.8 air objective and an Evolve EMCCD camera 

(Photometrics, 512 x 512 pixels). For brightfield illumination a HXP 120 mercury arc lamp, for 

GFP-DEK a 488 nm OPSL laser and for TagRFP-chromobody a 561 nm diode laser were 

used. The laser intensities in the focal plane were adjusted to previously determined values 

before each experiment with an X-Cite EXFO power meter (488 µW/cm2 for 561 nm, 131 

µW/cm2 for 488 nm, see 5.3) while exposure time and EM gain were set to 150 ms and 700, 

respectively. For the time lapse experiment, several imaging positions per well were set, the 

focus adjusted manually and images acquired every 10 min for 24 - 48 h.  

Cell cycle phase durations of the time lapses were analyzed manually frame by frame using 

Fiji.  
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7.2.3 Immunofluorescence microscopy 

7.2.3.1 Widefield microscopy 

5 - 6 x 104 U2-OS wildtype or GFP-DEK cells were incubated in 12-well plates containing 

coverslips for 24 – 36 h at 37 °C, 5% CO2. If replication foci were visualized, cells were treated 

prior to fixation directly in the incubator with a 20X working solution of EdU (200 µM; final 

concentration 10 µM) for 10 min. 5-Ethynyl-2'-deoxyuridine (EdU) is a thymidine analogue 

which is incorporated into the DNA of replicating cells and can be visualized via click reaction 

with a fluorophore-coupled azide. 

If not stated otherwise, the following steps were carried out at room temperature and coverslips 

were washed at least twice with PBS between each step. For immunofluorescence detection 

of Rad51, cells were preextracted using CSK-buffer for 5 min on ice after treatment and fixed 

using 4% PFA/PBS supplemented with 10 mM NaF and 1 mM Na3VO4 (20 min). For 

immunofluorescence detection of DEK, PCNA, cyclin A, 53BP1, RAD51 and γH2AX, cells were 

fixed with 4% PFA/PBS without preextraction (20 min). Following, the coverslips were 

transferred into a staining rack and superfluous PFA was quenched with 50 mM NH4Cl/PBS 

(10 min). In case of cyclin A, 53BP1 and γH2AX, cells were permeabilized in 0.2% Triton X-

100/PBS (4 min). In case of DEK and PCNA, cells were permeabilized in methanol (5 min, -20 

°C) instead. Afterwards, cells were incubated in 1% BSA/PBS for 30 min to reduce unspecific 

binding before incubation with the primary antibody dilution (diluent 1% BSA/PBS) in a dark, 

humid chamber (overnight, 4 °C, Table 4). After washing with PBS for three times, cells were 

incubated with the appropriate secondary antibody (diluent 1% BSA/PBS) in the dark chamber 

(1 h). If applicable, EdU was detected using the Klick-it EdU Imaging Kit with azide AlexaFluor-

647 according to manufacturer’s instructions. Briefly, for 5 coverslips 430 µl of 1X Reaction 

Buffer were supplemented with 20 µl of CuSO4, 1.2 µl of azide AlexaFluor-647 and 50 µl of 1X 

Reaction Buffer Additive. Each coverslip was incubated with 90 µl of click reaction mix for 30 

min. Finally, coverslips were mounted on microscopy slides using Aqua Polymount and 

hardened overnight at room temperature or for at least two days at 4 °C. Coverslips were 

stored at 4 °C. 

Widefield images were acquired on an AxioObserver or a CellObserver HS microscope (Zeiss) 

equipped with a PlanA pochromat 40X/1.40 oil objective, a HXP 120 mercury arc lamp and an 

Axiocam MRm CCD camera (1300 X 1030 pixels). Fluorescence signals were detected with 

493/517 nm (GFP and AlexaFluor 488), 590/612 nm (AlexaFluor 568) and 640/690 nm 

(AlexaFluor 647) filter sets. 
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Table 4: Antibodies used in immunofluorescence microscopy experiments. 

Primary antibody Dilution Supplier 

monoclonal mouse α-cyclin A (B-8) 1:200 Santa Cruz 

monoclonal mouse α-PCNA (PC10) 1:2400 Cell Signalling 

monoclonal mouse α-γH2AX (Ser139, 
clone JBW301) 

1:500 Santa Cruz 

polyclonal rabbit α-53BP1 (H-300) 1:200 Santa Cruz 

polyclonal rabbit α-DEK (K877) 1:5000 F. Kappes, Uni Aachen 

polyclonal rabbit α-RAD51 (H-92) 1:100 Santa Cruz 
   

Secondary antibody Dilution Supplier 

goat α-mouse AlexaFluor-488 1:400 Life Technologies 

goat α-rabbit AlexaFluor-488 1:400 Life Technologies 

goat α-rabbit AlexaFluor-546 1:400 Life Technologies 

 

7.2.3.2 3D structured illumination microscopy (3D-SIM) 

1.3 x 105 U2-OS wildtype or GFP-DEK or 2 x 105 BJ-5ta cells were incubated in 6-well plates 

containing high precision coverslips (18 x 18 mm, #1.5) for 18 – 24 h at 37 °C, 5% CO2. If 

replication foci were visualized, cells were treated prior to fixation with EdU for 10 min as 

described above (7.2.3.1). 

If not stated otherwise, the following steps were carried out at room temperature and coverslips 

were washed at least twice with 0.05% Tween/PBS between each step. For 

immunofluorescence detection of DEK and PCNA, cells were fixed with 4% PFA/PBS (20 min). 

Following, the coverslips were transferred into a staining rack, superfluous PFA was quenched 

with 50 mM NH4Cl/PBS (10 min) and cells were permeabilized in methanol (5 min, -20 °C). 

Afterwards, cells were incubated in 2% BSA/PBS for 30 min to reduce unspecific binding 

before incubation with the primary antibody dilution (diluent 10% NGS/PBS) in a dark, humid 

chamber (overnight, 4 °C, Table 4). After washing for three times, cells were incubated with 

the appropriate secondary antibody (diluent 10% NGS/PBS) in the dark chamber (1 h) and 

fixed again using 2% PFA/PBS (10 min). If applicable, EdU was detected using the Klick-it 

EdU Imaging Kit with azide AlexaFluor-647 as described above (7.2.3.1). Finally, each 

coverslip was mounted on microscopy slides using 7 µl of Vectashield H-1000, sealed with nail 

polish and stored at 4 °C. 

Superresolution images were acquired on a DeltaVision OMXv4 Blaze microscope (GE 

Healthcare) equipped with a PlanApochromat 60X/1.42 oil objective and 4 liquid cooled 

sCMOS cameras (5.5 megapixels, PCO). For widefield imaging a 6-color LED solid state 

illuminator and 488/525 nm (GFP, AlexaFluor 488), 568/590 nm (AlexaFluor 568) and 642/675 

nm (AlexaFluor 647) filter sets were used. For SI imaging 488, 568 and 642 nm diode lasers 

were used.  
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In a typical experiment, first a stitched low-resolution overview image using the GFP-DEK and 

the PCNA or the EdU channel was generated in widefield mode. Once a DEK body-positive 

cell was identified, a z-stack with at least 20 slices (0.125 µm step size) was acquired at 

maximum resolution in SI mode. Images were reconstructed and registered using softWoRx 

v6.5.2. Pseudo-widefield images were generated with Fiji v1.51n (Schindelin et al., 2012) and 

the SIMcheck plugin v1 (Ball et al., 2015). Line profiles were measured using the “Plot Profile” 

command in Fiji, exported as CSV files and visualized with the programming language R 

(v.3.5.0 (R Core Team)) with the graphical integrated development environment (IDE) RStudio 

(v1.1.453) and the ggplot2 package (Wickham, 2016). 

 

7.2.4 High-throughput siRNA screen coupled with time lapse fluorescence 

microscopy 

7.2.4.1 Preparation of transfection-ready imaging plates 

U2-OS GFP-DEK cells were transfected with siRNAs for RNA interference (RNAi) according 

to an established solid-phase lipid-based procedure developed at the EMBL by (Neumann et 

al., 2006): Briefly, imaging plates or microarrays are coated with a mixture of siRNA, medium, 

sucrose, gelatin and transfection reagent (Lipofectamine 2000, Thermo Fisher). The 

transfection mix is then lyophilized and plates can be stored in plastic boxes for years at room 

temperature (F. Neumann, personal communication). Upon seeding of cultured cells, the dried 

transfection complexes resolve and are competent for siRNA delivery.  

For the screening assays, 96-well cyclic olefin copolymer (COC) imaging plates (Greiner) and 

locked nucleic acids (LNA)-modified 21-bp duplex siRNAs with overhang (Silencer Select, 

Ambion) were used. For the primary screen, the custom-ordered library comprised 678 unique 

siRNAs and was delivered lyophilized in eight different 96-well plates by the manufacturer (the 

complete library is listed in Appendix, 8.1). In each plate, four wells were supplied with sNEG1 

negative control, two wells with sPOLD1 (s616) positive control, two wells with sDEK 

transfection control (s15459) siRNA and three wells were left empty. The rest of the wells were 

supplied with library siRNAs in an alphabetical order. Before preparing the imaging plates, 

siRNAs of the mother plate were resolved: 33 µl ddH2O were added per well for a final siRNA 

concentration of 3 µM by an automated multichannel pipette (Integra), incubated for 1 h at RT 

and mixed 8 times to yield a homogenous solution. For the pilot screen, in one 96-well plate 5 

µl of a 3 µM dilution of each control siRNA (see Table 1) were distributed into three wells by 

hand for technical triplicates. Plates were sealed directly after distribution of siRNAs and stored 

at -20 °C until further use. 
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The following protocol is for the coating of eight identical 96-well imaging plates from one 

unique siRNA layout. All steps were performed at room temperature, if not stated otherwise. 

First, the siRNA plate was thawed and 5 µl of the 3 µM siRNA dilution were transferred into a 

V-shaped 96-well plate using a manual 96-well liquid handling device (Steinbrenner). Then, 11 

µl of a mixture of 554 µl of 0.4 M sucrose in Opti-MEM, 323 µl of Lipofectamine 2000 and 323 

µl of ddH2O were distributed into another V-shaped 96-well plate using a manual 8-channel 

pipette. The following pipetting steps were performed by an automated multichannel pipette. 7 

µl of this transfection reagent mixture were transferred into the previously prepared siRNA 

plate and mixed 8 times. After 20 min of incubation, 7 µl of sterile filtered 0.2% gelatin (0.45 

µm pore size) were added to the wells and mixed 8 times. This final transfection mix was 

diluted 1:51 in water in several steps: In a 96 deep-well plate, 100 µl of ddH2O were added per 

well, then 9 µl of the transfection mix followed by 100 µl and 2 x 125 µl of ddH2O. From this 

diluted transfection mix, 50 µl were distributed into each well of the 8 96-well COC imaging 

plates. In 100 µl medium the final siRNA concentration per well was 7.7 nM. Plates were 

immediately lyophilized (37 °C, 1 h) and stored in plastic boxes containing drying pearls. 

 

7.2.4.2 Cell seeding and time lapse microscopy 

For the first four plates of the primary screen (layout 1-4, replicate 1), 4000 U2-OS GFP-DEK 

cells per well were seeded in 100 µl McCoy’s medium (without antibiotica) into the coated 96-

well imaging plate using an automated cell seeding device and incubated for 48 h at 37 °C, 

5% CO2. For all other plates, 3500 cells were seeded because cell confluency was slightly too 

high in some control wells. At the day of imaging, medium was exchanged with 100 µl pre-

warmed phenol red free CO2-independent imaging medium (Gibco) supplemented with 10% 

fetal bovine serum (FBS), 1.5 mM L-glutamine and 2.3 g/l D-glucose. Then the lid was sealed 

with silicon paste to prevent any gas exchange and the cells equilibrated in a pre-warmed full 

incubation IXM XLS high-content widefield microscope (Molecular Devices) for 1 h at 37 °C. 

The microscope was equipped with a PlanApochromat 20X/0.75 air objective and a sCMOS 

camera (4.66 megapixels). For GFP-DEK detection a 488 nm solid-state light source, the GFP 

filter set and a 690 nm laser autofocusing system were used while exposure time was set to 

150 ms. For the time lapse experiment, four imaging positions per well were set and images 

acquired every 12 min for 22 h. Two replicate plates per siRNA layout were seeded and 

imaged, for layout 5 three replicates. 

For the pilot screen, 2500 – 4000 cells per well were seeded. At the day of imaging, 200 nM 

APH or 100 nM CPT were added to the imaging medium where indicated and cells were 
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equilibrated in the microscope. For the time lapse experiment, 4-9 imaging positions per well 

were set and images acquired every 5 - 10 min for 24 - 48 h. 

 

7.2.4.3 Image analysis using CellProfiler 

The open source software CellProfiler (v2.1.0 (Kamentsky et al., 2011)) was used for 

automated image analysis. Importantly, CellProfiler ran on a remote cluster where dozens of 

images were analyzed in parallel to reduce computing times from several weeks to a few days 

for the whole data set. The image analysis pipeline encompassed background correction, 

nuclei segmentation, filtering of dead and mitotic cells, intensity-based detection of DEK bodies 

and tracking of nuclei via the minimal overlap method. 

Following steps were performed sequentially for every image of a time lapse. Images of the 

same time lapse were correlated using an object (here nuclei) tracking module. Firstly, the 

Power Log-Log Slope parameter of the raw image was measured for later quality control. Then, 

the raw image was corrected for uneven illumination due to vignetting and for background 

fluorescence: We noticed a slightly asymmetric vignetting effect in the raw images which 

became more pronounced in later time lapse images and was intrinsic to the microscopic 

setup. To compensate, a reference image was taken with the same settings as for the time 

lapse experiments, but with a green fluorescent slide in the sample holder instead of an 

imaging plate: A stack of 20 images at different depths within the several mm thick slide was 

acquired and a median z-projection generated using Fiji (normalized so that the brightest pixel 

had an intensity of 1). The raw image was then divided by this reference image to correct the 

vignetting effect. As the effect was now limited to the corners of the image the top- and leftmost 

30, the rightmost 60 and the bottommost 160 pixels (px) were cropped (“cropped image”). 

Additionally, the autofluorescence of the cyclic olefin copolymer substrate decreased in later 

time lapse images due to photobleaching and thusly had to be removed: The cropped image 

was smoothed by applying a Gaussian filter (full width at half maximum (FWHM) 6 px) and a 

threshold was calculated automatically with the global Otsu method (min diameter of 

foreground object 15 px) to identify nuclei. Subsequently, the cropped image was masked with 

the nuclei outlines and the median intensity of the remaining background signal was subtracted 

from the cropped image (“corrected image”).  

Next, nuclei were segmented: The cropped image was smoothed by applying a Gaussian filter 

(FWHM 6 px) and the threshold was calculated with the global Otsu method (min diameter of 

foreground object 35 px). Using this mask on the corrected image, nuclei of dead or mitotic 

cells were filtered out when meeting following requirements: Too high standard deviation and 

upper quartile of intensity and too small nuclear area. The filtered nuclei were tracked from 
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image to the next image within a time lapse using a simple overlap method with a maximum 

pixel distance of 15.  

Afterwards, DEK bodies were identified: The corrected image was smoothed by applying a 

Gaussian filter (FWHM 4 px) and DEK bodies were enhanced by performing a top-hat 

morphological operation (diameter 6 px). In rare cases, micronuclei formed at the periphery of 

the nucleus. To avoid false-positive detection as DEK bodies, these protrusions were removed 

and nuclei outlines were smoothed by performing an opening morphological operation 

(diameter 15 px). DEK bodies were identified within the smoothed outlines using a manual 

threshold (0.004 AU) and a diameter of 3 - 10 px. Automated thresholding was not successful 

because the signal-to-noise ratio (here between uniform nuclear GFP-DEK signal and bright 

DEK bodies) was not big enough.  

To compare the quality of the image analysis pipeline for different siRNAs and replicates, a 

compressed overview image was generated displaying DEK bodies encircled in red, DEK 

body-positive nuclei outlined in red and the other filtered nuclei outlined in white. 

Finally, for each image CSV files containing image, nuclei and DEK body measurements were 

saved before the next image was analyzed. Aggregation of these raw data and evaluation of 

DEK body measurements was performed with the statistical software package R.  

 

7.2.4.4 Data aggregation and transformation using R 

The open source programming language R with RStudio and additional packages were used 

to aggregate the data. The goal was to obtain a single measurement per treatments/siRNA 

from the complex, time-resolved raw data of the technical (positions) and biological (plates) 

replicates that can be used to score DEK body regulators. A commented version of the 

complete R script can be found in the appendix (8.2). 

First, the CSV tables from every image of a 96-well plate (one replicate) were concatenated to 

one single data frame. As CellProfiler tracks the nuclei over subsequent frames/images, these 

track identifiers were used to summarize relevant measurements such as length of tracks, 

length of DEK body sequences, number of DEK bodies per track, nuclear area and intensity, 

intensity of DEK bodies etc. We noticed, however, that the CellProfiler pipeline not always 

managed to identify DEK bodies in all of the nuclei within a DEK body-containing sequence. 

We therefore wrote a custom function which used the closing morphological operation to fill 

these gaps with the DEK body counts of the previous or following frame (see lines 31-46 in 

8.2). In cases where a second, shorter DEK bodies-containing sequence was detected within 

the same track, the function also served to remove these likely false-negative DEK bodies by 
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keeping only the longest sequence. Additionally, a similar function was implemented to 

calculated the mean DEK body count within this longest sequence, which was used as the 

main readout to score hits (see lines 50-60 in 8.2). 

As a consequence of aggregation, for each track only one row was left in the data frame 

containing the averaged measurements. In this manner, the data was further summarized: 

Over positions/time lapses to investigate the variability within the same siRNAs/treatments and 

over time points to be able to visualize the time-dependent function of e.g. the number of nuclei 

or the intensity of nuclear GFP-DEK signal. Afterwards, the aggregated data of all replicates 

was concatenated. 

For the primary screen, quality control was then performed based on the position summaries. 

Positions with a small integrated nuclear fluorescence intensity (very small and/or dark nuclei), 

very low cell number, extreme values in the Power LogLog Slope (blurry images) and a 

negative slope of their linear growth function were filtered out. Furthermore, all wells that were 

contaminated with bacteria or yeast after the time lapse (as seen under a brightfield benchtop 

microscope) were filtered out manually.  

Lastly, Z-scores of the position-based summaries of the relevant measurements were 

calculated for later hit scoring. The Z-score can be used when the data distribution is unimodal 

and variability of the control measurement (here sNEG1) does not change in between 

replicates (Zhang, 2011). Therefore, the data was log (base 2)-transformed and the mean 

(�������) and the standard deviation (�������) of all negative control (sNEG1) positions from 

the same replicate were calculated. For all positions � of the other siRNAs of this replicate a Z-

score was computed: 

�-����� =  
����(��) −  ����(�������)

����(�������)
 

The mean of all Z-scores of the same siRNA was finally calculated. By ordering the mean DEK 

body count by size it was possible to score DEK body upregulators (highest Z-score) and 

downregulators (lowest Z-score). 

 

7.2.5 Low-throughput siRNA validation screen coupled with time lapse 

fluorescence microscopy 

Validation experiments were performed at the University of Konstanz without automated 

pipetting and cell seeding devices and with a different microscopic setup. The following 

protocols will emphasize on these differences. 
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7.2.5.1 Cell seeding and liquid-phase transfection 

For siRNA delivery, a liquid-phase instead of a solid-phase reverse transfection procedure was 

employed. Therefore, transfection mixes had to be prepared freshly for each replicate before 

cell seeding. 

Validation siRNAs were picked from the primary screen mother plates into a V-shaped 96-well 

plate and diluted to 100 nM with MQ H2O. Two wells were supplied with the same validation 

siRNA, four wells with sNEG1 negative control, two wells with sDEK transfection control 

(s15459) siRNA and four wells were left empty. The new mother plate was stored at -20 °C 

until the day of transfection. 

At the day of transfection, 8 µl of a 1:20 dilution of Lipofectamine RNAiMAX in Opti-MEM was 

added in each well of a 96-well imaging plate (Ibidi) using an 8-channel manual pipette. 25 µl 

of diluted siRNAs were mixed with the pre-distributed transfection reagent dilution using an 8-

channel manual pipette. In two of the four empty wells no transfection mix was added (no Lipo). 

After 15 min incubation, 5500 U2-OS GFP-DEK cells in 207 µl medium (no antibiotica) were 

added for a final siRNA concentration of 10.4 nM and cells were incubated for 48 h at 37 °C, 

5% CO2. 

 

7.2.5.2 Time lapse microscopy 

48 h after transfection, medium was exchanged with 200 µl of pre-warmed phenol red free 

imaging medium (Hyclone, no antibiotica) and equilibrated in a pre-warmed CellObserver HSl 

microscope (Zeiss) equipped with a CSU-X1 spinning disc unit (Yokogawa) and a full incubator 

for 1 h at 37 °C, 5% CO2, humid atmosphere. Images were acquired with a PlanApochromat 

20X/0.8 air objective, a 488 nm OPSL laser for GFP-DEK detection and an Evolve EMCCD 

camera (Photometrics, 512 x 512 pixels). The laser intensity in the focal plane was increased 

compared to previous experiments (see 7.2.2.2; 215 instead of 131 µW/cm2) because the 

imaging interval was also increased (12 min instead of 10 min) and signal-to-noise ration had 

to be higher for the automated image analysis pipeline. Exposure time and EM gain were set 

to 150 ms and 700, respectively. For the time lapse experiment, 6 imaging positions per well 

were set, the focus adjusted manually and images acquired every 12 min for 24 h. Three 

replicate plates were acquired in total. 
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7.2.5.3 Image analysis using CellProfiler 

In contrast to the primary screen, the image analysis was run on a newer version of CellProfiler 

(v.2.2.0 instead of 2.1.0) and locally on a workstation instead of a remote cluster. The pipeline 

was adjusted from the primary screen (see 7.2.4.3) to meet the needs of the new microscope 

setup: 

For background subtraction and nuclei segmentation, the Gaussian filter to smooth the raw 

image was reduced to a FWHM 6 px and the diameter to segment nuclei via the global Otsu 

method was adjusted to 23 - 43 px. Nuclei of dead or mitotic cells were filtered out when 

meeting following requirements: Too high standard deviation of intensity, too low eccentricity 

to exclude very round cells and too high solidity to eliminate “ruffled” shapes that resemble 

micronuclei. The filtered nuclei were tracked from image to the next image within a time lapse 

using a simple overlap method with a maximum pixel distance of 15.  

For DEK body identification the corrected image was smoothed by applying a 2 px Gaussian 

filter and DEK bodies were enhanced by performing a 5 px top-hat morphological operation. 

As micronuclei were eliminated in the previous filtering step, an opening morphological 

operation did not have to be performed. DEK bodies were identified using a manual threshold 

of 0.014 AU and a diameter of 2 - 6 px.  

 

7.2.5.4 Data aggregation and transformation using R 

Raw data analysis was performed similar to the primary screen (see 7.2.4.4), with following 

modifications: 

The quality control parameters cell number and growth, nuclear fluorescence intensity and 

Power LogLog Slope were adjusted to meet the differing microscopic parameters (e.g. less 

cells per field-of-view, different signal-to-noise ratio). Additionally, a ratio of the filtered nuclei 

to all identified nuclei was implemented as QC. A time lapse with a low ratio meant many dead 

or mitotic cells and was therefore excluded.  

Calculation of Z-scores and siRNA summaries was performed as previously described. 
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7.2.6 Biochemical methods 

7.2.6.1 SDS-PAGE (SDS polyacrylamide gel electrophoresis) 

A vertical electrophoresis unit was assembled according to manufacturer’s instructions, a 

separating gel was casted (Table 5) and isopropanol was added to achieve an even surface. 

After polymerization, the isopropanol was removed and the gel was washed once with H20. 

Then, the stacking gel was casted onto the separating gel, the pocket comb inserted and let 

polymerize. Afterwards, the gel unit was put into an electrophoresis chamber and both the 

chamber and the unit were flushed with 1x Laemmli buffer. The comb was carefully removed 

to avoid destroying the wells.  

 

Table 5: Recipes for a 12.5% and a 10% SDS polyacrylamide gel. Prepare in the order described 

below. 

Compound 12.5% separating gel 10% separating gel 5% stacking gel 

3 x separating gel buffer 3 ml 3 ml - 

2 x stacking gel buffer - - 2 ml 

MQ H2O 1.87 ml 2.68 ml 1.22 ml 

Rotiphorese Gel B 281 µl 225 µl 50 µl 

ammonium persulfate (10%) 80 µl 80 µl 50 µl 

TEMED 20 µl 20 µl 10 µl 

Rotiphorese Gel A 3.75 ml 3 ml 667 µl 

total 9 ml 9 ml 4 ml 

 

Equal amount of samples were loaded into the wells and allowed to migrate through the 

stacking gel for ca. 45 min at 12.5 mA per gel. After reaching the separating gel, amperage 

was increased to 25 mA per gel for 1.5-2 h, right before bromophenol blue started to leak from 

the bottom of the gel. After that, the electrophoresis unit was disassembled, the gel cut to the 

right size and it was proceeded with western blotting. 

 

7.2.6.2 Western blotting 

Semi-dry western blotting was performed to transfer proteins from the polyacrylamide gel to a 

nitrocellulose membrane and to detect specific proteins by immunohistochemistry. 

After SDS-PAGE, Whatman papers and a nitrocellulose membrane were wetted in blotting 

buffer before the blotting apparatus was assembled in the following order: Anode at the bottom, 

then two Whatman papers, the membrane, the gel, ca. 1 ml of blotting buffer to prevent drying 

of the gel and two Whatman papers on top. The cathode was put onto the blotting sandwich 

and electroblotting was performed for 90 min for one gel and 120 min for two gels at 10 V. If 
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not stated otherwise, the following procedure was performed at room temperature. Transfer 

efficiency was checked via staining with a Ponceau S-containing solution that stained protein 

bands before the membrane was de-stained using TNT buffer (Tris-NaCl-Tween). Then, the 

marker lane was cut from the membrane and stored in TNT (overnight, 4 °C). The membrane 

itself was blocked in a 5% (w/v) solution of skimmed milk powder in TNT (1 h) and incubated 

with the primary antibody diluted in 5% milk/TNT under gentle pivoting (overnight, 4 °C). The 

next day, the membrane was washed three times with TNT and incubated with the secondary 

antibody diluted in 5% milk/TNT under gentle pivoting (1 h).  

Concomitantly, the marker lane was incubated with a 1:50000 streptavidin-HRP (horse reddish 

peroxidase) dilution in TNT. Membrane and marker lane were washed three times with TNT 

and were now ready for chemiluminescence detection. Self-made ECL solution A and B were 

mixed in a 1:1 ratio, pipetted onto membrane and marker and luminescence was detected 

using an Amersham Imager 600 RGB. Protein bands were quantified using the gel analyzer 

function of Fiji. 

 

7.2.6.3 Isolation of Proteins on Nascent DNA (iPOND) 

iPOND is a ChIP-like method to purify EdU-labelled DNA and study associated proteins via 

mass spectrometry or western blotting and was performed as described by (Sirbu et al., 2011), 

with modifications: Per sample three 15 cm dishes were seeded, each with 1.1 x 107 Hela S3 

in 21 ml DMEM medium, and incubated for 48 h at 37 °C, 5% CO2. If a pulse-chase experiment 

was to be performed, 20 ml of chase medium (10 µM thymidine in DMEM) per dish were 

equilibrated in the incubator for at least 24 h to allow for pH and temperature adjustment. In a 

typical iPOND experiment 6 x 3 dishes plus one extra dish were prepared to yield 5 samples 

and 1 negative control (no click). The negative control sample was treated with EdU for 10 min, 

but the biotin azide was replaced with the solvent DMSO during the click reaction step. 

At the day of pulse-labelling, the extra dish was used to determine the cell count per sample, 

which should be 1.0 - 1.1 x 108. For a pulse experiment, time course samples with EdU labelling 

times of 2.5, 5, 10, 15 and 30 min were prepared. Therefore, each dish was treated directly in 

the incubator with 1 ml of a pre-warmed 20X EdU stock (200 µM, final concentration 10 µM). 

For a pulse-chase experiment, each dish was labelled with EdU for 10 min, washed with 15 ml 

pre-warmed PBS and either fixed directly (0 min chase) or treated for 7.5, 15 or 30 min with 

20 ml of equilibrated chase medium prior to fixation. 

After pulse labelling and optional thymidine chase, cells were removed from the incubator and 

biomolecules were crosslinked with 10 ml of 1% PFA/PBS (20 min, RT). Superfluous PFA was 

quenched with 1 ml of 1.25 M glycine (10 min, RT) and cells from each of the three dishes of 
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the same sample were combined into a Falcon tube by scraping. From here on, cells were 

kept on ice and centrifuges were set at 4 °C if not stated otherwise. Also, centrifugation steps 

were optimized in such a way that supernatants could easily be removed by pouring without 

disturbing the cell pellets. Cells were centrifuged (1000 g, 5 min) and washed with 30 ml PBS 

by gentle vortexing. This step was repeated twice before cell pellets were flash frozen in liquid 

nitrogen and stored at -20 °C for short term and at -80 °C for long term.  

Cell pellets were resuspended in 10 ml permeabilization buffer by gentle vortexing and 

incubated for 30 min at RT. Then, cells were washed twice with 10 ml pre-cooled 0.5% 

BSA/PBS and once with 10 ml pre-cooled PBS (centrifugation at 2000g, 5 min), resuspended 

in 5 ml click reaction mix containing biotin azide (sample) or DMSO (no click negative control) 

by gentle vortexing and transferred into 5 ml Eppendorf tubes. Click reaction did not only serve 

to covalently link the EdU-labelled DNA to biotin but, as a side reaction of the Cu(I) species, 

led to DNA fagmentation to 100 - 500 kb pieces. After 90 min under rotation at RT, cells were 

again washed twice with 5 ml pre-cooled 0.5% BSA/PBS and once with 5 ml pre-cooled PBS 

(centrifugation at 10000g, 5 min), resuspended in 1 ml pre-cooled lysis buffer containing 

protease inhibitor by rigorous vortexing and split into two 2 ml Eppendorf tube with 500 µl each. 

Excessive cell suspension was removed to improve efficiency of the following sonication 

procedure. Sonication was performed for 2 x 10 cycles of 30 s on/off using a Bioruptor 

sonicator at maximum power setting and 4 °C (total sonication time 10 min). After sonication, 

the previously cloudy suspension should be clear, showcasing successful lysis of the cells. 

The lysate was then centrifuged for 10 min at maximum speed (20800 g) to pellet unsolved 

cellular components. Cleared supernatants from the same sample were filtered through a cell 

strainer cap (35 µm mesh) and combined into one 1.5 ml Eppendorf tube (final lysate volume 

of 1 ml per sample). Two aliquots (10 and 50 µl, labelled Input) were pipetted into PCR tubes 

for later dot blot and western blot analysis and stored at -20 °C until further use. 

To precipitate EdU-biotin containing DNA fragments, streptavidin-coupled magnetic beads 

were equilibrated: For each sample, 90 µl of bead slurry (900 µg beads) were combined and 

washed three times with the same volume of pre-cooled lysis buffer containing protease 

inhibitor. For a typical iPOND experiment with 6 samples, a total of 540 µl of bead slurry was 

washed with 540 µl of lysis buffer. In general, beads were washed by short-spinning the tubes, 

collecting in a magnetic rack for 30 s and removing the supernatant by pipetting. The 

equilibrated beads were resuspended in 540 µl pre-cooled lysis buffer containing protease 

inhibitor and distributed to each of the lysates. It is advisable to pipet 10% less than the 

calculated amount (here 81 instead of 90 µl) to avoid running out of bead slurry during the last 

pipetting step. Afterwards, samples were rotated overnight (16 - 20 h, 4 °C) to allow for biotin-

streptavidin binding.  
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The next day, magnetic beads were centrifuged shortly and collected in a magnetic rack. 10 µl 

of supernatant were stored at -20 °C for later dot blot analysis, the rest was discarded. To 

remove unspecific binding, beads were washed extensively: 1 x lysis buffer, 1 x washing buffer, 

1 x 1 M NaCl, 1 x lysis buffer, 1x washing buffer and 2 x lysis buffer. For each washing step, 

beads were resuspended by rigorous vortexing and rotated in the respective solution for 5 min 

at RT. Next, washed beads were resuspended in 57 µl of 1x SDS sample buffer, transferred 

into PCR tubes and labelled as Capture. 50 µl Input samples from the previous day were 

thawed and mixed with 50 µl of 2x SDS sample buffer. Capture and Input samples were 

incubated in a PCR cycler for 30 min at 95 °C to reverse the formaldehyde crosslinking and 

elute the biotin-DNA-protein complexes from the beads. The supernatant of the Capture 

samples was collected in a magnetic rack and pipetted into a fresh PCR tube. Capture and 

Input samples were stored at -20 °C until western blot analysis.  

iPOND samples were separated by molecular weight on a 12.5% denaturing SDS 

polyacrylamide gel (see 7.2.6.1). In at least one lane molecular weight markers and in the other 

lanes Input and Capture samples were pipetted. Importantly, empty wells were filled with 38 µl 

of 1x SDS sample buffer for even migration of the samples through the electric field. Because 

PCNA is much more abundant on nascent DNA than DEK but less abundant on bulk chromatin, 

two gels with different amounts of Capture and Input samples were prepared for later western 

blotting: The first with 66% of Capture (38 µl) and 0.6% of Input (12 µl) for DEK and the second 

with 33% of Capture (19 µl) and 1.8% of Input (36 µl) for PCNA. For H3, the DEK membrane 

was reprobed with a H3-specific antibody after detection of DEK specific signals.  

After semi-dry electroblotting (see 7.2.6.2), specific bands were detected with antibody 

dilutions as listed in Table 6. 

 

Table 6: Antibodies used in iPOND western blot experiments. 

Primary antibody Dilution Supplier 

polyclonal rabbit α-DEK (K877) 1:5000 F. Kappes, Uni Aachen 

monoclonal mouse α-PCNA (PC10) 1:9000 Cell Signalling 

polyclonal rabbit α-H3 (ab1791) 1:150000 Abcam 
   

Secondary antibody Dilution Supplier 

polyclonal goat α-mouse HRP 1:2000 Agilent Technologies 

polyclonal goat α-rabbit HRP 1:2000 Agilent Technologies 

 

7.2.6.4 Validation of siRNAs via western blotting 

siRNAs tested in the validation screen were evaluated via western blotting. The reverse 

transfection procedure was scaled up from 96-well to 6-well compared to the validation screen. 

As negative control sNEG (s813), as positive control sDEK (s15459) and as test siRNAs 
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sSUMO1 (s14607, s14608), sSUMO3 (s13176, s13178), sSAE1 (s19550), sUBE2I (s14590) 

were used. 

In each well of a 6-well plate, 3.3 µl of Lipofectamine RNAiMAX were diluted with 146.7 µl Opti-

MEM and supplemented with 13 µL of a 1.5 µM siRNA dilution diluted with 27 µl Opti-MEM. 

After 15 min at room temperature, 1.2 x 105 U2-OS GFP-DEK cells were added in 1.8 ml 

medium for a final siRNA concentration of 9.75 nM and incubated for 48 h at 37 °C, 5% CO2. 

Medium was exchanged with 0.6 ml of pre-cooled PBS, cells were scraped into a 1.5-ml 

Eppendorf tube, centrifuged (5 min, 200 g, 4 °C) and washed with 0.4 ml of pre-cooled PBS. 

After centrifugation, the cell pellet was resuspended in 60 µl of pre-heated SDS lysis buffer 

and incubated for 10 min at 95 °C, 200 rpm. Every 2 - 3 min, the tube was vortexed rigorously. 

Unresolved cellular components were pelleted by centrifugation (10 min, 20000 g) and 

supernatant was flash frozen in liquid nitrogen and stored at -20 °C. 

Total protein content of 1:3 – 1:5 dilutions of the lysates was determined via BCA (bicinchoninic 

acid) assay according to manufacturer’s instructions. 30 µg of each lysate and 2.5 µl of a 

molecular weight protein ladder mix were loaded onto a 10% PA gel and subjected to gel 

electrophoresis and semi-dry western blotting as described in chapter 7.2.6.1 and 7.2.6.2, with 

following antibodies: 

 

Table 7: Antibodies used in RNAi western blot validation experiments. 

Primary antibody Dilution Supplier 

polyclonal rabbit α-DEK (K877) 1:20000 F. Kappes, Uni Aachen 

polyclonal rabbit α-SUMO2/3 (18H8) 1:1000 Cell Signalling 

monoclonal mouse α-SUMO1 1:200 Santa Cruz 

monoclonal mouse α-AOS1 (SAE1) 1:200 Santa Cruz 

monoclonal mouse α-UBC9 (UBE2I) 1:200 Santa Cruz 
   

Secondary antibody Dilution Supplier 

polyclonal goat α-mouse HRP 1:2000 Agilent Technologies 

polyclonal goat α-rabbit HRP 1:2000 Agilent Technologies 

 

7.2.6.5 In cellula SUMOylation assay 

SUMOylation of DEK was determined via a cell-based protocol relying on the enrichment of 

6His-tagged SUMO conjugates (Tatham et al., 2009). Therefore, Hela cell lines stably 

expressing His-tagged SUMO1 or SUMO3 as well as Hela wildtype cells as negative controls 

were used. 

Per cell line one 10 cm dish was seeded, each with 4 x 106 Hela cells, and incubated for 24 h 

at 37 °C, 5% CO2. The next day, cells were washed twice with PBS before 5 ml of PBS were 

added. Cells were scraped into a 15 ml tube, vortexed shortly and 1 ml of the suspension was 



 

98 

added to a 1.5 ml tube (Input). The remaining 4 ml of cell suspension were centrifuged (5 min, 

3000 g), the cell pellet resuspended in 5 ml of SUMO lysis buffer and stored on ice (Capture). 

The Input sample was centrifuged (2 min, 1000 g), the cell pellet resuspended in 200 µl of 2x 

SUMO SDS sample buffer and incubated for 5 min at 95 °C, 200 rpm. Afterwards, cell 

disruption was facilitated by passing 20 times through a 20G needle of a 1 ml syringe. 

Unresolved cellular components were pelleted by centrifugation (10 min, 20000 g) and total 

protein content of 1:5 – 1:10 dilutions of the supernatant was determined via BCA 

(bicinchoninic acid) assay according to manufacturer’s instructions. Then, β-mercaptoethanol 

was added to 750 mM and Input samples were stored at -20 °C. 

After adding 1.75 µl of β-mercaptoethanol (5 mM final concentration) and 25 µl of 1 M imidazole 

(5 mM final concentration) to the Capture sample, the cells were lysed using a Bioruptor 

sonicator with 1 x 10 cycles of 30 s on/off at maximum power setting and 4 °C (total sonication 

time 5 min). Then, the lysate was centrifuged (15 min, 3000g) before the cleared supernatant 

was transferred into a 5 ml tube.  

To precipitate 6His-SUMO-modified proteins, Ni2+-NTA agarose beads were equilibrated: For 

each sample, 100 µl of bead slurry (50 µl beads) were combined and washed three times with 

ten bead volumes of SUMO lysis buffer (centrifugation for 2 min, 750 g). The equilibrated beads 

were resuspended in SUMO lysis buffer and 100 µl of bead slurry were distributed to each of 

the lysates. Afterwards, samples were rotated overnight (16 - 20 h, 4 °C).  

The next day, beads were centrifuged (2 min, 750 g) and washed extensively to remove 

unspecific binding: 1 x with 4 ml of SUMO lysis buffer containing 5 mM β-mercaptoethanol and 

0.1% Triton X-100, 1 x with 4 ml of pH 8.0 wash buffer and 3 x with 4 ml of pH 6.3 wash buffer. 

Next, beads were resuspended in 1.5 ml of pH 6.3 wash buffer, transferred into a 1.5 ml tube 

and centrifuged (1 min, 6000 g). The supernatant was removed and 50 µl of elution buffer were 

added. Beads were incubated for 20 min at RT, while flicking the tubes every 2-3 min to mix, 

and stored at -20 °C until western blot analysis. 

On the day of western blotting, Capture and Input samples were thawed, Capture samples 

centrifuged to collect the beads (5 min, 17000 g) and the supernatant transferred into a fresh 

1.5 ml tube. Samples were separated by molecular weight on a 10% denaturing SDS 

polyacrylamide gel (see 7.2.6.1). In at least one lane molecular weight markers and in the other 

lanes Input and Capture samples were pipetted. For each primary antibody, a separate gel 

was prepared with 20 µg of Input and varying amounts of Capture samples from Hela control, 

6His-SUMO1 and 6His-SUMO3 lysates: 25 µl of Capture for positive control α-RanGAP1, 3 µl 

for specificity control α-6His and 25 µl for α-DEK.  
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After semi-dry electroblotting (see 7.2.6.2), specific bands were detected with antibody 

dilutions as listed in Table 8. 

 

Table 8: Antibodies used in SUMOylation assay western blot experiments. 

Primary antibody Dilution Supplier 

polyclonal rabbit α-DEK (K877) 1:20000 F. Kappes, Uni Aachen 

monoclonal mouse α-RanGAP1 (19C7) 1:1000 Invitrogen 

monoclonal mouse α-6His (BMG-His-1) 1:250 Roche 
   

Secondary antibody Dilution Supplier 

polyclonal goat α-mouse HRP 1:2000 Agilent Technologies 

polyclonal goat α-rabbit HRP 1:2000 Agilent Technologies 
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8 Appendix 

8.1 siRNA library primary screen 

Table 9: siRNA library of the primary screen. siRNA ID from supplier (Ambion), gene IDs and 

names from the HUGO Gene Nomenclature Committee (HGNC) as of September 2018. Z-scores 

of siRNAs which failed quality control are denoted as n.d. 

  

siRNA ID Gene ID Full gene name 

Number 
of DEK 
bodies 
(Z-score) 

  siRNA ID Gene ID Full gene name 

Number 
of DEK 
bodies 
(Z-score) 

1 s859 ABCF1 ATP binding 
cassette subfamily F 
member 1 

2.470 343 s30288 MTPAP mitochondrial poly(A) 
polymerase 

0.868 

2 s860 ABCF1 ATP binding 
cassette subfamily F 
member 1 

4.913 344 s223607 MTREX Mtr4 exosome RNA 
helicase 

-1.628 

3 s962 ACTL6A actin like 6A 4.084 345 s23982 MTREX Mtr4 exosome RNA 
helicase 

0.346 

4 s963 ACTL6A actin like 6A 2.468 346 s9129 MYC MYC proto-
oncogene, bHLH 
transcription factor 

n.d. 

5 s1008 ADAR adenosine 
deaminase, RNA 
specific 

-1.000 347 s9130 MYC MYC proto-
oncogene, bHLH 
transcription factor 

0.516 

6 s1009 ADAR adenosine 
deaminase, RNA 
specific 

-0.886 348 s9280 NASP nuclear 
autoantigenic sperm 
protein 

-0.984 

7 s1445 APEX1 apurinic/apyrimidinic 
endodeoxyribonucle
ase 1 

1.501 349 s9282 NASP nuclear 
autoantigenic sperm 
protein 

0.969 

8 s1446 APEX1 apurinic/apyrimidinic 
endodeoxyribonucle
ase 1 

-1.766 350 s30492 NAT10 N-acetyltransferase 
10 

0.005 

9 s1447 APEX1 apurinic/apyrimidinic 
endodeoxyribonucle
ase 1 

4.197 351 s30493 NAT10 N-acetyltransferase 
10 

-0.705 

10 s47251 APLF aprataxin and PNKP 
like factor 

0.472 352 s9291 NBN nibrin 2.419 

11 s47253 APLF aprataxin and PNKP 
like factor 

2.380 353 s9293 NBN nibrin 1.101 

12 s15785 ARID1A AT-rich interaction 
domain 1A 

0.610 354 s9312 NCL nucleolin 2.658 

13 s15786 ARID1A AT-rich interaction 
domain 1A 

0.330 355 s9313 NCL nucleolin 1.442 

14 s31344 ASF1B anti-silencing 
function 1B histone 
chaperone 

0.671 356 s22929 NCOA6 nuclear receptor 
coactivator 6 

0.056 

15 s31345 ASF1B anti-silencing 
function 1B histone 
chaperone 

2.055 357 s22930 NCOA6 nuclear receptor 
coactivator 6 

0.796 

16 s31346 ASF1B anti-silencing 
function 1B histone 
chaperone 

-0.262 358 s28072 NIP7 NIP7, nucleolar pre-
rRNA processing 
protein 

1.214 

17 s1709 ATM ATM 
serine/threonine 
kinase 

2.185 359 s28074 NIP7 NIP7, nucleolar pre-
rRNA processing 
protein 

1.469 

18 s57221 ATM ATM 
serine/threonine 
kinase 

-0.593 360 s26364 NOB1 NIN1 (RPN12) 
binding protein 1 
homolog 

0.136 

19 s227305 ATR ATR 
serine/threonine 
kinase 

-2.310 361 s26365 NOB1 NIN1 (RPN12) 
binding protein 1 
homolog 

0.441 

20 s56826 ATR ATR 
serine/threonine 
kinase 

4.460 362 s36145 NOL9 nucleolar protein 9 0.893 

21 s57368 ATRX ATRX, chromatin 
remodeler 

0.444 363 s36146 NOL9 nucleolar protein 9 1.602 

22 s59082 ATRX ATRX, chromatin 
remodeler 

1.206 364 s28205 NOP16 NOP16 nucleolar 
protein 

-0.593 
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23 s22059 BAZ1A bromodomain 
adjacent to zinc 
finger domain 1A 

0.311 365 s28206 NOP16 NOP16 nucleolar 
protein 

1.726 

24 s22060 BAZ1A bromodomain 
adjacent to zinc 
finger domain 1A 

1.461 366 s9676 NPM1 nucleophosmin 1 1.069 

25 s17209 BAZ1B bromodomain 
adjacent to zinc 
finger domain 1B 

-3.348 367 s9677 NPM1 nucleophosmin 1 -0.121 

26 s17210 BAZ1B bromodomain 
adjacent to zinc 
finger domain 1B 

-1.524 368 s20257 NPM3 nucleophosmin/nucle
oplasmin 3 

0.157 

27 s1997 BLM BLM RecQ like 
helicase 

-0.470 369 s20258 NPM3 nucleophosmin/nucle
oplasmin 3 

-0.313 

28 s1999 BLM BLM RecQ like 
helicase 

0.430 370 s29683 NSUN2 NOP2/Sun RNA 
methyltransferase 
family member 2 

0.057 

29 s457 BRCA1 BRCA1, DNA repair 
associated 

2.149 371 s29684 NSUN2 NOP2/Sun RNA 
methyltransferase 
family member 2 

0.186 

30 s458 BRCA1 BRCA1, DNA repair 
associated 

n.d. 372 s9892 ORC1 origin recognition 
complex subunit 1 

-1.750 

31 s2083 BRCA2 BRCA2, DNA repair 
associated 

-0.717 373 s9893 ORC1 origin recognition 
complex subunit 1 

-0.101 

32 s224695 BRCA2 BRCA2, DNA repair 
associated 

-0.928 374 s9895 ORC2 origin recognition 
complex subunit 2 

0.663 

33 s38384 BRIP1 BRCA1 interacting 
protein C-terminal 
helicase 1 

-1.942 375 s9896 ORC2 origin recognition 
complex subunit 2 

0.279 

34 s38385 BRIP1 BRCA1 interacting 
protein C-terminal 
helicase 1 

1.171 376 s24167 ORC3 origin recognition 
complex subunit 3 

1.647 

35 s226839 BRIX1 BRX1, biogenesis of 
ribosomes 

-0.951 377 s24168 ORC3 origin recognition 
complex subunit 3 

-0.264 

36 s30678 BRIX1 BRX1, biogenesis of 
ribosomes 

5.168 378 s9898 ORC4 origin recognition 
complex subunit 4 

0.489 

37 s2134 BYSL bystin like -0.570 379 s9900 ORC4 origin recognition 
complex subunit 4 

0.587 

38 s2135 BYSL bystin like -0.779 380 s9901 ORC5 origin recognition 
complex subunit 5 

1.883 

39 s8377 CAPRIN1 cell cycle associated 
protein 1 

-1.209 381 s9903 ORC5 origin recognition 
complex subunit 5 

0.045 

40 s8378 CAPRIN1 cell cycle associated 
protein 1 

1.958 382 s24164 ORC6 origin recognition 
complex subunit 6 

-0.366 

41 s21550 CBX1 chromobox 1 1.224 383 s24165 ORC6 origin recognition 
complex subunit 6 

0.163 

42 s21551 CBX1 chromobox 1 0.003 384 s9978 PA2G4 proliferation-
associated 2G4 

3.354 

43 s223227 CBX3 chromobox 3 n.d. 385 s9980 PA2G4 proliferation-
associated 2G4 

0.233 

44 s22356 CBX3 chromobox 3 n.d. 386 s25664 PABPC1 poly(A) binding 
protein cytoplasmic 1 

2.385 

45 s23883 CBX5 chromobox 5 0.400 387 s25665 PABPC1 poly(A) binding 
protein cytoplasmic 1 

1.163 

46 s23884 CBX5 chromobox 5 0.379 388 s25666 PABPC1 poly(A) binding 
protein cytoplasmic 1 

0.496 

47 s225505 CCDC124 coiled-coil domain 
containing 124 

-0.784 389 s16693 PABPC4 poly(A) binding 
protein cytoplasmic 4 

0.393 

48 s41755 CCDC124 coiled-coil domain 
containing 124 

1.656 390 s52787 PABPC4 poly(A) binding 
protein cytoplasmic 4 

1.145 

49 s229 CCND1 cyclin D1 0.168 391 s29268 PAF1 PAF1 homolog, 
Paf1/RNA 
polymerase II 
complex component 

0.917 

50 s230 CCND1 cyclin D1 1.622 392 s29269 PAF1 PAF1 homolog, 
Paf1/RNA 
polymerase II 
complex component 

-0.612 

51 s225066 CCNH cyclin H 1.561 393 s1097 PARP1 poly(ADP-ribose) 
polymerase 1 

3.088 

52 s2537 CCNH cyclin H 1.734 394 s1099 PARP1 poly(ADP-ribose) 
polymerase 1 

0.765 

53 s15830 CDC45 cell division cycle 45 n.d. 395 s19502 PARP2 poly(ADP-ribose) 
polymerase 2 

0.489 
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54 s15831 CDC45 cell division cycle 45 -0.062 396 s19504 PARP2 poly(ADP-ribose) 
polymerase 2 

0.528 

55 s463 CDK1 cyclin dependent 
kinase 1 

1.842 397 s19505 PARP3 poly(ADP-ribose) 
polymerase family 
member 3 

3.828 

56 s464 CDK1 cyclin dependent 
kinase 1 

3.045 398 s19506 PARP3 poly(ADP-ribose) 
polymerase family 
member 3 

-0.576 

57 s204 CDK2 cyclin dependent 
kinase 2 

0.606 399 s18861 PCLAF PCNA clamp 
associated factor 

0.983 

58 s205 CDK2 cyclin dependent 
kinase 2 

2.967 400 s18863 PCLAF PCNA clamp 
associated factor 

-1.174 

59 s2829 CDK7 cyclin dependent 
kinase 7 

0.353 401 s10134 PCNA proliferating cell 
nuclear antigen 

0.054 

60 s2830 CDK7 cyclin dependent 
kinase 7 

3.290 402 s10135 PCNA proliferating cell 
nuclear antigen 

0.744 

61 s416 CDKN1A cyclin dependent 
kinase inhibitor 1A 

0.535 403 s25745 PELP1 proline, glutamate 
and leucine rich 
protein 1 

1.130 

62 s417 CDKN1A cyclin dependent 
kinase inhibitor 1A 

2.379 404 s25746 PELP1 proline, glutamate 
and leucine rich 
protein 1 

-0.420 

63 s2838 CDKN1B cyclin dependent 
kinase inhibitor 1B 

-4.865 405 s38846 PHF6 PHD finger protein 6 -0.633 

64 s2839 CDKN1B cyclin dependent 
kinase inhibitor 1B 

n.d. 406 s38848 PHF6 PHD finger protein 6 1.556 

65 s37723 CDT1 chromatin licensing 
and DNA replication 
factor 1 

3.911 407 s194691 PML promyelocytic 
leukemia 

1.334 

66 s37724 CDT1 chromatin licensing 
and DNA replication 
factor 1 

4.045 408 s194692 PML promyelocytic 
leukemia 

0.540 

67 s2909 CENPB centromere protein B 2.259 409 s22287 PNKP polynucleotide 
kinase 3'-
phosphatase 

1.111 

68 s2911 CENPB centromere protein B 3.030 410 s22288 PNKP polynucleotide 
kinase 3'-
phosphatase 

-0.339 

69 s225845 CENPX centromere protein X 2.345 411 s32352 PNO1 partner of NOB1 
homolog 

0.338 

70 s47345 CENPX centromere protein X 1.143 412 s32353 PNO1 partner of NOB1 
homolog 

2.148 

71 s19499 CHAF1A chromatin assembly 
factor 1 subunit A 

-2.102 413 s10772 POLA1 DNA polymerase 
alpha 1, catalytic 
subunit 

-0.520 

72 s19501 CHAF1A chromatin assembly 
factor 1 subunit A 

-1.132 414 s10774 POLA1 DNA polymerase 
alpha 1, catalytic 
subunit 

0.928 

73 s15705 CHAF1B chromatin assembly 
factor 1 subunit B 

-2.347 415 s24280 POLA2 DNA polymerase 
alpha 2, accessory 
subunit 

0.909 

74 s15706 CHAF1B chromatin assembly 
factor 1 subunit B 

1.113 416 s24282 POLA2 DNA polymerase 
alpha 2, accessory 
subunit 

1.364 

75 s503 CHEK1 checkpoint kinase 1 1.706 417 s10775 POLB DNA polymerase 
beta 

0.987 

76 s504 CHEK1 checkpoint kinase 1 2.206 418 s10776 POLB DNA polymerase 
beta 

0.894 

77 s22120 CHEK2 checkpoint kinase 2 -2.010 419 s614 POLD1 DNA polymerase 
delta 1, catalytic 
subunit 

2.067 

78 s22121 CHEK2 checkpoint kinase 2 -0.563 420 s615 POLD1 DNA polymerase 
delta 1, catalytic 
subunit 

2.261 

79 s14676 COL14A1 collagen type XIV 
alpha 1 chain 

0.345 421 s616 POLD1 DNA polymerase 
delta 1, catalytic 
subunit 

2.145 

80 s14677 COL14A1 collagen type XIV 
alpha 1 chain 

0.839 422 s10778 POLD2 DNA polymerase 
delta 2, accessory 
subunit 

-0.653 

81 s3495 CREBBP CREB binding 
protein 

2.794 423 s10779 POLD2 DNA polymerase 
delta 2, accessory 
subunit 

1.664 

82 s3497 CREBBP CREB binding 
protein 

1.775 424 s21045 POLD3 DNA polymerase 
delta 3, accessory 
subunit 

0.705 
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83 s3639 CSNK2A2 casein kinase 2 
alpha 2 

0.183 425 s21046 POLD3 DNA polymerase 
delta 3, accessory 
subunit 

1.672 

84 s3641 CSNK2A2 casein kinase 2 
alpha 2 

-0.253 426 s10781 POLE DNA polymerase 
epsilon, catalytic 
subunit 

1.945 

85 s3642 CSNK2B casein kinase 2 beta -0.575 427 s10783 POLE DNA polymerase 
epsilon, catalytic 
subunit 

1.647 

86 s3643 CSNK2B casein kinase 2 beta 1.230 428 s10785 POLE2 DNA polymerase 
epsilon 2, accessory 
subunit 

1.054 

87 s3644 CSNK2B casein kinase 2 beta -0.870 429 s10786 POLE2 DNA polymerase 
epsilon 2, accessory 
subunit 

1.264 

88 s37000 CTC1 CST telomere 
replication complex 
component 1 

0.942 430 s10787 POLG DNA polymerase 
gamma, catalytic 
subunit 

-1.834 

89 s37001 CTC1 CST telomere 
replication complex 
component 1 

0.916 431 s10788 POLG DNA polymerase 
gamma, catalytic 
subunit 

1.189 

90 s3935 DAXX death domain 
associated protein 

2.245 432 s10789 POLG DNA polymerase 
gamma, catalytic 
subunit 

1.231 

91 s3937 DAXX death domain 
associated protein 

0.820 433 s22169 POLG2 DNA polymerase 
gamma 2, accessory 
subunit 

0.378 

92 s3979 DDB1 damage specific 
DNA binding protein 
1 

0.862 434 s22171 POLG2 DNA polymerase 
gamma 2, accessory 
subunit 

0.703 

93 s3980 DDB1 damage specific 
DNA binding protein 
1 

0.143 435 s10790 POLH DNA polymerase eta 2.702 

94 s3982 DDB2 damage specific 
DNA binding protein 
2 

1.841 436 s10791 POLH DNA polymerase eta -0.207 

95 s3984 DDB2 damage specific 
DNA binding protein 
2 

1.434 437 s22122 POLI DNA polymerase 
iota 

-0.082 

96 s17564 DDX21 DExD-box helicase 
21 

0.894 438 s22123 POLI DNA polymerase 
iota 

-0.357 

97 s17565 DDX21 DExD-box helicase 
21 

-0.037 439 s28115 POLK DNA polymerase 
kappa 

0.817 

98 s32631 DDX24 DEAD-box helicase 
24 

2.206 440 s28116 POLK DNA polymerase 
kappa 

1.392 

99 s32632 DDX24 DEAD-box helicase 
24 

1.279 441 s26196 POLL DNA polymerase 
lambda 

2.335 

100 s224194 DDX47 DEAD-box helicase 
47 

0.065 442 s26197 POLL DNA polymerase 
lambda 

1.282 

101 s27672 DDX47 DEAD-box helicase 
47 

1.564 443 s51480 POLN DNA polymerase nu -1.434 

102 s35416 DDX50 DExD-box helicase 
50 

1.944 444 s51481 POLN DNA polymerase nu 1.036 

103 s35417 DDX50 DExD-box helicase 
50 

1.305 445 s21059 POLQ DNA polymerase 
theta 

0.001 

104 s21782 DDX52 DExD-box helicase 
52 

1.162 446 s21060 POLQ DNA polymerase 
theta 

-0.592 

105 s21784 DDX52 DExD-box helicase 
52 

1.598 447 s719 PPP1CC protein phosphatase 
1 catalytic subunit 
gamma 

1.521 

106 s35469 DDX54 DEAD-box helicase 
54 

2.138 448 s721 PPP1CC protein phosphatase 
1 catalytic subunit 
gamma 

1.275 

107 s35470 DDX54 DEAD-box helicase 
54 

1.000 449 s17267 PRC1 protein regulator of 
cytokinesis 1 

1.026 

108 s33616 DDX55 DEAD-box helicase 
55 

-0.122 450 s17268 PRC1 protein regulator of 
cytokinesis 1 

0.152 

109 s33617 DDX55 DEAD-box helicase 
55 

2.435 451 s11050 PRIM1 DNA primase 
subunit 1 

2.934 

110 s15457 DEK DEK proto-oncogene n.d. 452 s11051 PRIM1 DNA primase 
subunit 1 

2.008 

111 s15458 DEK DEK proto-oncogene n.d. 453 s11053 PRIM2 DNA primase 
subunit 2 

1.581 

112 s15459 DEK DEK proto-oncogene n.d. 454 s11054 PRIM2 DNA primase 
subunit 2 

0.689 
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113 s22643 DHX30 DExH-box helicase 
30 

n.d. 455 s61393 PRKDC protein kinase, DNA-
activated, catalytic 
subunit 

2.680 

114 s22645 DHX30 DExH-box helicase 
30 

0.618 456 s775 PRKDC protein kinase, DNA-
activated, catalytic 
subunit 

0.802 

115 s33511 DHX37 DEAH-box helicase 
37 

2.092 457 s16335 PRKRA protein activator of 
interferon induced 
protein kinase 
EIF2AK2 

0.689 

116 s33512 DHX37 DEAH-box helicase 
37 

1.512 458 s16336 PRKRA protein activator of 
interferon induced 
protein kinase 
EIF2AK2 

1.642 

117 s21855 DIDO1 death inducer-
obliterator 1 

0.749 459 s22035 PSIP1 PC4 and SFRS1 
interacting protein 1 

-2.151 

118 s225469 DIDO1 death inducer-
obliterator 1 

1.634 460 s22036 PSIP1 PC4 and SFRS1 
interacting protein 1 

-2.313 

119 s4173 DNA2 DNA replication 
helicase/nuclease 2 

0.871 461 s19272 PUM3 pumilio RNA binding 
family member 3 

3.313 

120 s4175 DNA2 DNA replication 
helicase/nuclease 2 

3.145 462 s19274 PUM3 pumilio RNA binding 
family member 3 

1.864 

121 s4215 DNMT1 DNA 
methyltransferase 1 

0.248 463 s38873 PYM1 PYM homolog 1, 
exon junction 
complex associated 
factor 

4.175 

122 s4216 DNMT1 DNA 
methyltransferase 1 

1.470 464 s38874 PYM1 PYM homolog 1, 
exon junction 
complex associated 
factor 

3.563 

123 s226739 DTL denticleless E3 
ubiquitin protein 
ligase homolog 

4.622 465 s38875 PYM1 PYM homolog 1, 
exon junction 
complex associated 
factor 

1.821 

124 s28247 DTL denticleless E3 
ubiquitin protein 
ligase homolog 

-0.331 466 s20341 RACK1 receptor for activated 
C kinase 1 

1.763 

125 s4390 DUT deoxyuridine 
triphosphatase 

-0.265 467 s20342 RACK1 receptor for activated 
C kinase 1 

-0.552 

126 s4391 DUT deoxyuridine 
triphosphatase 

0.933 468 s11589 RAD1 RAD1 checkpoint 
DNA exonuclease 

-0.656 

127 s44664 E2F7 E2F transcription 
factor 7 

3.107 469 s11590 RAD1 RAD1 checkpoint 
DNA exonuclease 

1.099 

128 s44665 E2F7 E2F transcription 
factor 7 

3.326 470 s11723 RAD17 RAD17 checkpoint 
clamp loader 
component 

n.d. 

129 s21591 EBNA1BP2 EBNA1 binding 
protein 2 

1.863 471 s11724 RAD17 RAD17 checkpoint 
clamp loader 
component 

2.541 

130 s21592 EBNA1BP2 EBNA1 binding 
protein 2 

2.437 472 s32295 RAD18 RAD18, E3 ubiquitin 
protein ligase 

-0.541 

131 s4556 EIF2S1 eukaryotic 
translation initiation 
factor 2 subunit 
alpha 

2.458 473 s32296 RAD18 RAD18, E3 ubiquitin 
protein ligase 

1.083 

132 s4557 EIF2S1 eukaryotic 
translation initiation 
factor 2 subunit 
alpha 

1.226 474 s11725 RAD21 RAD21 cohesin 
complex component 

-1.311 

133 s17003 EIF2S2 eukaryotic 
translation initiation 
factor 2 subunit beta 

2.380 475 s11727 RAD21 RAD21 cohesin 
complex component 

-1.259 

134 s17004 EIF2S2 eukaryotic 
translation initiation 
factor 2 subunit beta 

1.679 476 s55074 RAD21L1 RAD21 cohesin 
complex component 
like 1 

0.714 

135 s16490 EIF3A eukaryotic 
translation initiation 
factor 3 subunit A 

-0.840 477 s55075 RAD21L1 RAD21 cohesin 
complex component 
like 1 

2.550 

136 s16491 EIF3A eukaryotic 
translation initiation 
factor 3 subunit A 

-2.310 478 s791 RAD50 RAD50 double 
strand break repair 
protein 

-0.744 

137 s7586 EIF6 eukaryotic 
translation initiation 
factor 6 

0.853 479 s793 RAD50 RAD50 double 
strand break repair 
protein 

-0.980 
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138 s7588 EIF6 eukaryotic 
translation initiation 
factor 6 

-0.116 480 s11734 RAD51 RAD51 recombinase -1.159 

139 s20415 EMG1 EMG1, N1-specific 
pseudouridine 
methyltransferase 

1.515 481 s11736 RAD51 RAD51 recombinase -0.109 

140 s20416 EMG1 EMG1, N1-specific 
pseudouridine 
methyltransferase 

1.682 482 s11746 RAD52 RAD52 homolog, 
DNA repair protein 

0.234 

141 s4695 EP300 E1A binding protein 
p300 

0.247 483 s11747 RAD52 RAD52 homolog, 
DNA repair protein 

-0.387 

142 s4696 EP300 E1A binding protein 
p300 

1.762 484 s11719 RAD9A RAD9 checkpoint 
clamp component A 

1.466 

143 s4785 ERCC1 ERCC excision 
repair 1, 
endonuclease non-
catalytic subunit 

0.554 485 s11720 RAD9A RAD9 checkpoint 
clamp component A 

-1.155 

144 s4786 ERCC1 ERCC excision 
repair 1, 
endonuclease non-
catalytic subunit 

1.533 486 s224514 RAD9A RAD9 checkpoint 
clamp component A 

-1.619 

145 s230766 ERCC2 ERCC excision 
repair 2, TFIIH core 
complex helicase 
subunit 

1.234 487 s44687 RAD9B RAD9 checkpoint 
clamp component B 

0.640 

146 s4787 ERCC2 ERCC excision 
repair 2, TFIIH core 
complex helicase 
subunit 

0.212 488 s44688 RAD9B RAD9 checkpoint 
clamp component B 

n.d. 

147 s4796 ERCC3 ERCC excision 
repair 3, TFIIH core 
complex helicase 
subunit 

0.368 489 s11837 RBBP4 RB binding protein 4, 
chromatin 
remodeling factor 

-0.494 

148 s4798 ERCC3 ERCC excision 
repair 3, TFIIH core 
complex helicase 
subunit 

-0.646 490 s55169 RBBP4 RB binding protein 4, 
chromatin 
remodeling factor 

2.246 

149 s4799 ERCC4 ERCC excision 
repair 4, 
endonuclease 
catalytic subunit 

1.444 491 s19398 REC8 REC8 meiotic 
recombination 
protein 

1.689 

150 s4801 ERCC4 ERCC excision 
repair 4, 
endonuclease 
catalytic subunit 

1.352 492 s19400 REC8 REC8 meiotic 
recombination 
protein 

0.672 

151 s4805 ERCC6 ERCC excision 
repair 6, chromatin 
remodeling factor 

3.600 493 s11902 RECQL RecQ like helicase -1.321 

152 s4806 ERCC6 ERCC excision 
repair 6, chromatin 
remodeling factor 

1.903 494 s11904 RECQL RecQ like helicase -1.414 

153 s3104 ERCC8 ERCC excision 
repair 8, CSA 
ubiquitin ligase 
complex subunit 

1.704 495 s17989 RECQL5 RecQ like helicase 5 -0.056 

154 s3105 ERCC8 ERCC excision 
repair 8, CSA 
ubiquitin ligase 
complex subunit 

2.520 496 s17990 RECQL5 RecQ like helicase 5 -1.172 

155 s10738 EXOSC10 exosome component 
10 

n.d. 497 s28165 REV1 REV1, DNA directed 
polymerase 

1.624 

156 s10739 EXOSC10 exosome component 
10 

3.132 498 s28167 REV1 REV1, DNA directed 
polymerase 

1.314 

157 s23751 EXOSC2 exosome component 
2 

1.068 499 s11939 REV3L REV3 like, DNA 
directed polymerase 
zeta catalytic subunit 

0.483 

158 s23752 EXOSC2 exosome component 
2 

2.017 500 s11940 REV3L REV3 like, DNA 
directed polymerase 
zeta catalytic subunit 

0.187 

159 s223551 EXOSC7 exosome component 
7 

3.020 501 s11941 RFC1 replication factor C 
subunit 1 

-1.532 

160 s22837 EXOSC7 exosome component 
7 

1.959 502 s224529 RFC1 replication factor C 
subunit 1 

1.643 

161 s22838 EXOSC7 exosome component 
7 

0.379 503 s11945 RFC2 replication factor C 
subunit 2 

-1.078 
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162 s4913 EZH1 enhancer of zeste 1 
polycomb repressive 
complex 2 subunit 

0.979 504 s11946 RFC2 replication factor C 
subunit 2 

0.774 

163 s4914 EZH1 enhancer of zeste 1 
polycomb repressive 
complex 2 subunit 

0.636 505 s11947 RFC3 replication factor C 
subunit 3 

0.563 

164 s4916 EZH2 enhancer of zeste 2 
polycomb repressive 
complex 2 subunit 

0.871 506 s11949 RFC3 replication factor C 
subunit 3 

-1.538 

165 s4918 EZH2 enhancer of zeste 2 
polycomb repressive 
complex 2 subunit 

0.730 507 s11951 RFC4 replication factor C 
subunit 4 

1.250 

166 s163 FANCA FA complementation 
group A 

2.179 508 s11952 RFC4 replication factor C 
subunit 4 

2.142 

167 s164 FANCA FA complementation 
group A 

2.066 509 s11953 RFC5 replication factor C 
subunit 5 

0.583 

168 s4985 FANCC FA complementation 
group C 

-0.891 510 s11955 RFC5 replication factor C 
subunit 5 

1.186 

169 s4987 FANCC FA complementation 
group C 

-0.060 511 s39523 RIOX2 ribosomal 
oxygenase 2 

2.464 

170 s4988 FANCD2 FA complementation 
group D2 

-0.923 512 s39524 RIOX2 ribosomal 
oxygenase 2 

-0.379 

171 s4989 FANCD2 FA complementation 
group D2 

1.847 513 s20657 RNASEH2A ribonuclease H2 
subunit A 

2.041 

172 s4991 FANCE FA complementation 
group E 

-1.121 514 s20658 RNASEH2A ribonuclease H2 
subunit A 

0.785 

173 s4992 FANCE FA complementation 
group E 

0.808 515 s12074 RNF4 ring finger protein 4 0.128 

174 s5015 FANCF FA complementation 
group F 

-1.387 516 s12075 RNF4 ring finger protein 4 -2.254 

175 s5016 FANCF FA complementation 
group F 

0.827 517 s12128 RPA1 replication protein A1 -2.745 

176 s5019 FANCG FA complementation 
group G 

2.938 518 s12129 RPA1 replication protein A1 -2.799 

177 s5020 FANCG FA complementation 
group G 

n.d. 519 s12131 RPA2 replication protein A2 -1.222 

178 s33619 FANCM FA complementation 
group M 

-0.236 520 s12132 RPA2 replication protein A2 -0.313 

179 s33620 FANCM FA complementation 
group M 

1.203 521 s26742 RPA4 replication protein A4 3.324 

180 s33621 FANCM FA complementation 
group M 

-1.705 522 s26744 RPA4 replication protein A4 -1.724 

181 s5039 FAU FAU, ubiquitin like 
and ribosomal 
protein S30 fusion 

0.328 523 s38769 RPAIN RPA interacting 
protein 

1.858 

182 s5040 FAU FAU, ubiquitin like 
and ribosomal 
protein S30 fusion 

0.103 524 s38771 RPAIN RPA interacting 
protein 

0.048 

183 s39592 FBH1 F-box DNA helicase 
1 

1.362 525 s12357 RRM1 ribonucleotide 
reductase catalytic 
subunit M1 

-1.148 

184 s39593 FBH1 F-box DNA helicase 
1 

0.926 526 s12359 RRM1 ribonucleotide 
reductase catalytic 
subunit M1 

n.d. 

185 s30663 FBXW7 F-box and WD 
repeat domain 
containing 7 

1.242 527 s12360 RRM2 ribonucleotide 
reductase regulatory 
subunit M2 

-0.383 

186 s30665 FBXW7 F-box and WD 
repeat domain 
containing 7 

-0.026 528 s12362 RRM2 ribonucleotide 
reductase regulatory 
subunit M2 

-0.217 

187 s5103 FEN1 flap structure-
specific 
endonuclease 1 

1.488 529 s26992 RRM2B ribonucleotide 
reductase regulatory 
TP53 inducible 
subunit M2B 

0.688 

188 s5104 FEN1 flap structure-
specific 
endonuclease 1 

3.462 530 s26993 RRM2B ribonucleotide 
reductase regulatory 
TP53 inducible 
subunit M2B 

0.462 

189 s42145 FTSJ3 FtsJ RNA 
methyltransferase 
homolog 3 

-0.125 531 s25187 RSL1D1 ribosomal L1 domain 
containing 1 

1.143 

190 s42147 FTSJ3 FtsJ RNA 
methyltransferase 
homolog 3 

4.475 532 s25189 RSL1D1 ribosomal L1 domain 
containing 1 

3.128 

191 s19754 G3BP1 G3BP stress granule 
assembly factor 1 

2.027 533 s24739 RTTN rotatin 1.001 
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192 s19756 G3BP1 G3BP stress granule 
assembly factor 1 

1.109 534 s24741 RTTN rotatin 2.787 

193 s19206 G3BP2 G3BP stress granule 
assembly factor 2 

0.846 535 s19550 SAE1 SUMO1 activating 
enzyme subunit 1 

3.740 

194 s19207 G3BP2 G3BP stress granule 
assembly factor 2 

2.606 536 s19552 SAE1 SUMO1 activating 
enzyme subunit 1 

0.228 

195 s19030 GINS1 GINS complex 
subunit 1 

0.416 537 s25208 SENP3 SUMO specific 
peptidase 3 

-0.317 

196 s19031 GINS1 GINS complex 
subunit 1 

2.527 538 s25209 SENP3 SUMO specific 
peptidase 3 

1.509 

197 s28485 GINS2 GINS complex 
subunit 2 

5.608 539 s25142 SERBP1 SERPINE1 mRNA 
binding protein 1 

2.457 

198 s28486 GINS2 GINS complex 
subunit 2 

-1.297 540 s25144 SERBP1 SERPINE1 mRNA 
binding protein 1 

-0.303 

199 s34942 GINS3 GINS complex 
subunit 3 

n.d. 541 s12705 SET SET nuclear proto-
oncogene 

1.325 

200 s34943 GINS3 GINS complex 
subunit 3 

0.436 542 s12706 SET SET nuclear proto-
oncogene 

1.824 

201 s38849 GINS4 GINS complex 
subunit 4 

2.247 543 s19110 SETDB1 SET domain 
bifurcated 1 

0.890 

202 s38850 GINS4 GINS complex 
subunit 4 

0.272 544 s19112 SETDB1 SET domain 
bifurcated 1 

1.919 

203 s26649 GNL2 G protein nucleolar 2 4.426 545 s38215 SETDB2 SET domain 
bifurcated 2 

0.172 

204 s26650 GNL2 G protein nucleolar 2 2.809 546 s38217 SETDB2 SET domain 
bifurcated 2 

2.643 

205 s25421 GNL3 G protein nucleolar 3 2.904 547 s12708 SETMAR SET domain and 
mariner transposase 
fusion gene 

0.179 

206 s25422 GNL3 G protein nucleolar 3 1.668 548 s12709 SETMAR SET domain and 
mariner transposase 
fusion gene 

-0.024 

207 s29189 GNL3L G protein nucleolar 3 
like 

4.144 549 s23770 SIRT1 sirtuin 1 0.412 

208 s29190 GNL3L G protein nucleolar 3 
like 

2.640 550 s23771 SIRT1 sirtuin 1 -0.217 

209 s38171 GRWD1 glutamate rich WD 
repeat containing 1 

0.988 551 s39053 SLX4 SLX4 structure-
specific 
endonuclease 
subunit 

-0.098 

210 s38172 GRWD1 glutamate rich WD 
repeat containing 1 

-0.500 552 s39054 SLX4 SLX4 structure-
specific 
endonuclease 
subunit 

2.100 

211 s24099 GTPBP4 GTP binding protein 
4 

1.051 553 s13131 SMARCA1 SWI/SNF related, 
matrix associated, 
actin dependent 
regulator of 
chromatin, subfamily 
a, member 1 

0.934 

212 s24100 GTPBP4 GTP binding protein 
4 

0.955 554 s13132 SMARCA1 SWI/SNF related, 
matrix associated, 
actin dependent 
regulator of 
chromatin, subfamily 
a, member 1 

0.226 

213 s17117 H1FX H1 histone family 
member X 

0.759 555 s13139 SMARCA4 SWI/SNF related, 
matrix associated, 
actin dependent 
regulator of 
chromatin, subfamily 
a, member 4 

1.728 

214 s17118 H1FX H1 histone family 
member X 

0.492 556 s13140 SMARCA4 SWI/SNF related, 
matrix associated, 
actin dependent 
regulator of 
chromatin, subfamily 
a, member 4 

0.477 

215 s74 HDAC1 histone deacetylase 
1 

0.437 557 s16082 SMARCA5 SWI/SNF related, 
matrix associated, 
actin dependent 
regulator of 
chromatin, subfamily 
a, member 5 

1.449 
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216 s75 HDAC1 histone deacetylase 
1 

-0.322 558 s16083 SMARCA5 SWI/SNF related, 
matrix associated, 
actin dependent 
regulator of 
chromatin, subfamily 
a, member 5 

0.456 

217 s38332 HDAC10 histone deacetylase 
10 

0.509 559 s26996 SMARCAL1 SWI/SNF related, 
matrix associated, 
actin dependent 
regulator of 
chromatin, subfamily 
a like 1 

1.060 

218 s38334 HDAC10 histone deacetylase 
10 

0.440 560 s26997 SMARCAL1 SWI/SNF related, 
matrix associated, 
actin dependent 
regulator of 
chromatin, subfamily 
a like 1 

0.476 

219 s6493 HDAC2 histone deacetylase 
2 

3.920 561 s15751 SMC1A structural 
maintenance of 
chromosomes 1A 

0.674 

220 s6494 HDAC2 histone deacetylase 
2 

0.360 562 s15752 SMC1A structural 
maintenance of 
chromosomes 1A 

0.861 

221 s19459 HDAC6 histone deacetylase 
6 

0.148 563 s25864 SMC1B structural 
maintenance of 
chromosomes 1B 

0.002 

222 s19461 HDAC6 histone deacetylase 
6 

0.170 564 s25866 SMC1B structural 
maintenance of 
chromosomes 1B 

0.251 

223 s23868 HEY1 hes related family 
bHLH transcription 
factor with YRPW 
motif 1 

0.623 565 s17426 SMC3 structural 
maintenance of 
chromosomes 3 

-0.790 

224 s23869 HEY1 hes related family 
bHLH transcription 
factor with YRPW 
motif 1 

1.865 566 s17427 SMC3 structural 
maintenance of 
chromosomes 3 

-0.898 

225 s223604 HEY2 hes related family 
bHLH transcription 
factor with YRPW 
motif 2 

3.052 567 s25747 SND1 staphylococcal 
nuclease and tudor 
domain containing 1 

-0.536 

226 s23929 HEY2 hes related family 
bHLH transcription 
factor with YRPW 
motif 2 

3.881 568 s25749 SND1 staphylococcal 
nuclease and tudor 
domain containing 1 

2.138 

227 s223702 HEYL hes related family 
bHLH transcription 
factor with YRPW 
motif-like 

n.d. 569 s813 sNEG1 - 0.000 

228 s25474 HEYL hes related family 
bHLH transcription 
factor with YRPW 
motif-like 

1.687 570 s210 SRP14 signal recognition 
particle 14 

0.033 

229 s14520 HIRA histone cell cycle 
regulator 

-0.196 571 s224681 SRP14 signal recognition 
particle 14 

2.244 

230 s14522 HIRA histone cell cycle 
regulator 

-0.393 572 s13435 SRP9 signal recognition 
particle 9 

1.611 

231 s194488 HIST1H1E histone cluster 1 H1 
family member e 

-0.766 573 s227428 SRP9 signal recognition 
particle 9 

2.085 

232 s6402 HIST1H1E histone cluster 1 H1 
family member e 

1.042 574 s13451 SRPK1 SRSF protein kinase 
1 

0.695 

233 s15858 HIST1H2B
M 

histone cluster 1 
H2B family member 
m 

2.380 575 s224686 SRPK1 SRSF protein kinase 
1 

0.636 

234 s194895 HIST1H2B
M 

histone cluster 1 
H2B family member 
m 

0.457 576 s12731 SRSF3 serine and arginine 
rich splicing factor 3 

-0.016 

235 s15857 HIST2H2A
C 

histone cluster 2 
H2A family member 
c 

2.660 577 s12733 SRSF3 serine and arginine 
rich splicing factor 3 

-0.600 

236 s194887 HIST2H2A
C 

histone cluster 2 
H2A family member 
c 

0.624 578 s12734 SRSF4 serine and arginine 
rich splicing factor 4 

-1.203 

237 s30813 HJURP Holliday junction 
recognition protein 

2.485 579 s12735 SRSF4 serine and arginine 
rich splicing factor 4 

1.862 
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238 s30814 HJURP Holliday junction 
recognition protein 

1.184 580 s13490 SSRP1 structure specific 
recognition protein 1 

2.429 

239 s30815 HJURP Holliday junction 
recognition protein 

0.740 581 s13491 SSRP1 structure specific 
recognition protein 1 

2.018 

240 s27105 HP1BP3 heterochromatin 
protein 1 binding 
protein 3 

0.667 582 s20074 STAG1 stromal antigen 1 0.998 

241 s27106 HP1BP3 heterochromatin 
protein 1 binding 
protein 3 

0.722 583 s20076 STAG1 stromal antigen 1 1.607 

242 s6993 HSP90AA1 heat shock protein 
90 alpha family class 
A member 1 

1.265 584 s21089 STAG2 stromal antigen 2 -0.222 

243 s6994 HSP90AA1 heat shock protein 
90 alpha family class 
A member 1 

-1.612 585 s21090 STAG2 stromal antigen 2 -0.096 

244 s6999 HSP90AB1 heat shock protein 
90 alpha family class 
B member 1 

-0.156 586 s21086 STAG3 stromal antigen 3 0.374 

245 s7000 HSP90AB1 heat shock protein 
90 alpha family class 
B member 1 

1.182 587 s21088 STAG3 stromal antigen 3 -0.022 

246 s14373 HSP90B1 heat shock protein 
90 beta family 
member 1 

n.d. 588 s13546 STAU1 staufen double-
stranded RNA 
binding protein 1 

0.956 

247 s14375 HSP90B1 heat shock protein 
90 beta family 
member 1 

0.139 589 s13548 STAU1 staufen double-
stranded RNA 
binding protein 1 

1.631 

248 s7066 HUS1 HUS1 checkpoint 
clamp component 

1.718 590 s14607 SUMO1 small ubiquitin-like 
modifier 1 

1.677 

249 s7067 HUS1 HUS1 checkpoint 
clamp component 

2.752 591 s14608 SUMO1 small ubiquitin-like 
modifier 1 

4.340 

250 s20916 IGF2BP1 insulin like growth 
factor 2 mRNA 
binding protein 1 

0.004 592 s13179 SUMO2 small ubiquitin-like 
modifier 2 

n.d. 

251 s20918 IGF2BP1 insulin like growth 
factor 2 mRNA 
binding protein 1 

-0.361 593 s13180 SUMO2 small ubiquitin-like 
modifier 2 

0.743 

252 s7246 IGHMBP2 immunoglobulin mu 
DNA binding protein 
2 

2.691 594 s13176 SUMO3 small ubiquitin-like 
modifier 3 

2.946 

253 s7247 IGHMBP2 immunoglobulin mu 
DNA binding protein 
2 

1.382 595 s13177 SUMO3 small ubiquitin-like 
modifier 3 

-1.384 

254 s7398 ILF2 interleukin enhancer 
binding factor 2 

1.511 596 s13178 SUMO3 small ubiquitin-like 
modifier 3 

2.770 

255 s7399 ILF2 interleukin enhancer 
binding factor 2 

-0.372 597 s51833 SUMO4 small ubiquitin-like 
modifier 4 

2.529 

256 s7401 ILF3 interleukin enhancer 
binding factor 3 

0.345 598 s51835 SUMO4 small ubiquitin-like 
modifier 4 

0.282 

257 s7403 ILF3 interleukin enhancer 
binding factor 3 

2.246 599 s22113 SUPT16H SPT16 homolog, 
facilitates chromatin 
remodeling subunit 

-0.313 

258 s29255 INO80 INO80 complex 
subunit 

1.267 600 s22115 SUPT16H SPT16 homolog, 
facilitates chromatin 
remodeling subunit 

1.209 

259 s29256 INO80 INO80 complex 
subunit 

0.768 601 s13659 SUV39H1 suppressor of 
variegation 3-9 
homolog 1 

3.825 

260 s195940 INO80E INO80 complex 
subunit E 

1.927 602 s13660 SUV39H1 suppressor of 
variegation 3-9 
homolog 1 

-0.033 

261 s49403 INO80E INO80 complex 
subunit E 

-0.256 603 s36183 SUV39H2 suppressor of 
variegation 3-9 
homolog 2 

3.946 

262 s16895 KAT2B lysine 
acetyltransferase 2B 

3.444 604 s36184 SUV39H2 suppressor of 
variegation 3-9 
homolog 2 

2.254 

263 s16896 KAT2B lysine 
acetyltransferase 2B 

3.425 605 s36185 SUV39H2 suppressor of 
variegation 3-9 
homolog 2 

1.849 

264 s18197 KIF23 kinesin family 
member 23 

1.355 606 s25811 TAF5L TATA-box binding 
protein associated 
factor 5 like 

3.026 
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265 s225150 KIF23 kinesin family 
member 23 

0.025 607 s25812 TAF5L TATA-box binding 
protein associated 
factor 5 like 

3.739 

266 s22725 KIN Kin17 DNA and RNA 
binding protein 

-0.843 608 s20882 TAF6L TATA-box binding 
protein associated 
factor 6 like 

3.013 

267 s22726 KIN Kin17 DNA and RNA 
binding protein 

1.357 609 s20883 TAF6L TATA-box binding 
protein associated 
factor 6 like 

1.380 

268 s51989 KMT5A lysine 
methyltransferase 
5A 

-2.080 610 s20824 TBL3 transducin beta like 
3 

2.474 

269 s51990 KMT5A lysine 
methyltransferase 
5A 

-1.097 611 s20825 TBL3 transducin beta like 
3 

0.632 

270 s27462 KMT5B lysine 
methyltransferase 
5B 

0.513 612 s13991 TERF2 telomeric repeat 
binding factor 2 

-0.478 

271 s27463 KMT5B lysine 
methyltransferase 
5B 

3.379 613 s13993 TERF2 telomeric repeat 
binding factor 2 

0.035 

272 s39429 KMT5C lysine 
methyltransferase 
5C 

-0.711 614 s29665 TEX10 testis expressed 10 -0.502 

273 s39430 KMT5C lysine 
methyltransferase 
5C 

0.089 615 s29666 TEX10 testis expressed 10 2.170 

274 s35206 KRI1 KRI1 homolog 0.170 616 s14003 TFAP2A transcription factor 
AP-2 alpha 

1.154 

275 s35208 KRI1 KRI1 homolog 1.646 617 s14004 TFAP2A transcription factor 
AP-2 alpha 

0.050 

276 s21893 KRR1 KRR1, small subunit 
processome 
component homolog 

1.918 618 s19395 THOC1 THO complex 1 2.505 

277 s21894 KRR1 KRR1, small subunit 
processome 
component homolog 

0.085 619 s19396 THOC1 THO complex 1 1.208 

278 s23665 LARP1 La ribonucleoprotein 
domain family 
member 1 

-0.960 620 s40362 TICRR TOPBP1 interacting 
checkpoint and 
replication regulator 

-4.544 

279 s23667 LARP1 La ribonucleoprotein 
domain family 
member 1 

1.560 621 s40363 TICRR TOPBP1 interacting 
checkpoint and 
replication regulator 

-4.049 

280 s37861 LAS1L LAS1 like, ribosome 
biogenesis factor 

0.698 622 s29864 TIPIN TIMELESS 
interacting protein 

-1.616 

281 s37862 LAS1L LAS1 like, ribosome 
biogenesis factor 

1.517 623 s29865 TIPIN TIMELESS 
interacting protein 

0.718 

282 s35540 LBHD1 LBH domain 
containing 1 

2.534 624 s230547 TMA16 translation 
machinery 
associated 16 
homolog 

0.918 

283 s35542 LBHD1 LBH domain 
containing 1 

-1.099 625 s30718 TMA16 translation 
machinery 
associated 16 
homolog 

2.011 

284 s8174 LIG1 DNA ligase 1 1.094 626 s9520 TONSL tonsoku like, DNA 
repair protein 

0.674 

285 s8175 LIG1 DNA ligase 1 0.077 627 s9521 TONSL tonsoku like, DNA 
repair protein 

1.521 

286 s8176 LIG3 DNA ligase 3 -0.257 628 s14304 TOP1 DNA topoisomerase 
I 

3.456 

287 s8177 LIG3 DNA ligase 3 0.269 629 s14305 TOP1 DNA topoisomerase 
I 

3.937 

288 s8179 LIG4 DNA ligase 4 -0.634 630 s14307 TOP2A DNA topoisomerase 
II alpha 

0.407 

289 s8180 LIG4 DNA ligase 4 0.627 631 s14309 TOP2A DNA topoisomerase 
II alpha 

n.d. 

290 s38853 LLPH LLP homolog, long-
term synaptic 
facilitation factor 

-0.009 632 s14310 TOP3A DNA topoisomerase 
III alpha 

1.940 

291 s56478 LLPH LLP homolog, long-
term synaptic 
facilitation factor 

0.739 633 s224746 TOP3A DNA topoisomerase 
III alpha 

0.529 

292 s30777 LSG1 large 60S subunit 
nuclear export 
GTPase 1 

n.d. 634 s17098 TOP3B DNA topoisomerase 
III beta 

-0.212 
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293 s30779 LSG1 large 60S subunit 
nuclear export 
GTPase 1 

0.025 635 s228087 TOP3B DNA topoisomerase 
III beta 

2.679 

294 s39727 LTV1 LTV1 ribosome 
biogenesis factor 

1.226 636 s606 TP53 tumor protein p53 0.755 

295 s39729 LTV1 LTV1 ribosome 
biogenesis factor 

1.309 637 s607 TP53 tumor protein p53 2.078 

296 s31155 LYAR Ly1 antibody 
reactive 

2.653 638 s229446 TREX1 three prime repair 
exonuclease 1 

-0.708 

297 s31156 LYAR Ly1 antibody 
reactive 

n.d. 639 s229448 TREX1 three prime repair 
exonuclease 1 

1.023 

298 s20467 MAD2L2 mitotic arrest 
deficient 2 like 2 

-0.612 640 s37740 TRMT1L tRNA 
methyltransferase 1 
like 

0.328 

299 s20468 MAD2L2 mitotic arrest 
deficient 2 like 2 

1.244 641 s37741 TRMT1L tRNA 
methyltransferase 1 
like 

2.122 

300 s11138 MAPK1 mitogen-activated 
protein kinase 1 

-1.277 642 s31336 TSR1 TSR1, ribosome 
maturation factor 

1.157 

301 s11139 MAPK1 mitogen-activated 
protein kinase 1 

1.582 643 s31337 TSR1 TSR1, ribosome 
maturation factor 

1.614 

302 s11140 MAPK3 mitogen-activated 
protein kinase 3 

-0.110 644 s14556 UBA52 ubiquitin A-52 
residue ribosomal 
protein fusion 
product 1 

-0.333 

303 s11141 MAPK3 mitogen-activated 
protein kinase 3 

2.955 645 s14557 UBA52 ubiquitin A-52 
residue ribosomal 
protein fusion 
product 1 

-1.033 

304 s17080 MBD2 methyl-CpG binding 
domain protein 2 

0.002 646 s14558 UBA52 ubiquitin A-52 
residue ribosomal 
protein fusion 
product 1 

2.111 

305 s225056 MBD2 methyl-CpG binding 
domain protein 2 

1.334 647 s228085 UBB ubiquitin B 0.870 

306 s17076 MBD4 methyl-CpG binding 
domain 4, DNA 
glycosylase 

0.044 648 s338 UBB ubiquitin B 3.265 

307 s17077 MBD4 methyl-CpG binding 
domain 4, DNA 
glycosylase 

2.169 649 s14560 UBC ubiquitin C n.d. 

308 s30853 MCM10 minichromosome 
maintenance 10 
replication initiation 
factor 

-2.849 650 s14561 UBC ubiquitin C -2.934 

309 s30854 MCM10 minichromosome 
maintenance 10 
replication initiation 
factor 

-2.243 651 s14565 UBE2A ubiquitin conjugating 
enzyme E2 A 

2.786 

310 s8586 MCM2 minichromosome 
maintenance 
complex component 
2 

1.637 652 s14566 UBE2A ubiquitin conjugating 
enzyme E2 A 

4.606 

311 s8587 MCM2 minichromosome 
maintenance 
complex component 
2 

-0.273 653 s14569 UBE2B ubiquitin conjugating 
enzyme E2 B 

2.294 

312 s8590 MCM3 minichromosome 
maintenance 
complex component 
3 

-1.129 654 s14570 UBE2B ubiquitin conjugating 
enzyme E2 B 

0.432 

313 s8591 MCM3 minichromosome 
maintenance 
complex component 
3 

-0.105 655 s14590 UBE2I ubiquitin conjugating 
enzyme E2 I 

5.674 

314 s8593 MCM4 minichromosome 
maintenance 
complex component 
4 

-0.867 656 s14591 UBE2I ubiquitin conjugating 
enzyme E2 I 

1.055 

315 s8594 MCM4 minichromosome 
maintenance 
complex component 
4 

0.053 657 s14723 USP1 ubiquitin specific 
peptidase 1 

0.637 

316 s8595 MCM5 minichromosome 
maintenance 
complex component 
5 

-0.099 658 s14724 USP1 ubiquitin specific 
peptidase 1 

-0.343 
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317 s8596 MCM5 minichromosome 
maintenance 
complex component 
5 

0.882 659 s17367 USP10 ubiquitin specific 
peptidase 10 

0.929 

318 s8598 MCM6 minichromosome 
maintenance 
complex component 
6 

-0.210 660 s17368 USP10 ubiquitin specific 
peptidase 10 

1.129 

319 s8600 MCM6 minichromosome 
maintenance 
complex component 
6 

-1.366 661 s33026 WDR18 WD repeat domain 
18 

-0.018 

320 s224035 MCM7 minichromosome 
maintenance 
complex component 
7 

n.d. 662 s33027 WDR18 WD repeat domain 
18 

2.737 

321 s8602 MCM7 minichromosome 
maintenance 
complex component 
7 

-2.415 663 s21378 WDR3 WD repeat domain 3 -0.036 

322 s39083 MCM8 minichromosome 
maintenance 8 
homologous 
recombination repair 
factor 

1.264 664 s21379 WDR3 WD repeat domain 3 0.156 

323 s39084 MCM8 minichromosome 
maintenance 8 
homologous 
recombination repair 
factor 

-1.186 665 s14907 WRN Werner syndrome 
RecQ like helicase 

-1.530 

324 s48537 MCM9 minichromosome 
maintenance 9 
homologous 
recombination repair 
factor 

2.028 666 s14908 WRN Werner syndrome 
RecQ like helicase 

-1.671 

325 s48538 MCM9 minichromosome 
maintenance 9 
homologous 
recombination repair 
factor 

-0.020 667 s32337 WRNIP1 Werner helicase 
interacting protein 1 

2.005 

326 s8682 MEN1 menin 1 -0.206 668 s32338 WRNIP1 Werner helicase 
interacting protein 1 

-0.677 

327 s8684 MEN1 menin 1 1.201 669 s14925 XPA XPA, DNA damage 
recognition and 
repair factor 

0.781 

328 s40987 MGME1 mitochondrial 
genome 
maintenance 
exonuclease 1 

3.632 670 s14926 XPA XPA, DNA damage 
recognition and 
repair factor 

0.489 

329 s40988 MGME1 mitochondrial 
genome 
maintenance 
exonuclease 1 

1.607 671 s14928 XPC XPC complex 
subunit, DNA 
damage recognition 
and repair factor 

0.722 

330 s25711 MLH3 mutL homolog 3 1.840 672 s14930 XPC XPC complex 
subunit, DNA 
damage recognition 
and repair factor 

1.180 

331 s25713 MLH3 mutL homolog 3 3.241 673 s14952 XRCC5 X-ray repair cross 
complementing 5 

2.251 

332 s48436 MMS22L MMS22 like, DNA 
repair protein 

0.222 674 s14953 XRCC5 X-ray repair cross 
complementing 5 

3.361 

333 s48437 MMS22L MMS22 like, DNA 
repair protein 

1.679 675 s52594 XRCC6 X-ray repair cross 
complementing 6 

1.285 

334 s8898 MNAT1 MNAT1, CDK 
activating kinase 
assembly factor 

0.669 676 s5456 XRCC6 X-ray repair cross 
complementing 6 

0.445 

335 s8900 MNAT1 MNAT1, CDK 
activating kinase 
assembly factor 

1.202 677 s5457 XRCC6 X-ray repair cross 
complementing 6 

2.070 

336 s8960 MRE11 MRE11 homolog, 
double strand break 
repair nuclease 

0.021 678 s35020 YTHDC2 YTH domain 
containing 2 

2.548 

337 s8961 MRE11 MRE11 homolog, 
double strand break 
repair nuclease 

0.106 679 s35021 YTHDC2 YTH domain 
containing 2 

-3.266 

338 s30362 MRM3 mitochondrial rRNA 
methyltransferase 3 

-1.183 680 s40699 ZNF830 zinc finger protein 
830 

1.075 
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339 s30363 MRM3 mitochondrial rRNA 
methyltransferase 3 

-0.013 681 s40701 ZNF830 zinc finger protein 
830 

1.318 

340 s27567 MRTO4 MRT4 homolog, 
ribosome maturation 
factor 

1.057 682 s224929 ZRANB3 zinc finger RANBP2-
type containing 3 

1.541 

341 s27568 MRTO4 MRT4 homolog, 
ribosome maturation 
factor 

0.841 683 s38487 ZRANB3 zinc finger RANBP2-
type containing 3 

1.851 

342 s30287 MTPAP mitochondrial poly(A) 
polymerase 

2.019   
    

 

8.2 R code for data analysis 

# ------------------------------------------------------------------------------------------------------------------------- 1 
# ------------------------------------------------------------------------------------------------------------------------- 2 
# Christopher Vogel                                                        Konstanz, September 2018 3 
#  4 
# This script was written for the analysis of CellProfiler data from a high-throughput screen 5 
# and is separated into four parts:  6 
# 1. Import and concatenation of single csv tables 7 
# 2. Creation of summaries two reduce complexity 8 
# 3. Quality control on position summaries of all replicates 9 
# 4. Calculation of Z-scores to score hits 10 
# ------------------------------------------------------------------------------------------------------------------------- 11 
 12 
# 1. Import and concatenation of single csv tables 13 
# loading of custom R packages 14 
library(plyr)           # for manipulation of data frames 15 
library(tidyverse)   # for manipulation of data frames 16 
library(Hmisc)   17 
library(broom)       # for tidy and glance functions 18 
library(data.table)  # for manipulation of data tables 19 
library(mmand)     # for closing and opening morphological operations 20 
library(dtplyr)        # for plyr-like manipulation of data tables 21 
 22 
# Here, the working directory is set to W:/ 23 
setwd("W:/") 24 
 25 
# in case the script should be run from windows command line: 26 
# C:\R\R-3.4.3\bin\x64\Rscript W:\script.R 27 
 28 
# a custom function to fill up gaps in DEK body sequences and extract the longest DEK  29 
# body sequence within a nucleus track 30 
find_seq <- function(x, y) { 31 
  closed <- closing(x, c(1, 1, 1)) 32 
  opened <- opening(closed, c(1, 1, 0)) 33 
  opened[opened > 0] <- 1 34 
  closed <- opened * closed 35 
  closed[closed < 1] <- NA 36 
  if (all(is.na(closed))) { 37 
    return(0) 38 
  } else 39 
    closed <- na.contiguous(closed) %>% as.vector() 40 
    closed[closed < y] <- NA 41 
  if (all(is.na(closed))) { 42 
    return(0) 43 
  } else 44 
    return(length(na.contiguous(closed))) 45 
} 46 
 47 
# a custom function to fill up gaps in DEK body sequences and calculate the mean number of 48 
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# DEK bodies of the longest DEK body-containing sequence within a nucleus track 49 
meandek <- function(x, y) { 50 
  closed <- closing(x, c(1, 1, 1)) 51 
  opened <- opening(closed, c(1, 1, 0)) 52 
  opened[opened > 0] <- 1 53 
  closed <- opened * closed 54 
  closed[closed < 1] <- NA 55 
  if (all(is.na(closed))) { 56 
    return(0) 57 
  } else 58 
    return(mean(na.contiguous(closed))) 59 
} 60 
 61 
# creates variables with metadata missing from the CellProfiler csv tables 62 
name <- "Plate-01" 63 
rep <- 2 64 
plate <- paste0("May-Vogel-DEK-Bodies-", name, "-batch1-0", rep) 65 
plate_name <- paste0(gsub("-0", "", name), "-Replicate", rep) 66 
# creates variable with regularly used Metadata 67 
meta <- c("Metadata_Plate", "replicate", "Metadata_BasePathChris", "Metadata_SubPathChris", 68 
  "Metadata_siRNA", "Metadata_treatment", "Metadata_WellNr", "Metadata_Pos") 69 
 70 
# for each image a separate filtered_nuclei.csv was created by CellProfiler  71 
# concatenates filtered_nuclei.csv from the same plate (must be in same directory)  72 
# into a single data frame 73 
files <- list.files(path = "analysis/", pattern = "_nuclei.csv", full.names = TRUE) 74 
temp <- lapply(files, fread, sep = ",") 75 
fnuclei <- rbindlist(temp, fill = TRUE) 76 
fnuclei$PlateName <- plate_name 77 
fnuclei$replicate <- rep 78 
 79 
# adds a new position/track identifier, that is unique for each nucleus track  80 
# ("PlatesiRNAWellPosTrack") 81 
fnuclei$PlatesiRNAWellPosTrack <- 82 
  with(fnuclei, paste0(Metadata_Plate, "--", Metadata_siRNA, "--W",  as.character(Metadata_WellNr), 83 
  "--P", as.character(Metadata_Pos), "--TRACK", as.character(TrackObjects_Label_15))) 84 
fnuclei %<>% select(PlatesiRNAWellPosTrack, everything())  85 
fnuclei %<>% setorder(PlatesiRNAWellPosTrack, ImageNumber) 86 
 87 
# image-based measurements are not in the filtered_nuclei.csv  88 
# -> concatenates all image.csv for image quality measurement  89 
# "ImageQuality_PowerLogLogSlope" which is used for later quality control 90 
files <- list.files(path = "analysis/", pattern = "Image.csv", full.names = TRUE) 91 
temp <- lapply(files, fread, sep = ",") 92 
image <- rbindlist(temp, fill = TRUE) 93 
image$PlateName <- plate_name 94 
image$PlatesiRNAWellPos <- with(image, paste0(Metadata_Plate, "--", Metadata_siRNA, "--W", 95 
  as.character(Metadata_WellNr), "--P", as.character(Metadata_Pos))) 96 
image %<>% select(PlatesiRNAWellPos, everything()) 97 
image$PlatesiRNAWellPos <- as.character(image$PlatesiRNAWellPos) 98 
 99 
# ------------------------------------------------------------------------------------------------------------------------ 100 
# ------------------------------------------------------------------------------------------------------------------------- 101 
# 2. Creation of summaries two reduce complexity 102 
# summarizes by group siRNA/Well/Position over all time points  103 
# -> for each position/time lapse only one row remains 104 
# reduces also track dimension! 105 
image_sum <- image %>% group_by(PlatesiRNAWellPos)  106 
image_sum %<>% summarise( 107 
  FileName_Tracks = unique(FileName_Tracks), 108 
  FileName_Outlines = unique(FileName_Outlines), 109 
  Metadata_siRNA = unique(Metadata_siRNA), 110 
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  Metadata_treatment = unique(Metadata_treatment), 111 
  Metadata_WellNr = unique(Metadata_WellNr), 112 
  Metadata_Pos = unique(Metadata_Pos), 113 
  Metadata_Plate = unique(Metadata_Plate), 114 
  PlateName = unique(PlateName), 115 
  Metadata_BasePathChris = unique(Metadata_BasePathChris), 116 
  Metadata_SubPathChris = unique(Metadata_SubPathChris), 117 
  "95quant_PowerLogLog" = quantile(ImageQuality_PowerLogLogSlope_gfpdekRAW, probs = 0.95), 118 
  upQuart_PowerLogLog = quantile(ImageQuality_PowerLogLogSlope_gfpdekRAW, probs = 0.75), 119 
  mean_PowerLogLog = mean(ImageQuality_PowerLogLogSlope_gfpdekRAW), 120 
  max_PowerLogLog = max(ImageQuality_PowerLogLogSlope_gfpdekRAW), 121 
  median_PowerLogLog = median(ImageQuality_PowerLogLogSlope_gfpdekRAW), 122 
  sum_allnuclei = sum(Count_NucleiForBG), 123 
  sum_filtnuclei = sum(Count_FilteredNuclei) 124 
  ) 125 
 126 
# summarise fnuclei by group siRNA/Well/Position over all time points 127 
# -> for each position/time lapse only one row remains, reduces also track dimension! 128 
# important measurements:  129 
# number of tracks for each position (num_tracks), 130 
# sum of nuclei (sum_nuclei), mean length of tracks (mean_tracklength) 131 
nucleisum <- fnuclei %>% group_by_at(vars = meta) 132 
nucleisum %<>% summarise(num_tracks = max(TrackObjects_Label_15),  133 
  sum_nuclei = sum(ImageNumber >= 0), num_timepoints = max(Metadata_Time)) 134 
nucleisum$mean_tracklength <- nucleisum$sum_nuclei / nucleisum$num_tracks 135 
 136 
# summarises fnuclei by position/track identifier PlatesiRNAWellPosTrack over all time points/nuclei  137 
# -> for each track only one row remains 138 
# important measurements: 139 
# sum_dek: number of DEK bodies detected in each track 140 
# mean_dekbody_count_seq: mean number of DEK bodies per DEK body sequence 141 
# mean_mean/integ_Int_nuclei: average nuclear fluorescence intensity per track 142 
# mean_nuclei_area: average area of detected nuclei 143 
# tracklifetime: length of each track 144 
# mean_intensity_dek: average fluorescence intensity of detected DEK bodies 145 
# ratio_trackone/two/etcdek: fraction of frames within a DEK body-positive  146 
# track that contain at least one/two/etc DEK bodies 147 
tracksummaries <- fnuclei %>% group_by(PlatesiRNAWellPosTrack)  148 
tracksummaries %<>% summarise( 149 
  Metadata_siRNA = unique(Metadata_siRNA), 150 
  Metadata_treatment = unique(Metadata_treatment), 151 
  Metadata_WellNr = unique(Metadata_WellNr), 152 
  Metadata_Pos = unique(Metadata_Pos), 153 
  Metadata_Plate = unique(Metadata_Plate), 154 
  trackID = unique(TrackObjects_Label_15), 155 
  Metadata_BasePathChris = unique(Metadata_BasePathChris), 156 
  Metadata_SubPathChris = unique(Metadata_SubPathChris), 157 
  replicate = unique(replicate), 158 
  tracklength_trackswdek = find_seq(Children_dekbodies_Count, 1), 159 
  tracklength_morethanonedek = find_seq(Children_dekbodies_Count, 2), 160 
  tracklength_morethantwodek = find_seq(Children_dekbodies_Count, 3), 161 
  tracklength_morethanthreedek = find_seq(Children_dekbodies_Count, 4), 162 
  tracklength_morethanfourdek = find_seq(Children_dekbodies_Count, 5), 163 
  has_trackswdek = any(find_seq(Children_dekbodies_Count, 1)), 164 
  has_trackswmorethanonedek = any(find_seq(Children_dekbodies_Count, 2)), 165 
  has_trackswmorethantwodek = any(find_seq(Children_dekbodies_Count, 3)), 166 
  has_trackswmorethanthreedek = any(find_seq(Children_dekbodies_Count, 4)), 167 
  has_trackswmorethanfourdek = any(find_seq(Children_dekbodies_Count, 5)), 168 
  has_dek = any(Children_dekbodies_Count), 169 
  mean_meanInt_nuclei = mean(Intensity_MeanIntensity_gfpdek), 170 
  mean_integInt_nuclei = mean(Intensity_IntegratedIntensity_gfpdek), 171 
  mean_nuclei_area = mean(AreaShape_Area), 172 
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  mean_dekbody_count_seq = meandek(Children_dekbodies_Count), 173 
  tracklifetime = n(), 174 
  mean_intensity_dek = mean(Mean_dekbodies_Intensity_MeanIntensity_gfpdek, na.rm = TRUE) 175 
  ) 176 
tracksummaries$ratio_trackonedek <- tracksummaries$tracklength_morethanonedek /  177 
  tracksummaries$tracklength_trackswdek 178 
tracksummaries$ratio_tracktwodek <- tracksummaries$tracklength_morethantwodek / 179 
  tracksummaries$tracklength_trackswdek 180 
tracksummaries$ratio_trackthreedek <- tracksummaries$tracklength_morethanthreedek / 181 
  tracksummaries$tracklength_trackswdek 182 
tracksummaries$ratio_trackfourdek <- tracksummaries$tracklength_morethanfourdek /  183 
  tracksummaries$tracklength_trackswdek 184 
 185 
# summarises track summaries by position over all tracks 186 
# -> for each position only one row remains 187 
# important measurements: 188 
# sum_has_dek: number of frames that contain  189 
# at least one DEK body detected for each position 190 
# sum_hasno_dek: number of frames that contain no DEK body at all 191 
# sum_tracks: number of nuclei tracks 192 
# fraction_of_tracks_with_dek: fraction of DEK-body positive tracks 193 
possummaries <- tracksummaries %>% group_by_at(vars = meta) 194 
possummaries %<>% summarise( 195 
  mean_tracklifetime = mean(tracklifetime + 1), 196 
  median_tracklifetime = median(tracklifetime + 1), 197 
  mean_mean_nuclei_area = mean(mean_nuclei_area), 198 
  mean_mean_meanInt_nuclei = mean(mean_meanInt_nuclei), 199 
  mean_mean_integInt_nuclei = mean(mean_integInt_nuclei), 200 
  sum_has_trackswdek = sum(has_trackswdek), 201 
  sum_hasno_trackswdek = sum(!has_trackswdek), 202 
  sum_tracklength_trackswdek = sum(tracklength_trackswdek), 203 
  sum_has_dek = sum(has_dek), 204 
  sum_hasno_dek = sum(!has_dek) 205 
  ) 206 
possummaries$sum_tracks <- possummaries$sum_has_dek + possummaries$sum_hasno_dek 207 
possummaries$fraction_of_tracks_with_dek <- possummaries$sum_has_trackswdek / 208 
  possummaries$sum_tracks 209 
possummaries$fraction_of_tracks_without_dek <- possummaries$sum_hasno_trackswdek /  210 
  possummaries$sum_tracks 211 
possummaries$mean_bodyduration_tracks <- possummaries$sum_tracklength_trackswdek / 212 
  possummaries$sum_has_trackswdek 213 
 214 
# like possumaries, but only with tracks containing at least two consecutive DEK body positive frames 215 
deksummaries <- tracksummaries %>% filter(tracklength_trackswdek>0) 216 
deksummaries %<>% group_by_at(vars = meta) 217 
deksummaries %<>% summarise( 218 
  median_tracklength_trackswdek = median(tracklength_trackswdek), 219 
  mean_tracklength_trackswdek = mean(tracklength_trackswdek), 220 
  mean_tracklength_morethanonedek = mean(tracklength_morethanonedek), 221 
  mean_tracklength_morethantwodek = mean(tracklength_morethantwodek), 222 
  mean_tracklength_morethanthreedek = mean(tracklength_morethanthreedek), 223 
  mean_tracklength_morethanfourdek = mean(tracklength_morethanfourdek), 224 
  mean_ratio_trackonedek = mean(ratio_trackonedek), 225 
  mean_ratio_tracktwodek = mean(ratio_tracktwodek), 226 
  mean_ratio_trackthreedek = mean(ratio_trackthreedek), 227 
  mean_ratio_trackfourdek = mean(ratio_trackfourdek), 228 
  sum_has_trackswdek = sum(has_trackswdek), 229 
  mean_mean_dekbody_count_seq = mean(mean_dekbody_count_seq, na.rm = TRUE), 230 
  sum_trackswmorethanonedek = sum(has_trackswmorethanonedek), 231 
  sum_trackswmorethantwodek = sum(has_trackswmorethantwodek), 232 
  sum_trackswmorethanthreedek = sum(has_trackswmorethanthreedek), 233 
  sum_trackswmorethanfourdek = sum(has_trackswmorethanfourdek), 234 
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  mean_mean_nuclei_area_cellswdek = mean(mean_nuclei_area), 235 
  mean_mean_meanInt_nuclei_cellswdek = mean(mean_meanInt_nuclei), 236 
  mean_mean_integInt_nuclei_cellswdek = mean(mean_integInt_nuclei) 237 
  ) 238 
deksummaries$fraction_of_trackswmorethanonedek <- 239 
  deksummaries$sum_trackswmorethanonedek / deksummaries$sum_has_trackswdek 240 
deksummaries$fraction_of_trackswmorethantwodek <- 241 
  deksummaries$sum_trackswmorethantwodek / deksummaries$sum_has_trackswdek 242 
deksummaries$fraction_of_trackswmorethanthreedek <- 243 
  deksummaries$sum_trackswmorethanthreedek / deksummaries$sum_has_trackswdek 244 
deksummaries$fraction_of_trackswmorethanfourdek <- 245 
  deksummaries$sum_trackswmorethanfourdek / deksummaries$sum_has_trackswdek 246 
 247 
# create summary statistics for each time point, keep position information 248 
# summarise fnuclei by group siRNA/Well/Position/Time  249 
# -> for each time point only one row remains, reduces also track dimension! 250 
# important measurements: 251 
# sum_has_dek: number of frames that contain  252 
# at least one DEK body detected for each position 253 
# sum_hasno_dek: number of frames that contain no DEK body at all 254 
# sum_tracks: number of nuclei tracks 255 
# fraction_of_tracks_with_dek: fraction of DEK-body positive tracks 256 
nucleisummaries <- fnuclei %>% group_by(meta, Metadata_Time) 257 
nucleisummaries %<>% summarise( 258 
  sum_nuclei = sum(ImageNumber >= 0), 259 
  sum_dek = sum(Children_dekbodies_Count), 260 
  has_dek = any(Children_dekbodies_Count), 261 
  dek_pos_nuclei = sum(Children_dekbodies_Count > 0), 262 
  dek_neg_nuclei = sum(Children_dekbodies_Count == 0), 263 
  nucleiwmorethanonedek = sum(Children_dekbodies_Count > 1), 264 
  nucleiwmorethantwodek = sum(Children_dekbodies_Count > 2), 265 
  nucleiwmorethanthreedek = sum(Children_dekbodies_Count > 3), 266 
  nucleiwmorethanfourdek = sum(Children_dekbodies_Count > 4), 267 
  intensity_dek = mean(Mean_dekbodies_Intensity_MeanIntensity_gfpdek, na.rm = TRUE), 268 
  nuclei_area = mean(AreaShape_Area) 269 
  ) 270 
nucleisummaries$fraction_of_frames_with_dek <- 271 
  nucleisummaries$dek_pos_nuclei / nucleisummaries$sum_nuclei 272 
nucleisummaries$mean_dekbody_count <- 273 
  nucleisummaries$sum_dek / nucleisummaries$dek_pos_nuclei 274 
nucleisummaries$fraction_of_nucleiwmorethanonedek <- 275 
  nucleisummaries$nucleiwmorethanonedek / nucleisummaries$dek_pos_nuclei 276 
nucleisummaries$fraction_of_nucleiwmorethantwodek <- 277 
  nucleisummaries$nucleiwmorethantwodek / nucleisummaries$dek_pos_nuclei 278 
nucleisummaries$fraction_of_nucleiwmorethanthreedek <- 279 
  nucleisummaries$nucleiwmorethanthreedek / nucleisummaries$dek_pos_nuclei 280 
nucleisummaries$fraction_of_nucleiwmorethanfourdek <- 281 
  nucleisummaries$nucleiwmorethanfourdek / nucleisummaries$dek_pos_nuclei 282 
   283 
nucleisummaries$PlatesiRNAWellPos <- with(nucleisummaries, paste0(Metadata_Plate, "--",  284 
  Metadata_siRNA, "--W", as.character(Metadata_WellNr), "--P", as.character(Metadata_Pos))) 285 
 286 
# calculates linear regressions of cell number vs time over all positions of one well,  287 
# reorganizes into a data table 288 
fitted_models <- nucleisummaries %>% group_by(PlatesiRNAWellPos) 289 
fitted_models %<>% do(model = lm(sum_nuclei ~ Metadata_Time, data = .)) 290 
linreg <- rowwise(fitted_models) %>% tidy(model) 291 
R2 <- rowwise(fitted_models) %>% glance(model) 292 
linreg_wide <- dcast(setDT(linreg), PlatesiRNAWellPos ~ term,  293 
  value.var = c("estimate", "std.error", "statistic", "p.value")) 294 
linreg_wide <- cbind(linreg_wide, R2["r.squared"]) 295 
 296 
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# merges all above created summaries to a single summary 297 
deksummaries_merged <- merge(deksummaries, possummaries, by = meta, all = TRUE) 298 
deksummaries_merged <- merge(deksummaries_merged, nucleisum, by = meta, all = TRUE) 299 
deksummaries_merged <- merge(deksummaries_merged, image_sum, by = meta, all = TRUE) 300 
deksummaries_merged <- merge(deksummaries_merged, linreg_wide, by = "PlatesiRNAWellPos") 301 
 302 
# adds new column RowCol with row and column number of each position for easier finding  303 
# on the plate layout 304 
deksummaries_merged$Metadata_WellNr <- as.integer(deksummaries_merged$Metadata_WellNr) 305 
deksummaries_merged$Row[deksummaries_merged$Metadata_WellNr %in% c(1:12)] <- 306 
  as.character("A") 307 
deksummaries_merged$Row[deksummaries_merged$Metadata_WellNr %in% c(13:24)] <- 308 
  as.character("B") 309 
deksummaries_merged$Row[deksummaries_merged$Metadata_WellNr %in% c(25:36)] <- 310 
  as.character("C") 311 
deksummaries_merged$Row[deksummaries_merged$Metadata_WellNr %in% c(37:48)] <- 312 
  as.character("D") 313 
deksummaries_merged$Row[deksummaries_merged$Metadata_WellNr %in% c(49:60)] <- 314 
  as.character("E") 315 
deksummaries_merged$Row[deksummaries_merged$Metadata_WellNr %in% c(61:72)] <- 316 
  as.character("F") 317 
deksummaries_merged$Row[deksummaries_merged$Metadata_WellNr %in% c(73:84)] <- 318 
  as.character("G") 319 
deksummaries_merged$Row[deksummaries_merged$Metadata_WellNr %in% c(85:96)] <- 320 
  as.character("H") 321 
deksummaries_merged$Col <- (deksummaries_merged$Metadata_WellNr - 1) %% 12 + 1 322 
deksummaries_merged$RowCol <- with(deksummaries_merged, paste0(Row, "-", Col)) 323 
 324 
# saves summarised tables, they are much easier to handle because of their reduced size 325 
write.csv(nucleisummaries, paste0("/tables/", plate_name, "_nucleisummaries.csv")) 326 
write.csv(deksummaries_merged, paste0("/tables/", plate_name, "_deksummaries_merged.csv")) 327 
write.csv(tracksummaries, paste0("/tables/", plate_name, "_tracksummaries.csv")) 328 
write.csv(image_sum, paste0("/tables/", plate_name, "_iq.csv")) 329 
write.csv(possummaries, paste0("/tables/", plate_name, "_possummaries.csv")) 330 
 331 
# ------------------------------------------------------------------------------------------------------------------------ 332 
# concatenates deksummaries_merged.csv from different plates (must be in same directory) 333 
# into a single data frame 334 
all_plates = c("Plate1-Replicate1", "Plate1-Replicate2", "Plate2-Replicate1", "Plate2-Replicate2",  335 
  "Plate3-Replicate1", "Plate3-Replicate4", "Plate4-Replicate1", "Plate4-Replicate2", 336 
  "Plate5-Replicate1", "Plate5-Replicate2", "Plate5-Replicate3", "Plate6-Replicate1", 337 
  "Plate6-Replicate2", "Plate7-Replicate2", "Plate7-Replicate3", "Plate8-Replicate1", "Plate8-338 
Replicate2") 339 
files <- list.files(path = "deksummaries/", pattern = "merged.csv", full.names = TRUE) 340 
temp <- lapply(files, fread, sep = ",") 341 
deksummaries_merged_QC <- rbindlist(temp, fill = TRUE) 342 
 343 
# replaces "unknown" and wrongly annotated gene names with correct HGNC names  344 
# (as of September 2018) 345 
deksummaries_merged_QC %<>% mutate(Metadata_treatment = ifelse( 346 
  Metadata_siRNA == "s227305" | Metadata_siRNA == "s56826", "ATR", Metadata_treatment)) 347 
deksummaries_merged_QC %<>% mutate(Metadata_treatment = ifelse( 348 
  Metadata_siRNA == "s59082" | Metadata_siRNA == "s57368", "ATRX", Metadata_treatment)) 349 
deksummaries_merged_QC %<>% mutate(Metadata_treatment = ifelse( 350 
  Metadata_siRNA == "s225845" | Metadata_siRNA=="s47345", "CENPX", Metadata_treatment)) 351 
deksummaries_merged_QC %<>% mutate(Metadata_treatment = ifelse( 352 
  Metadata_siRNA == "s3642" | Metadata_siRNA=="s3644", "CSNK2B", Metadata_treatment)) 353 
deksummaries_merged_QC %<>% mutate(Metadata_treatment = ifelse( 354 
  Metadata_siRNA =="s37000" | Metadata_siRNA=="s37001", "CTC1", Metadata_tr eatment)) 355 
deksummaries_merged_QC %<>% mutate(Metadata_treatment = ifelse( 356 
  Metadata_siRNA == "s32631" | Metadata_siRNA=="s32632", "DDX24", Metadata_treatment)) 357 
deksummaries_merged_QC %<>% mutate(Metadata_treatment = ifelse( 358 
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  Metadata_siRNA == "s51989" | Metadata_siRNA=="s51990", "KMT5A", Metadata_treatment)) 359 
deksummaries_merged_QC %<>% mutate(Metadata_treatment = ifelse( 360 
  Metadata_siRNA == "s27462" | Metadata_siRNA=="s27463", "KMT5B", Metadata_treatment)) 361 
deksummaries_merged_QC %<>% mutate(Metadata_treatment = ifelse( 362 
  Metadata_siRNA == "s39429" | Metadata_siRNA=="s39430", "KMT5C", Metadata_treatment)) 363 
deksummaries_merged_QC %<>% mutate(Metadata_treatment = ifelse( 364 
  Metadata_siRNA == "s35540" | Metadata_siRNA=="s35542", "LBHD1", Metadata_treatment)) 365 
deksummaries_merged_QC %<>% mutate(Metadata_treatment = ifelse( 366 
  Metadata_siRNA == "s8960" | Metadata_siRNA=="s8961", "MRE11", Metadata_treatment)) 367 
deksummaries_merged_QC %<>% mutate(Metadata_treatment = ifelse( 368 
  Metadata_siRNA == "s30362" | Metadata_siRNA=="s30363", "MRM3", Metadata_treatment)) 369 
deksummaries_merged_QC %<>% mutate(Metadata_treatment = ifelse( 370 
  Metadata_siRNA == "s30287" | Metadata_siRNA=="s30288", "MTPAP", Metadata_treatment)) 371 
deksummaries_merged_QC %<>% mutate(Metadata_treatment = ifelse( 372 
  Metadata_siRNA == " s223607" | Metadata_siRNA==" s23982", "MTREX", Metadata_treatment)) 373 
deksummaries_merged_QC %<>% mutate(Metadata_treatment = ifelse( 374 
  Metadata_siRNA == "s9892" | Metadata_siRNA=="s9893", "ORC1", Metadata_treatment)) 375 
deksummaries_merged_QC %<>% mutate(Metadata_treatment = ifelse( 376 
  Metadata_siRNA == "s24167" | Metadata_siRNA == "s24168", "ORC3", Metadata_treatment)) 377 
deksummaries_merged_QC %<>% mutate(Metadata_treatment = ifelse( 378 
  Metadata_siRNA == "s9898" | Metadata_siRNA == "s9900", "ORC4", Metadata_treatment)) 379 
deksummaries_merged_QC %<>% mutate(Metadata_treatment = ifelse( 380 
  Metadata_siRNA == "s9901" | Metadata_siRNA == "s9903", "ORC5", Metadata_treatment)) 381 
deksummaries_merged_QC %<>% mutate(Metadata_treatment = ifelse( 382 
  Metadata_siRNA == "s24164" | Metadata_siRNA == "s24165", "ORC6", Metadata_treatment)) 383 
deksummaries_merged_QC %<>% mutate(Metadata_treatment = ifelse( 384 
  Metadata_siRNA == "s18861" | Metadata_siRNA == "s18863", "PCLAF", Metadata_treatment)) 385 
deksummaries_merged_QC %<>% mutate(Metadata_treatment = ifelse( 386 
  Metadata_siRNA == "s38873" | Metadata_siRNA == "s38874" | Metadata_siRNA == "s38875",  387 
  "PYM1", Metadata_treatment)) 388 
deksummaries_merged_QC %<>% mutate(Metadata_treatment = ifelse( 389 
  Metadata_siRNA == "s20341" | Metadata_siRNA == "s20342", "RACK1", Metadata_treatment)) 390 
deksummaries_merged_QC %<>% mutate(Metadata_treatment = ifelse( 391 
  Metadata_siRNA == "s55074" | Metadata_siRNA == "s55075", "RAD21L1", Metadata_treatment)) 392 
deksummaries_merged_QC %<>% mutate(Metadata_treatment = ifelse( 393 
  Metadata_siRNA == "s39523" | Metadata_siRNA == "s39524", "RIOX2", Metadata_treatment)) 394 
deksummaries_merged_QC %<>% mutate(Metadata_treatment = ifelse( 395 
  Metadata_siRNA == "s9520" | Metadata_siRNA == "s9521", "TONSL", Metadata_treatment)) 396 
deksummaries_merged_QC %<>% mutate(Metadata_treatment = ifelse( 397 
  Metadata_siRNA == "s37740" | Metadata_siRNA == "s37741", "TRMT1L", Metadata_treatment)) 398 
 399 
deksummaries_merged_QC %<>% mutate(Metadata_treatment = ifelse(Metadata_siRNA == 400 
  "s227428", "SRP9", Metadata_treatment)) 401 
deksummaries_merged_QC %<>% mutate(Metadata_treatment = ifelse(Metadata_siRNA == 402 
  "s56478", "LLPH", Metadata_treatment)) 403 
deksummaries_merged_QC %<>% mutate(Metadata_treatment = ifelse(Metadata_siRNA == 404 
  "s57221", "ATM", Metadata_treatment)) 405 
deksummaries_merged_QC %<>% mutate(Metadata_treatment = ifelse(Metadata_siRNA == 406 
  "s61393", "PRKDC", Metadata_treatment)) 407 
deksummaries_merged_QC %<>% mutate(Metadata_treatment = ifelse(Metadata_siRNA == 408 
  "s9896", "ORC2", Metadata_treatment)) 409 
deksummaries_merged_QC %<>% mutate(Metadata_treatment = ifelse(Metadata_siRNA == 410 
  "s52787", "PABPC4", Metadata_treatment)) 411 
deksummaries_merged_QC %<>% mutate(Metadata_treatment = ifelse(Metadata_siRNA == 412 
  "s228087", "TOP3B", Metadata_treatment)) 413 
 414 
# re-orders columns 415 
deksummaries_merged_QC$PlateName <- 416 
  factor(deksummaries_merged_QC$PlateName, levels = all_plates) 417 
# deletes columns that are not interesting 418 
deksummaries_merged_QC <- select(deksummaries_merged_QC, -c( 419 
  Metadata_BasePathChris, Metadata_SubPathChris, sum_trackswmorethanonedek, 420 
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  sum_trackswmorethantwodek, sum_trackswmorethanthreedek, 421 
  sum_trackswmorethanfourdek, sum_trackswmorethanfivedek, 422 
  num_tracks, FileName_Tracks, FileName_Outlines, upQuart_PowerLogLog, 423 
  median_PowerLogLog, Row, Col, PathName_Outlines, PathName_Tracks)) 424 
deksummaries_merged_QC <- select(deksummaries_merged_QC, -c( 425 
  `std.error_(Intercept)`, `std.error_Metadata_Time`, `statistic_(Intercept)`, 426 
  `statistic_Metadata_Time`, `p.value_(Intercept)`, `p.value_Metadata_Time`)) 427 
 428 
# creates unique identifier for each well of each replicate 429 
deksummaries_merged_QC$PlatesiRNAWell <- with(deksummaries_merged_QC, 430 
  paste0( Metadata_Plate, "--", Metadata_siRNA, "--W", as.character(Metadata_WellNr))) 431 
 432 
# ------------------------------------------------------------------------------------------------------------------------- 433 
# ------------------------------------------------------------------------------------------------------------------------- 434 
# 3. Quality control on position summaries of all replicates 435 
# adds quality control (QC) columns 436 
# HTM_qc_intensity marks low nuclear intensity (here < 37.41) as FALSE 437 
# HTM_qc_min marks positions with too few detected nuclei (here < 48) as FALSE 438 
# HTM_qc_focus marks out of focus images (here 95QuantPowerLogLog -2.21 <= x <= 1.72) as 439 
FALSE 440 
# HTM_qc_manual marks potential hits which escaped QC on a small margin but are  441 
# FALSE due to visual inspection 442 
deksummaries_merged_QC %<>% mutate(HTM_qc_intensity = ifelse( 443 
  mean_mean_integInt_nuclei < 37.41, FALSE, TRUE)) 444 
deksummaries_merged_QC %<>% mutate(HTM_qc_min = ifelse(min_nuclei < 48, FALSE, TRUE)) 445 
deksummaries_merged_QC %<>% mutate(HTM_qc_focus = ifelse( 446 
  `95quant_PowerLogLog` < -2.21 | `95quant_PowerLogLog` >= -1.72, FALSE, TRUE)) 447 
deksummaries_merged_QC %<>% mutate(HTM_qc_death = ifelse( 448 
  estimate_Metadata_Time < -0.5, FALSE, TRUE)) 449 
manual <- c("s19552", "s13490", "s4805", "s12362", "s8591", "s2838", "s30853", "s11727", "s2839", 450 
  "s11719", "s11723", "s11736", "s11902", "s11904", "s11941", "s11949", "s14561", "s16491", 451 
"s17426", 452 
  "s22035", "s22036", "s22120", "s22123", "s224035", "s32295", "s34942", "s194488", "s40362", 453 
"s6994") 454 
deksummaries_merged_QC %<>% mutate(HTM_qc_manual = ifelse( 455 
  Metadata_siRNA %in% manual, FALSE, TRUE)) 456 
# HTM_qc_cont marks wells with visible contamination 457 
cont1 <- "May-Vogel-DEK-Bodies-Plate-01-batch1-01--s22356--W57" 458 
cont2 <- "May-Vogel-DEK-Bodies-Plate-01-batch1-02--s223227--W59" 459 
cont3 <- "May-Vogel-DEK-Bodies-Plate-01-batch1-02--s15830--W69" 460 
cont4 <- "May-Vogel-DEK-Bodies-Plate-01-batch1-02--s2839--W82" 461 
cont5 <- "May-Vogel-DEK-Bodies-Plate-03-batch1-01--s5020--W12" 462 
cont6 <- "May-Vogel-DEK-Bodies-Plate-08-batch1-01--s14309--W31" 463 
cont7 <- "May-Vogel-DEK-Bodies-Plate-06-batch1-02--s813--W23" 464 
cont8 <- "May-Vogel-DEK-Bodies-Plate-04-batch1-02--s224035--W80" 465 
cont_pos <- c(cont1, cont2, cont3, cont4, cont5, cont6, cont7, cont8) 466 
deksummaries_merged_QC %<>% mutate(HTM_qc_cont = ifelse( 467 
  PlatesiRNAWell %in% cont_pos, FALSE, TRUE)) 468 
 469 
# merges them together to a final column HTM_qc 470 
deksummaries_merged_QC %<>% mutate(HTM_qc = ifelse(HTM_qc_min == FALSE | 471 
  HTM_qc_intensity == FALSE | HTM_qc_focus == FALSE | HTM_qc_cont == FALSE |  472 
  HTM_qc_death == FALSE, FALSE, TRUE)) 473 
 474 
# when more than two positions within one well fail QC,  475 
# sets fourth position to fail as well, because data based on only one position is not robust 476 
deksummaries_merged_QC %<>% group_by(PlatesiRNAWell) %>% mutate(HTM_qc = 477 
  ifelse(sum(HTM_qc == TRUE) == 1 & HTM_qc == TRUE, FALSE, HTM_qc)) %>% ungroup() 478 
# creates N_pos_siRNA column containing number of positions that passed QC per siRNA 479 
deksummaries_merged_QC %<>% group_by(Metadata_siRNA) %>% mutate(N_pos_siRNA = 480 
  sum(HTM_qc)) %>% ungroup() 481 
# when less than 5 positions for the same siRNA pass QC, sets all positions for this siRNA to fail 482 
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deksummaries_merged_QC %<>% mutate(HTM_qc = ifelse(N_pos_siRNA < 5, FALSE, HTM_qc)) 483 
# creates N_pos column containing number of positions that passed QC per gene 484 
deksummaries_merged_QC %<>% group_by(Metadata_treatment) %>% mutate(N_pos = 485 
  sum(HTM_qc)) %>% ungroup() 486 
 487 
# creates QC_type column describing the reason for QC fail 488 
deksummaries_merged_QC$QC_type <- "" 489 
deksummaries_merged_QC %<>% mutate(QC_type = ifelse( 490 
  HTM_qc_intensity == FALSE, paste(QC_type, "low DEK", sep = ";"), QC_type)) 491 
deksummaries_merged_QC %<>% mutate(QC_type = ifelse( 492 
  HTM_qc_min == FALSE, paste(QC_type, "low cells", sep = ";"), QC_type)) 493 
deksummaries_merged_QC %<>% mutate(QC_type = ifelse( 494 
  HTM_qc_death == FALSE, paste(QC_type, "cell death", sep = ";"), QC_type)) 495 
deksummaries_merged_QC %<>% mutate(QC_type = ifelse( 496 
  HTM_qc_focus == FALSE, paste(QC_type, "focus", sep = ";"), QC_type)) 497 
deksummaries_merged_QC %<>% mutate(QC_type = ifelse( 498 
  HTM_qc_cont == FALSE, paste(QC_type, "cont.", sep = ";"), QC_type)) 499 
deksummaries_merged_QC$QC_type <- sub(';', "", deksummaries_merged_QC$QC_type, perl = 500 
TRUE) 501 
deksummaries_merged_QC %<>% mutate(QC_type = ifelse(QC_type == "", NA, QC_type)) 502 
 503 
#adds also a layout column 504 
deksummaries_merged_QC$layout <- gsub("-Replicate\\d", "", 505 
deksummaries_merged_QC$PlateName) 506 
 507 
# in case image paths have to be changed to local paths 508 
deksummaries_merged_QC <- mutate(deksummaries_merged_QC, 509 
  FullPath_Outlines = paste0( "D:/local_path/", Metadata_Plate, "/", gsub(".*\\/", "", FullPath_Outlines)), 510 
  FullPath_Tracks = paste0("D:/local_path/", Metadata_Plate, "/", gsub(".*\\/", "", FullPath_Tracks))) 511 
 512 
# save quality controlled position summaries 513 
write_delim(deksummaries_merged_QC, paste0("tables/deksummaries_merged_QC.csv"), delim = 514 
",") 515 
 516 
# nucleisummaries 517 
# concatenates several nucleisummaries.csv (must be in same directory) into a single dataframe 518 
files <- list.files(path = "tables/", pattern = "nucleisummaries.csv", full.names = TRUE) 519 
temp <- lapply(files, fread, sep = ",") 520 
nucleisummaries_merged <- rbindlist(temp, fill = TRUE) 521 
 522 
# save nuclei summaries 523 
write_delim(nucleisummaries_merged, paste0("tables/nucleisummaries_merged.csv",), delim = ";") 524 
 525 
# ------------------------------------------------------------------------------------------------------------------------- 526 
# ------------------------------------------------------------------------------------------------------------------------- 527 
# 4. Calculation of Z-scores to score hits 528 
 529 
# log2 transformation of position summaries (deksummaries_merged_QC),  530 
# plate-wise calculation of negative control mean and subsequent subtraction of control from each  531 
# measurement 532 
 533 
# filters deksummaries_merged_QC to contain only measurements of interest and metadata 534 
measurements = c("median_tracklength_trackswdek", "mean_tracklength_trackswdek", 535 
  "mean_ratio_onedek", "mean_ratio_twodek", "mean_ratio_threedek", "mean_ratio_fourdek",  536 
  "mean_ratio_fivedek", "mean_ratio_trackonedek", "mean_ratio_tracktwodek",  537 
  "mean_ratio_trackthreedek", "mean_ratio_trackfourdek", "mean_ratio_trackfivedek", 538 
  "fraction_of_trackswmorethanonedek", "fraction_of_trackswmorethantwodek",  539 
  "fraction_of_trackswmorethanthreedek","fraction_of_trackswmorethanfourdek",  540 
  "fraction_of_trackswmorethanfivedek", "fraction_of_frameswmorethanonedek",  541 
  "fraction_of_frameswmorethantwodek", "fraction_of_frameswmorethanthreedek",  542 
  "fraction_of_frameswmorethanfourdek", "fraction_of_frameswmorethanfivedek",  543 
  "median_tracklifetime", "mean_tracklifetime", "mean_mean_dekbody_count",  544 
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  "mean_mean_dekbody_count_seq", "mean_mean_intensity_dek", "fraction_of_frames_with_dek",  545 
  "fraction_of_tracks_with_dek", "mean_bodyduration", "mean_bodyduration_tracks",  546 
  "mean_mean_meanInt_nuclei", "mean_mean_integInt_nuclei") 547 
metadata = c("Metadata_siRNA", "PlateName", "Metadata_treatment", "Metadata_WellNr",  548 
  "Metadata_Pos", "replicate", "N_pos", "N_pos_siRNA", "RowCol", "HTM_qc", "layout") 549 
   550 
# log2 transforms position measurements only for positions that passed quality control  551 
# to calculate means and sd of NEG1 552 
log2_filt <- deksummaries_merged_QC %>% filter(HTM_qc == TRUE) %>%  553 
  select_(.dots = measurements) %>% log2() 554 
# cleans up "-Inf" values from log2(0)  555 
is.na(log2_filt) <- log2_filt == "-Inf" 556 
# and brings back the metadata 557 
deksummaries_merged_filt_metadata <- 558 
  deksummaries_merged_QC %>% filter(HTM_qc == TRUE) %>% select_(.dots = metadata) 559 
log2_filt <- cbind(deksummaries_merged_filt_metadata, log2_filt) 560 
 561 
# groups by gene name and plate to summarize negative control sNEG1 plate-wise,  562 
# calculates means and sd 563 
mean_controls <- log2_filt %>% select(-c(Metadata_WellNr, Metadata_siRNA, Metadata_Pos, 564 
  N_pos, RowCol, HTM_qc, layout)) %>% filter(Metadata_treatment == "sNEG1") %>% 565 
  group_by(PlateName, replicate, Metadata_treatment) %>%  566 
  summarise_all(funs(mean = mean(., na.rm = TRUE))) %>% ungroup() 567 
is.na(mean_controls) <- mean_controls == "NaN" 568 
mean_controls %<>% select(-c(Metadata_treatment, replicate)) 569 
sd_controls <- log2_filt %>% select(-c(Metadata_WellNr, Metadata_siRNA, Metadata_Pos, N_pos,  570 
  RowCol, HTM_qc, layout)) %>% filter(Metadata_treatment=="sNEG1") %>%  571 
  group_by(PlateName, replicate, Metadata_treatment) %>%  572 
  summarise_all(funs(sd=sd(., na.rm=T))) %>% ungroup() 573 
is.na(sd_controls) <- sd_controls == "NaN" 574 
sd_controls %<>% select(-c(Metadata_treatment, replicate)) 575 
 576 
# log2 transforms position measurements for all positions 577 
log2 <- deksummaries_merged_QC %>% select_(.dots = measurements) %>% log2() 578 
is.na(log2) <- log2 == "-Inf" 579 
deksummaries_merged_metadata <- deksummaries_merged_QC %>% select_(.dots = metadata) 580 
log2 <- cbind(deksummaries_merged_metadata, log2) 581 
 582 
# subtracts plate means of neg. control from each position measurement 583 
metadata_siRNA <- unique(deksummaries_merged_metadata[, c('Metadata_siRNA', 584 
'Metadata_treatment', 'Metadata_WellNr', "layout", "N_pos", "N_pos_siRNA", "RowCol")]) %>% 585 
ungroup() 586 
metadata_wowell <- unique(deksummaries_merged_metadata[, c('Metadata_siRNA', 587 
'Metadata_treatment', "PlateName", "replicate", "N_pos", "N_pos_siRNA")]) %>% ungroup() 588 
metadata_worep <- unique(deksummaries_merged_metadata[, c('Metadata_siRNA', 589 
'Metadata_treatment', 'Metadata_WellNr', "layout", "N_pos", "N_pos_siRNA", "RowCol",  590 
  "HTM_qc")]) %>% ungroup() 591 
deksummaries_merged_mean_controls <- merge(deksummaries_merged_metadata, mean_controls) 592 
deksummaries_merged_mean_controls <- select(deksummaries_merged_mean_controls, 593 
  median_tracklength_trackswdek_mean:mean_mean_integInt_nuclei_mean) 594 
log2_measurements <- select(log2, median_tracklength_trackswdek: 595 
mean_mean_integInt_nuclei_seq) 596 
substr_temp <- log2_measurements - deksummaries_merged_mean_controls 597 
 598 
# divides each measurement by plate-wise SDs of neg control to calculate z-score 599 
deksummaries_merged_sd_controls <- merge(deksummaries_merged_metadata, sd_controls) 600 
deksummaries_merged_sd_controls <- select(deksummaries_merged_sd_controls, 601 
  median_tracklength_trackswdek_sd:mean_mean_integInt_nuclei_sd) 602 
zscore_temp <- substr_temp / deksummaries_merged_sd_controls 603 
deksummaries_merged_zscore <- cbind(deksummaries_merged_metadata, zscore_temp) 604 
 605 
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# merges z-scores of single positions with unnormalized measurements from 606 
deksummaries_merged_QC 607 
deksummaries <- deksummaries_merged_zscore %>% select(c(Metadata_siRNA, PlateName,  608 
  Metadata_WellNr, Metadata_Pos), measurements) %>% unique() 609 
colnames(deksummaries) <- paste0(colnames(deksummaries), "_z_score") 610 
deksummaries <- rename(deksummaries, Metadata_siRNA = Metadata_siRNA_z_score, 611 
    PlateName = PlateName_z_score, Metadata_WellNr = Metadata_WellNr_z_score, 612 
    Metadata_Pos = Metadata_Pos_z_score) 613 
deksummaries <- merge(deksummaries, deksummaries_merged_QC, by = c( 614 
  "Metadata_siRNA", "PlateName", "Metadata_WellNr", "Metadata_Pos")) 615 
 616 
#creates siRNA summaries from unnormalized position summaries 617 
siRNA_summaries_raw <- deksummaries_merged_QC %>% filter(HTM_qc == TRUE) %>%  618 
  select("Metadata_siRNA", measurements) %>% group_by(Metadata_siRNA) %>%  619 
  summarise_all(funs(mean = mean(., na.rm = TRUE), sd = sd(., na.rm = TRUE))) %>% ungroup() 620 
is.na(siRNA_summaries_raw) <- siRNA_summaries_raw == "NaN" 621 
colnames(siRNA_summaries_raw) <- paste0(colnames(siRNA_summaries_raw), "__siRNAraw") 622 
siRNA_summaries_raw <- rename(siRNA_summaries_raw, Metadata_siRNA = 623 
  Metadata_siRNA__siRNAraw) 624 
 625 
# calculates different summaries from z-scores, regarding only positions that passed quality control 626 
# groups plate-wise normalized measurements by siRNA to summarize each siRNA over all plates, 627 
# calculates means and sd 628 
siRNA_summaries_z <- deksummaries_merged_zscore %>% filter(HTM_qc == TRUE) %>%  629 
  select(-c(N_pos_siRNA, Metadata_treatment, PlateName, N_pos, replicate, Metadata_WellNr, 630 
  RowCol, HTM_qc, Metadata_Pos, layout)) %>% group_by(Metadata_siRNA) %>%  631 
  summarise_all(funs(mean = mean(., na.rm = TRUE), sd = sd(., na.rm = TRUE))) %>% ungroup() 632 
is.na(siRNA_summaries_z) <- siRNA_summaries_z == "NaN" 633 
colnames(siRNA_summaries_z) <- paste0(colnames(siRNA_summaries_z), "__siRNA") 634 
siRNA_summaries_z <- rename(siRNA_summaries_z, Metadata_siRNA = Metadata_siRNA__siRNA) 635 
 636 
# groups plate-wise normalized measurements by gene to summarize each gene over all plates,  637 
# calculate means and sd 638 
gene_summaries_z <- deksummaries_merged_zscore %>% filter(HTM_qc == TRUE) %>%  639 
  select(-c(Metadata_siRNA, PlateName, N_pos, replicate, Metadata_WellNr, RowCol, HTM_qc, 640 
  Metadata_Pos, layout)) %>% group_by(Metadata_treatment) %>%  641 
  summarise_all(funs(mean = mean(., na.rm = TRUE), sd = sd(., na.rm = TRUE))) %>% ungroup() 642 
is.na(gene_summaries_z) <- gene_summaries_z == "NaN" 643 
 644 
# groups plate-wise normalized measurements by gene and replicate to summarize  645 
# each gene over each plate, calculates means and sd 646 
treatmentsummaries_z <- deksummaries_merged_zscore %>% filter(HTM_qc == TRUE) %>%  647 
  select(-c(Metadata_siRNA, PlateName, N_pos, Metadata_WellNr, RowCol, HTM_qc, Metadata_Pos,  648 
  layout)) %>% group_by(Metadata_treatment, replicate) %>%  649 
  summarise_all(funs(mean = mean(., na.rm = TRUE), sd = sd(., na.rm = TRUE))) %>% ungroup() 650 
is.na(treatmentsummaries_z) <- treatmentsummaries_z == "NaN" 651 
colnames(treatmentsummaries_z) <- paste0(colnames(treatmentsummaries_z), "__rep") 652 
treatmentsummaries_z <- rename(treatmentsummaries_z,  653 
  Metadata_treatment = Metadata_treatment__rep, replicate = replicate__rep) 654 
 655 
# spreads siRNA summaries to allow for simultaneous plotting of several siRNAs per gene 656 
siRNAmeans <- siRNA_summaries_z %>% select(ends_with("__siRNA")) %>% colnames() 657 
treatmentsummaries_siRNAs <- merge(metadata_wowell, siRNA_summaries_z) %>%  658 
  select(-c(PlateName, N_pos, replicate)) %>% unique() %>% arrange(Metadata_treatment) 659 
write_delim(treatmentsummaries_siRNAs, "tables/treatmentsummaries_siRNAs.csv", delim = ";") 660 
# in excel: manually add column "siRNA" with identifier for unique siRNAs (1-3) 661 
siRNA <- setDT(read_delim("tables/treatmentsummaries_siRNAs_excel.csv", delim = ";")) 662 
siRNA <- select(siRNA, c(Metadata_treatment, Metadata_siRNA, siRNA)) 663 
treatmentsummaries_siRNAs <- merge(treatmentsummaries_siRNAs, siRNA) 664 
treatmentsummaries_siRNAs <- merge(treatmentsummaries_siRNAs, siRNA_summaries_z) %>%  665 
  setDT() 666 
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treatmentsummaries_siRNAs <- melt(treatmentsummaries_siRNAs, measure.vars = 667 
patterns("__siRNA")) 668 
treatmentsummaries_siRNAs <- dcast(treatmentsummaries_siRNAs, 669 
  Metadata_treatment ~ variable + siRNA, fun = mean, value.vars = "value") 670 
is.na(treatmentsummaries_siRNAs) <- treatmentsummaries_siRNAs == "NaN" 671 
 672 
# spreads treatment summaries to allow for simultaneous plotting of plate replicate values of genes 673 
replicatemeans <- treatmentsummaries_z %>% select(ends_with("__rep")) %>% colnames() 674 
setDT(treatmentsummaries_z) 675 
treatmentsummaries_treatments <- melt(treatmentsummaries_z, measure.vars = patterns("__rep")) 676 
treatmentsummaries_treatments <- dcast(treatmentsummaries_treatments, 677 
  Metadata_treatment ~ variable + replicate, fun = mean, value.vars = "value") 678 
is.na(treatmentsummaries_treatments) <- treatmentsummaries_treatments == "NaN" 679 
 680 
# merges all z-score summaries together 681 
treatmentsummaries <- merge(metadata_worep, gene_summaries_z) 682 
treatmentsummaries <- merge(treatmentsummaries, treatmentsummaries_siRNAs) 683 
treatmentsummaries <- merge(treatmentsummaries, treatmentsummaries_treatments) 684 
siRNA_summaries <- merge(metadata_siRNA, siRNA_summaries_z)  685 
siRNA_summaries <- merge(siRNA_summaries, siRNA) %>%  686 
  select(Metadata_siRNA, Metadata_treatment, siRNA, everything()) 687 
 688 
# creates data frame with selected measurements and tidies up for excel 689 
excel <- treatmentsummaries %>% select(matches( 690 
  'ratio_trackonedek | ratio_tracktwodek | ratio_trackthreedek | ratiotrackfourdek | 691 
  intensity_dek|dekbody_count|max_dek')) 692 
excel_metadata <- treatmentsummaries %>% select_(.dots = names(metadata_worep)) 693 
excel <- cbind(excel_metadata, excel) 694 
excel_comb <- excel %>% filter(HTM_qc == TRUE) %>% group_by(Metadata_treatment) %>%  695 
  summarise(layout = paste(layout, collapse = ","),  696 
  Metadata_WellNr = paste(Metadata_WellNr, collapse=","),  697 
  RowCol = paste(RowCol, collapse = ","),  698 
  Metadata_siRNA = paste(Metadata_siRNA, collapse = ",")) %>% ungroup() 699 
excel %<>% select(-c(HTM_qc, Metadata_siRNA, Metadata_WellNr, RowCol, layout)) %>% unique() 700 
excel <- merge(excel_comb, excel) %>% rename(gene = Metadata_treatment, siRNA = 701 
Metadata_siRNA, well = Metadata_WellNr) 702 
excel %<>% select(c(gene, siRNA, layout, well, RowCol, N_pos), order(colnames(.))) %>%  703 
  select(-N_pos_siRNA) %>% unique() 704 
 705 
# creates a gene list of genes that passed QC to use as input for GO enrichment 706 
input <- treatmentsummaries %>% filter(HTM_qc == TRUE & N_pos_siRNA > 6 &  707 
  !Metadata_treatment %in% c("empty", "sNEG1")) %>% select(Metadata_treatment) %>% unique() 708 
%>% t() %>% c() 709 
 710 
#saves all z-score summaries 711 
write.table(input, "GOinput.txt", row.names = F, quote = FALSE) 712 
write_delim(deksummaries, "tables/deksummaries.csv", delim = ";") 713 
write_delim(treatmentsummaries, "tables/treatmentsummaries.csv", delim =";") 714 
write_delim(treatmentsummaries_siRNAs, "tables/treatmentsummaries_siRNAs.csv", delim = ";") 715 
write_delim(excel, "tables/treatmentsummaries_excel.csv", delim = ";") 716 
write_delim(siRNA_summaries, "tables/siRNAsummaries.csv", delim = ";")717 
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9 Abbreviations 

Table 10: List of abbreviations. A complete list of gene names from the primary screen can be 

found in Table 9.  

(d)NDPs  (deoxy)nucleoside diphosphates 

(d)NTPs  (deoxy)nucleoside triphosphates 

(e)GFP  (enhanced) green fluorescent protein 

53BP1  p53-binding protein 1 

ABT-888 Veliparib (PARP inhibitor) 

ALMF advanced light microscopy facility 

AML acute myeloid leukemia 

AP-2α  activating enhancer binding Protein 2 alpha 

APH aphidicolin 
ATM ataxia telangiectasia mutated 

ATR ataxia telangiectasia and Rad3-related protein 

AU arbitrary units 

BAZ1B bromodomain adjacent to zinc finger domain 1B 

BCA  bicinchoninic acid assay 

BSA bovine serum albumin) 
B-WICH  B-WSTF-ISWI chromatin remodeling complex 

C/EBPα CCAAT-enhancer-binding protein 

Cdc cell division cycle 

CDK cyclin-dependent serine/threonine kinase 

Cdt chromatin licensing and DNA replication factor 

CFS common fragile site 

ChIP chromatin immunoprecipitation 

CHK1 checkpoint kinase 1 

CK2 casein kinase-2 

CMOS complementary metal–oxide–semiconductor 

CNV copy number variant 

COC cyclic olefin copolymer 

CPT camptothecin 
CSK buffer cytoskeletal buffer 

CSV comma separated value 

CTR constant timing region 

Daxx death domain associated protein 

ddH2O double destilled water 

DDR DNA damage response  

DEK Derek K. 

DIC differential interference contrast 

DMEM  Dulbecco’s modified eagle medium 

DMSO dimethyl sulfoxide 
DNA  deoxyribonucleic acid 

DRC DNA replication checkpoint 

ECL enhanced chemiluminescence 

EdU 5-ethynyl-2'-deoxyuridine 
EMBL European molecular biology laboratory 

EM-CCD electron-multiplying charge-coupled device 

FACS fluorescence assisted cell sorting 

FANC Fanconi anaemia 

FBS fetal bovine serum 
FDA Food and Drug Administration 
FHIT fragile histidine triad protein 
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FRA fragile site 

FWHM  full width at half maximum 

G4 DNA quadruplex DNA 

GO gene ontology 

HAT histone acetyltransferase 

HGNC HUGO genome nomenclature committee 

Hi-C high-throughput sequencing chromosome conformation capture 

HIV human immunodeficiency virus 

HP1α  Heterochromatin protein 1 (chromo box homolog 5) 

hTERT  human telomerase reverse transcriptase 

HU hydroxyurea 
ICG interchromatin granule cluster 

IDP intrinsically disordered protein 

IP immunoprecipitation 

iPOND isolation of proteins on nascent DNA 

IR infrared 

KAT2B K(lysine) acetyltransferase 2B 

kb  kilobase 

kDa kilo Dalton 

LAD lamina associated domains 

LC-MS liquid chromatography–mass spectrometry  

LNA locked nucleic acid 

LP laser power 

MCM mini-chromosome maintenance 

MHC major histocompatibility complex 

MLLT3 myeloid/lymphoid or mixed-lineage leukemia; translocated to chromosome 3 

MQ H2O Milli-Q water (purified water) 

NAD+  nicotinamide adenine dinucleotide 

NF-κB  nuclear factor kappa-light-chain-enhancer of activated B cells 

NGS  normal goat serum 

NMR nuclear magnetic resonance 

NUP nucleoporin 

ORC origin recognition complex 

PAGE polyacrylamide gel electrophoresis 

PAR  poly(ADP-ribose) 

PARP1  poly(ADP-ribose) polymerase 1 

PBD PAR binding domain 

PBS  phosphate buffered saline 

PCAF  p300/CBP-associated factor (a.k.a. KAT2B) 

PCNA  proliferating cell nuclear antigen 

PCR polymerase chain reaction 

PFA paraformaldehyde 
PLLS Power Log-Log Slope  

Pol polymerase 

PRIM primase 

PTM post-translational modification 

Px Pixel 

QC quality control 

RC replicative complex 

RD replication domain 

RF replication focus 

RFP  red fluorescent protein 

RNA ribonucleic acid 

RNAi RNA interference 

RNR ribonucleotide reductase 

RPA replication protein A 



 

127 

rpm  rounds per minute 

RT  room temperature 

SAP SAF-A/B, Acinus and PIAS 

SD  standard deviation 

SDS sodium dodecylsulfate 
SEM  standard error of the mean 

SI structured illumination 

siRNA small interfering RNA 

SMARCA5 SWI/SNF related, matrix associated, actin dependent regulator of chromatin, 
subfamily a, member 5 

sNEG scrambled negative control siRNA 

SR super resolution 

SSMD strictly standardized mean difference 

STORM super resolution imaging by stochastic optical reconstruction microscopy 

SUMO small ubiquitin-related modifier 

SUV39H1/2 suppressor of variegation 3-9 homolog 1/2 

TAD topologically associated domain 

TALEN  transcription activator-like effector nuclease 

TICRR TOPBP1 interacting checkpoint and replication regulator 

TNFα tumor necrosis factor alpha 

Top topoisomerase 

Tris tris(hydroxymethyl)aminomethane 
TTR timing transition region 

UV  ultraviolet 

WF widefield 

WT  wild type 

WWOX WW domain containing oxidoreductase 

XP xeroderma pigmentosum 

γH2AX  phosphorylated histone H2AX 
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11 Record of contributions 

If not stated otherwise, experiments were performed by myself or under my direct supervision.   

The U2-OS cell line stably expressing eGFP-tagged DEK (U2-OS GFP-DEK) was developed 

by Eva Gwosch in the course of her PhD thesis. Pilot and primary high-throughput screens 

were performed in collaboration with the staff of the ALMF in Heidelberg, in particular with 

Beate Neumann and Sabine Reither (assay design and practical implementation), and Volker 

Hilsenstein (bioinformatical analysis). The validation screen was performed by Master student 

Xenia Schilke. 

Additionally, the following figures have contributions by students of this laboratory: 

Figure 9: DEK forms nuclear bodies during late S phase that colocalize with PCNA 

replication machineries 

Cell transfection and imaging were performed by Pauline Franz, image analysis by myself. 

Figure 13: DEK associates with nascent chromatin concomitantly to nucleosome 

assembly 

The iPOND assay was established by myself, experiments shown in this figure were performed 

by Master students Rebecca Kleiner and Vera Jörke. 

Figure 24: SUMO1/3 siRNAs are effective in downregulating SUMO1/3 protein levels 

Western blot experiments to validate knockdown efficiencies were performed by Master 

student Xenia Schilke. 

Figure 25: DEK is bound to SUMO1/3 in cellula 

The SUMOylation assay was performed by student Denis Bartoschek under the supervision 

of PhD student Christina Czada. 
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