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Summary 

DNA double strand breaks (DSBs) are the most deleterious kind of DNA damage and 

threaten genomic integrity. Therefore, DSBs need to be repaired to avoid chromosomal 

aberrations, cell death, and malignant transformation. Sophisticated repair mechanisms 

have evolved and at least three competing pathways, non-homologous end-joining (NHEJ), 

homologous recombination repair (HRR), and alternative end-joining can repair DSBs. To 

ensure successful DSB repair, the complex multistep repair pathways are tightly controlled 

and the ubiquitin-proteasome system (UPS) has a fundamental role in this regulation. The 

AAA+-ATPase p97 is a critical factor of the UPS and facilitates extraction and unfolding of 

ubiquitinated substrate proteins. A set of bifunctional adaptor proteins, which can bind to 

ubiquitin and to p97, act as cofactors and form a variety of active p97 complexes. 

Previous studies have identified that p97 localizes to DSBs and is involved in DSB repair 

by NHEJ and HRR, which are impaired upon loss of p97. However, the underlying 

mechanisms and the substrates were unknown. Therefore, we aimed at clarifying the role 

of p97 and its cofactor proteins in DSB repair. In the present study, p97 was established as 

factor for Ku80 extraction, which was a promising candidate from a mass spectrometry 

approach performed in our lab. Ku80 is part of the ring-shaped heterodimer Ku that is 

essential for NHEJ. Ku rings slide onto open DNA ends and fully encircle the double helix. 

This special structure and mode of DNA binding prevents dissociation from chromatin and 

Ku becomes sterically trapped after religation of the DSBs. Hence, extraction of trapped Ku 

from chromatin requires substantial unfolding by an active mechanism. 

In this study, cell-based assays provided strong evidence that p97 extracts Ku80 from 

chromatin and that this is the major role of p97 in NHEJ. Sophisticated immunofluorescence 

techniques were established and enabled the visualization and kinetic analysis of DSB-

bound Ku80. Additionally, the functionality of p97 cofactors was impaired by RNAi-

mediated depletion and CRISPR/Cas9-mediated knockout. The experiments revealed that 

the p97 cofactors Ufd1-Npl4 and FAF1 participate in p97-mediated Ku80 extraction. For 

this function, FAF1 was hypostatic to Ufd1 and might contribute to a backup pathway that 

compensates loss of Ufd1. Moreover, loss of p97 abolished Ku80 extraction and the results 

indicated that this cannot be compensated. Further, K48-linked polyubiquitin persisted 

upon loss of p97, but was significantly reduced by Ku80 depletion. This suggests that Ku80 

constitutes a major substrate of K48-Ub at DSBs and that p97 targets K48-Ub-modified 

Ku80 for extraction. 

Ku is trapped at the end of NHEJ repair and was described to block end resection, which 

is an early step in HRR. To analyze whether p97 extracts Ku80 also from open DNA ends 

to promote HRR, DNA damage was induced with the topoisomerase I (Top1) inhibitor 

camptothecin (CPT). The transient Top1 cleavage complexes (Top1ccs) are stabilized by 
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CPT and encountering replisomes convert them into single-ended (se) DSBs, which are 

specifically repaired by HRR. Ku bound to seDSBs and a p97-independent pathway that 

required MRE11 and CtIP released Ku80 from these lesions. Interestingly, loss of p97 

activity reduced the CPT-induced γH2AX level but not the DNA synthesis that was 

measured simultaneously by incorporation of a nucleotide analogue. Impaired seDSB 

induction during unperturbed replication suggested that p97-dependent processing sets 

free CPT-induced seDSBs. Measurement of DNA-bound Top1 and Top1ccs showed that 

the removal from chromatin was independent of p97, which suggests replisome factors as 

candidate p97 substrates for future studies. 
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Zusammenfassung 

DNS-Doppelstrangbrüche (DSB) sind die gefährlichste Art der DNS-Schäden und ihre 

Reparatur ist von zentraler Bedeutung, da die DSB sonst zu Chromosomenabberationen, 

Zelltod oder maligner Transformation führen können. In den Zellen haben sich 

spezialisierte Reparaturprozesse entwickelt und DSB können mittels nichthomologer 

Endverknüpfung (NHEJ), homologer Rekombination (HRR) oder alternativer 

Endverknüpfung repariert werden. Diese Prozesse sind komplex und müssen genau 

kontrolliert werden um eine präzise Reparatur zu gewährleisten. Das Ubiquitin-Proteasom-

System (UPS) hat eine zentrale Funktion in der Regulation der DSB-Reparatur. Die 

essentielle AAA+-ATPase p97 ist ein wichtiger Bestandteil des UPS und extrahiert und 

entfaltet ubiquitinierte Proteine. p97 ist maßgeblich an einer Vielzahl zellulärer Prozesse 

und interagiert dafür mit bifunktionellen Adapterproteinen, welche an die ATPase und an 

Ubiquitin binden können. Die Adapter vermitteln die spezifischen Substratbindungen und 

wirken als Kofaktoren in verschiedenen funktionellen p97-Komplexen. 

Vorangegangene Studien haben gezeigt, dass p97 zu Chromatin mit DSB rekrutiert wird 

und an der DSB-Reparatur über NHEJ und HRR beteiligt ist, da beide Prozesse ohne p97 

beeinträchtigt sind. Allerdings waren die zugrundeliegenden Mechanismen und die p97-

Substrate unbekannt. Daher war es unser Ziel, die Funktion von p97 und seinen Kofaktoren 

in der DSB-Reparatur aufzuklären. In der vorliegenden Arbeit wurde beschrieben, dass p97 

während der DSB-Reparatur Ku80 extrahiert, welches ein aussichtsreicher Kandidat aus 

einer massenspektrometrischen Messung unserer Gruppe war. Ku80 ist Bestandteil des 

ringförmigen Heterodimers Ku, welcher essentiell für die DSB-Reparatur über NHEJ ist. 

Die beiden Ku-Proteinringe schieben sich auf offene DSB-Enden und umschließen die 

DNS-Doppelhelix vollständig. Aufgrund der besonderen Struktur und Art der DNA-Bindung 

wird eine Dissoziation vom Chromatin verhindert und führt dazu, dass Ku nach der DSB-

Reparatur sterisch gefangen ist. Folglich erfordert die Ku-Extraktion vom Chromatin ein 

erhebliches Maß an Proteinentfaltung durch einen aktiven Prozess. 

In dieser Arbeit haben zelluläre Experimente starke Evidenzen für eine p97-vermittelte 

Ku80 Extraktion vom Chromatin ergeben und dafür, dass dies die wichtigste Funktion von 

p97 in NHEJ ist. Komplexe Immunfluoreszenztechniken wurden etabliert und ermöglichten 

die Visualisierung und kinetische Analyse von DSB-gebundenem Ku80. Zudem wurde die 

Funktionalität der p97 Kofaktoren mittels RNA-Interferenz und CRISPR/Cas9-Gen-

Knockout beeinträchtigt und die Versuche ergaben, dass Ufd1-Npl4 und FAF1 an der 

Ku80-Extraktion beteiligt sind. In dieser Funktion war FAF1 hypostatisch zum Ufd1 und ist 

möglicherweise an einem untergeordneten Prozess beteiligt, welcher den Verlust von Ufd1 

kompensieren kann. Der Verlust von p97 hingegen verhinderte die Extraktion von Ku80 

vollständig und dies konnte nicht kompensiert werden. Des Weiteren persistierte K48-
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verküpftes Polyubiquitin nach Hemmung von p97 und dies wurde durch Depletion von 

Ku80 signifikant reduziert und legt nahe, dass Ku80 ein Hauptsubstrat von K48-verküpftem 

Ubiquitin an DSB ist und p97 mit K48-Ubiquitin modifiziertes Ku80 extrahiert. 

Ku ist am Ende von NHEJ auf dem Chromatin gefangen und wurde zuvor als Blockade für 

DNS-Endresektion, einem frühen Schritt von HRR, beschrieben. Um zu analysieren ob p97 

Ku80 auch von offenen DNS-Enden extrahiert und dadurch HRR fördert, wurden DNS-

Schäden mit dem Topoisomerase I Inhibitor Camptothecin (CPT) herbeigeführt. CPT 

stabilisiert die transienten Topoisomerase I Spaltungskomplexe (Top1cc) die von 

auftreffenden Replisomen zu einzelendigen DSB (seDSB) umgesetzt werden und folgend 

nur von HRR repariert werden. Ku80 band an die seDSB und wurde von einem p97-

unabhängigen Prozess entfernt, welcher MRE11 und CtIP benötigte. Interessanterweise 

reduzierte der Verlust der p97-Aktivität die CPT-vermittelte Histon H2AX Phosphorylierung 

ohne dabei die Replikation zu beeinträchtigen, welche durch den Einbau eines 

Nukleotidanalogs parallel gemessen wurde. Eine beeinträchtigte seDSB-Induktion bei 

normaler Replikation deutet darauf hin, dass ein p97-abhängiger Prozess die seDSB 

freisetzt. Eine Messung der DNS-gebundenen Topoisomerase I und Top1cc zeigte das ihre 

Entfernung vom Chromatin p97-unabhängig ist. Dies legt die Untersuchung von 

Replisomproteinen als potentielle p97-Substrate in zukünftigen Studien nahe. 

 



 

7 
 

Table of contents 

 

Summary...........................................................................................................................3 

Zusammenfassung ............................................................................................................5 

Table of contents...............................................................................................................7 

List of figures .....................................................................................................................9 

List of tables ....................................................................................................................10 

1 Introduction ..............................................................................................................11 

1.1 DNA, chromatin, and genomic integrity .............................................................11 

1.2 DNA damage and mutations .............................................................................12 

1.3 The DNA damage response ..............................................................................15 

1.4 DNA repair ........................................................................................................16 

1.5 Non-homologous end-joining ............................................................................17 

1.6 Ku .....................................................................................................................20 

1.7 Homologous recombination repair .....................................................................21 

1.8 Alternative end-joining pathways .......................................................................25 

1.9 DSB repair pathway choice ...............................................................................26 

1.10 Repair of seDSBs induced by the Top1 inhibitor camptothecin .........................27 

1.11 DNA damage and repair in disease and therapy ...............................................31 

1.12 Proteostasis and the Ubiquitin-Proteasome-System ..........................................32 

1.13 The p97-system ................................................................................................34 

1.14 Functions of p97 on chromatin and in DNA repair .............................................38 

1.15 Functions of ubiquitin system on chromatin and in DNA repair ..........................40 

1.16 Targeting of p97 and the UPS in research and therapy .....................................43 

1.17 The aims of the thesis .......................................................................................44 

2 Results .....................................................................................................................45 

2.1 Visualization of DSB-bound Ku80 .....................................................................45 

2.2 p97 function is required for Ku80 release from DSBs ........................................46 

2.3 Cofactors of p97 for Ku80 extraction .................................................................50 



 

8 
 

2.4 Ku80 as substrate for K48-linked polyubiquitination at DSB sites ......................56 

2.5 p97 in homologous recombination repair ...........................................................58 

2.6 p97 in the repair of CPT-induced DNA damage ................................................60 

3 Discussion ...............................................................................................................67 

3.1 p97-mediated Ku80 extraction...........................................................................67 

3.2 Functions of p97 in HRR and in processing of CPT-induced DNA lesions .........77 

4 Materials and Methods .............................................................................................81 

4.1 Materials ...........................................................................................................81 

4.2 Cell culture and treatments ...............................................................................85 

4.3 CRISPR/Cas9 knockout ....................................................................................86 

4.4 Cell-based assays .............................................................................................87 

4.5 Microscopy-based assays .................................................................................88 

4.6 Biochemical assays ...........................................................................................91 

5 References...............................................................................................................94 

Abbreviations ................................................................................................................ 114 

Acknowledgements ....................................................................................................... 117 

Curriculum vitae ............................................................................................................ 118 

Affidavits / Erklärungen ................................................................................................. 119 

 



 

9 
 

List of figures 

Figure 1.1: Sources, types and consequences of DNA damage ......................................13 

Figure 1.2: Model of non-homologous end-joining ...........................................................19 

Figure 1.3: Structure of Ku70/80 bound to DNA ..............................................................20 

Figure 1.4: Model of homologous recombination repair ...................................................23 

Figure 1.5: Structure of topoisomerase I cleavage complex ............................................29 

Figure 1.6: Induction and repair of Top1ccs and seDSBs ................................................30 

Figure 1.7: Structure of the AAA+ ATPase p97 ...............................................................35 

Figure 1.8: Model of post-translational modifications in DSB repair and pathway choice .42 

Figure 2.1: Specific visualization of DSB-bound Ku80 by CSK + RNase A preextraction 

after laser microirradiation. ..............................................................................................46 

Figure 2.2: p97 is required for release of Ku80 from DSB sites. ......................................47 

Figure 2.3: p97 mediates Ku80 release from damaged chromatin. ..................................48 

Figure 2.4: Release of the MRN component Nbs1 is independent from p97 function. .....49 

Figure 2.5: p97 inhibition by NMS-873 does not inhibit end-joining per se. ......................50 

Figure 2.6: RNAi-mediated depletion of p97 or Ufd1 delays Ku80 release from DSBs. ...51 

Figure 2.7: CRISPR-Cas9 knockout of the p97 cofactor FAF1. .......................................53 

Figure 2.8: FAF1 KO does not impair long-term survival of U2OS cells after exposure to IR.

 ........................................................................................................................................54 

Figure 2.9: Knockdown of Ufd1 and FAF1 delays Ku80 extraction from DSBs, whereat Ufd1 

is epistatic to FAF1. .........................................................................................................55 

Figure 2.10: Ku80 is a major p97 substrate at DSBs and modified with K48-linked 

polyubiquitin chains. ........................................................................................................57 

Figure 2.11: Homologous recombination repair (HRR) is reduced upon depletion of p97 or 

its cofactor Ufd1. .............................................................................................................59 

Figure 2.12 DSB induction by camptothecin is dependent on replication .........................61 

Figure 2.13: Ku80 is not extracted by p97 during repair of camptothecin (CPT)-induced 

DNA damage, but MRE11 and CtIP are required for efficient Ku80 removal. ..................62 

Figure 2.14: CPT-induced γH2AX levels are decreased with compromised p97. .............64 

Figure 2.15: p97 does not target Top1ccs for extraction, but Top1 extraction from chromatin 

is influenced by p97 and dependent on the proteasome. .................................................66 

Figure 3.1: Model of p97-mediated Ku80 extraction during DSB repair. ..........................73 

Figure 3.2: Model of CPT-induced seDSBs and the possible functions of p97.................79 

  



 

10 
 

List of tables 

Table 1: Media, buffers, and solutions used in this study .................................................81 

Table 2: Recipes for handcasted SDS polyacrylamide gels (amount for one gel) ............83 

Table 3: Oligonucleotides used in this study ....................................................................83 

Table 4 Primary and secondary antibodies used in this study .........................................84 

Table 5 Chemicals used in this study ..............................................................................85 

Table 6: Sample mix and thermocycle for FAF1 amplification from genomic DNA ...........87 

 



11 

Introduction 
 

 

1 Introduction 

1.1 DNA, chromatin, and genomic integrity  

Deoxyribonucleic acid (DNA) is one of the most important macromolecules in living organisms, 

as it encodes the genetic information, which allows cells to express ribonucleic acids (RNAs) and 

proteins for all cellular functions. In reproduction, DNA enables the inheritance of the genetic 

information to offspring generations. 

DNA is a double-stranded, helical molecule. Each strand has a phosphate-sugar backbone, on 

which four different nucleobases (adenine [A], cytosine [C], guanine [G], and thymidine [T]) 

assemble the nucleic acid sequence that encodes the genetic information. Complementary bases 

form pairs via hydrogen bonds (adenine pairs with thymidine and guanine with cytosine) and 

thereby form the DNA double strand. 

The entire genetic material of an organism is called genome and is divided into several molecules 

called chromosomes. Chromosomes consist not only of DNA, but organize as chromatin that is 

composed of DNA, RNA and proteins. The primary class of chromatin proteins are histones that 

help to pack the DNA more densely. The core histones H2A, H2B, H3, and H4 form the core 

particle that contains two copies of each histone and the DNA helix is wrapped around in 1.67 

turns. Together with the linker histone H1, spiral-shaped fibers with a diameter of 30 nm are 

formed. Histones function as a platform for regulatory processes, e.g. regulation of transcription. 

Therefore, histones, especially the N-terminal tails, are substrates of several post-translational 

modifications, e.g. phosphorylation of serine, threonine, and tyrosine residues; acetylation of 

lysines; and methylation of arginine and lysine residues. 

Many cellular processes affect chromatin. During replication, the DNA is separated into two single 

strands that serve as template for the synthesis of complementary strands, which results in 

doubling of the whole genome. The replicated chromosomes are divided equally during mitosis 

to form two new, genetically identical daughter cells. 

To develop tissues or a whole organism, cells need to divide and differentiate. For successful cell 

division, the propagation of the genomic information to both daughter cells has to be ensured. 

With the exception of the biogenesis of haploid gametes during meiosis, the full diploid genome 

is transferred in every cell division. Cells follow a cycle which is divided into replication (S phase), 

mitosis (M phase), and two gap phases (G1 and G2 phase). To ensure genomic integrity, the 

transitions from G1 into S phase and from G2 into M phase are controlled by checkpoints. In 

addition, there are checkpoints during S and M phase. On the one hand, the physical structure 

of the chromosomes and the chromatin has to be intact. On the other hand, the encoded genetic 

information needs to be error-free. Thus, the cells have to ensure genomic integrity to maintain 

the cellular metabolism, which is a prerequisite for successful mitotic and meiotic cell divisions. 
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1.2 DNA damage and mutations 

DNA is a stable biomolecule, but it has a certain fragility and diverse lesions can be induced by 

a variety of agents (Figure 1.1; Hoeijmakers, 2001). Sources for DNA damage range from 

endogenous physiological processes to exogenous toxic agents. Exposure to these agents leads 

to biochemical changes, e.g. loss of covalent bonds, which causes different alterations depending 

on the bond that is lost and alterations threaten the chromatin-dependent cellular processes, 

including replication. Cleavage in the phosphate sugar backbone leads to strand breaks, which 

threatens the physical integrity of the DNA, may alter the topology and can lead to chromosomal 

aberrations, such as translocations. If bases are damaged, the DNA sequence and thus the 

encoded information can be altered, which leads to mutations. Chromosomal aberrations as well 

as mutations cause cell aging and death, but are also driving carcinogenesis and other 

pathological changes (Hoeijmakers, 2009). In contrast, mutations and chromosomal aberrations 

also create genetic variability that drives evolution. 

Major classes of DNA damage are base damage, single strand breaks and double strand breaks 

(DSBs), of which DSBs are the most deleterious ones. Within each class, the lesions can be 

further separated by the complexity and spatiotemporal distribution of the damage. For this study, 

DSBs were of special interest and they are described in more detail below. 

1.2.1 DSBs occur in different complexities and can be single- or double-ended 

Two main types of DSBs can be separated (Figure 1.1 d): Double-ended DSBs (deDSB), which 

occur upon breaks in both backbones of a DNA double strand, and single-ended DSBs (seDSB) 

that can arise from replication forks during replication (Cortés-Ledesma & Aguilera, 2006). 

Therefore, seDSBs are also called replication-borne DSBs and have only one free double-

stranded DNA terminus. The other DNA strand still has a continuous backbone, which served as 

template for replication. 

deDSBs exist in different complexity, mostly depending on their origin (reviewed in Schipler & 

Iliakis, 2013). For example, endonucleases induce DSBs with directly ligatable ends that have a 

5’-phosphate and a 3’-OH. DNA damage that is induced by ionizing radiation is often more 

complex, since base damages, abasic sites and breaks in the backbone can occur in close 

proximity. These breaks are not directly ligatable and require processing by specialized enzymes, 

which is integral part of DSB repair pathways (1.5, 1.7, and 1.8). 
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Figure 1.1: Sources, types and consequences of DNA damage  

A) A plethora of DNA damaging agents (above DNA) induces various lesions (below DNA) and different 

repair mechanisms (bottom) have evolved to counteract these lesions.   

B) Consequences of DNA damage. The cell cycle checkpoints, G1, intra S, G2/M, and in mitosis, are 

activated as an acute response to DNA damage which inhibits processes of the DNA metabolism (middle). 

This provides time for DNA repair, but prolonged checkpoint activation results in apoptosis. Low fidelity in 

DNA repair leads to mutations and chromosomal aberrations that cause ageing and cancer.  

C) Target sites of endogenous damage at the example of thymine and adenine. Arrows point to the bonds 

or atoms that are susceptible to hydrolysis (red), oxidation (green), or methylation (blue).  

D) DNA double strand breaks can be double ended (deDSB) or single ended (seDSB). deDSBs are 

induced by ionizing radiation, chemicals, or enzymatically by endonucleases. seDSBs can arise from nicks 

or single strand breaks during DNA replication. 

A) and B) adopted from (Hoeijmakers, 2001) and C) adopted from (Lindahl, 1993) 
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1.2.2 Endogenous sources of DNA damage 

The main source of endogenous DNA damage is spontaneous hydrolysis, which arises from the 

fact that DNA is permanently in aqueous conditions. Thus, the chemical bonds are permanently 

exposed to hydrolytic attacks, which mainly results in abasic sites (esp. A and G) and deamination 

of bases (esp. A and C) leads to altered, i.e. miscoding, base pairing (Figure 1.1 c; Lindahl, 1993). 

Moreover, metabolic processes in the cell generate reactive oxygen and nitrogen species 

(ROS/NOS). Although cells defend themselves against these byproducts with specialized 

enzymes (e.g. superoxide dismutase) and scavenging molecules (e.g. glutathione), they still 

react frequently with and damage DNA and other biomolecules. 

Enzymatic processes are another source of damage that occurs during DNA replication and 

transcription, which involves many enzymatic reactions. Most of these specialized enzymes work 

with high fidelity. For example, a study in yeast determined the total mutation rate of the 

replicative polymerases to be 3.3 * 10-7 (St Charles et al, 2015). In addition to this, the 

polymerases have high selectivity for the correct base and proofreading mechanisms for wrong 

insertions. Nevertheless, rare mistakes occur and lead to mismatches that can cause mutations. 

In translesion synthesis (TLS), a special type of replication that can bypass polymerase-blocking 

DNA lesions to overcome replication stress, low fidelity polymerases are employed making it an 

error-prone pathway (Goodman & Tippin, 2000).  

The enzyme topoisomerase I (Top1) induces nicks that are usually transient, but can be 

propagated upon abnormal function into DSBs during replication. Other enzymes such as the 

RAG-1/2 complex or Spo11are able to induce DSBs directly, which is important during V(D)J 

recombination (McBlane et al, 1995) or mitosis (Keeney et al, 1997), respectively. 

1.2.3 Exogenous sources of DNA damage 

Numerous chemicals can cause DNA damage. The source of these substances ranges from 

inhaling (e.g. cigarette smoke or exhausts) to dietary intake or injection of chemotherapeutic 

medication (Hoeijmakers, 2009; Mehta & Haber, 2014). Depending on the substance, various 

types of damage can be induced. Alkylating agents cause base damages and single-strand 

breaks. Conversely, polycyclic aromatic hydrocarbons create bulky DNA adducts that can be 

unstable, which causes depurination, or stable, which stalls replication forks. Cisplatin and 

mitomycin C create intra- and interstrand crosslinks, which interfere with replication and 

transcription. 

Enzymatic DSBs can also be generates from exogenous sources, for example by the 

CRISPR/Cas9 system. The transfection of CRISPR/Cas9 into cells is used for targeted genome 

editing processes (Doudna & Charpentier, 2014). 

Radiation is another exogenous source of DNA damage and can induce different DNA lesions 

depending on the type and energy (Kuefner et al, 2015). Types of radiation are for example 
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electromagnetic waves (e.g. X-rays) or particles (e.g. carbon ion beam). Depending on the 

energy, two major classes can be discriminated: ionizing and non-ionizing radiation. 

Ionizing radiation (e.g. from medical use, nuclear weapons, or accidents in nuclear power plants), 

induces damage mainly by ionizations of water and the secondary electrons or radicals react with 

the DNA molecules and cleave covalent bonds. This creates strand breaks and abasic sites, and 

the more of these events cluster in close proximity, the higher is the likelihood to induce a DSB. 

The linear energy transfer (LET) describes the energy transferred per distance and thus the 

density of ionizations. The biological effects caused by ionizing radiation do not only depend on 

the absorbed dose, but also on the LET, which depends mainly on the type of radiation. 

Therefore, a weighting factor (WR) is used to describe the relative biological effectiveness (RBE). 

For X-rays WR is defined as 1 and relative to that alpha particles have a value of 20 (Valentin, 

2007). 

Concerning non-ionizing radiation, exposure to UV light is most threatening for DNA (Richa et al, 

2015). UV light catalyzes reactions that primarily affect the nucleobases, which yields 

cyclobutane pyrimidine dimers (CPC) and 6-4 photoproducts (6-4 PP; both are intrastrand 

crosslinks). 

 

1.3 The DNA damage response 

DNA damage can interrupt cellular processes like transcription or replication and is toxic for the 

cells. To ensure genomic integrity and cell survival, surveillance mechanisms have evolved and 

DNA damage is constantly detected and repaired (Ciccia & Elledge, 2010). The concerted 

signaling mechanisms are termed the DNA damage response (DDR) and regulate cell cycle, 

repair of the lesions, and may induce senescence or apoptosis. The DDR is active throughout 

the whole cell cycle and connected to other mechanisms that ensure genomic integrity, e.g. the 

mitotic spindle assembly checkpoint (Lawrence et al, 2015). 

Cells recognize the damage by virtue of proteins binding to DNA lesions, e.g. Ku70/80 to DSBs, 

which activates DNA damage signaling networks. The signaling promotes repair processes and 

may result in activation of cell cycle checkpoints. 

1.3.1 DNA damage response is mediated by the kinases ATM, ATR, and DNA-PK 

Like many other cellular processes, DNA damage is signaled by phosphorylation of proteins. In 

the DNA damage response of vertebrates, this post-translational modification (PTM) is catalyzed 

by one of three phosphatidylinositol 3-kinase (PI3K)-related kinases (PIKKs): ataxia-

telangiectasia mutated (ATM), ataxia telangiectasia and Rad3-related (ATR), and DNA-

dependent protein kinase (DNA-PK; all reviewed in (Blackford & Jackson, 2017). These three 

structurally related kinases have similar domains and are serine/threonine protein kinases that 

preferentially phosphorylate their substrates at S/T-Q motifs in vicinity of hydrophobic or acidic 
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residues. All PIKKs autophosphorylate, which positively regulates their activity (Blackford & 

Jackson, 2017). Activation of all three kinases requires recruitment to DNA damage sites and 

they bind to a conserved PIKK interaction motif, but in different proteins (Falck et al, 2005). ATM 

binds to Nijmegen breakage syndrome protein 1 (Nbs1; also called Nibrin), which is part of the 

DSB binding MRN complex (Meiotic recombination 11 (MRE11), radiation sensitive 50 (Rad50)-

Nbs1 complex) and is considered as master regulator of the DSB response. It orchestrates DNA 

repair, chromatin remodeling, activation of cell cycle checkpoints, senescence, and apoptosis 

(Blackford & Jackson, 2017). ATR is recruited to ATR-interacting protein (ATRIP) that is bound 

to RPA-coated ssDNA and the recruitment is therefore not restricted to DSBs. ATR is activated 

by variety of genotoxic stresses and is essential for the response to DNA replication stress. DNA-

PK is a heterotrimer and the catalytic subunit (DNA-PKcs) is recruited to a binding site in DSB-

bound Ku80. DNA-PK is the regulator of the main DSB repair pathway non-homologous end-

joining (NHEJ; described in 1.5). 

1.3.2 γH2AX 

DSBs induce phosphorylation of the histone variant H2AX at serine 139 (Rogakou et al, 1998), 

which is a well-characterized and widely used marker for DSBs. The modified form is referred to 

as γH2AX and it is generated by PIKKs rapidly after damage induction (Burma et al, 2001; Stiff 

et al, 2004). The post-translational modification occurs in a range of several kilobases around the 

DSB and can be visualized as ‘focus’ by immunostaining with specific antibodies (Rogakou et al, 

1999). 

γH2AX orchestrates a variety of DSB repair processes (reviewed in Scully & Xie, 2013), whereof 

MDC1 recruitment is probably the most important function. MDC1 is directly binding to γH2AX 

(Stucki et al, 2005), activates the DNA damage checkpoint via Chk2, and recruits the MRN 

complex (Goldberg et al, 2003; Lou et al, 2003; Stewart et al, 2003). 

γH2AX has some limitations as marker for DSBs, since it was reported that γH2AX is induced by 

ATR in response to replication stress (Ward & Chen, 2001) and that low levels of the marker are 

not associated with DSBs (Rybak et al, 2016). 

 

1.4 DNA repair 

Several distinct repair mechanisms exist in cells and each is specialized on one type of damage. 

Base excision repair (BER) repairs the majority of endogenous damage including alkylation or 

oxidative damages of nucleobases (Wallace et al, 2012). Bulky adducts that disturb the helix 

structure of the DNA, e.g. CPDs and 6-4PPs, are repaired by nucleotide excision repair (NER; 

(Marteijn et al, 2014). Mismatch repair (MMR) removes non-Watson-Crick base pairs, which 

result from replication errors that were not removed by the proofreading function of the 

polymerases (Jiricny, 2013). This decreases the error rate to 0.17 * 10-8 (St Charles et al, 2015).  
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Single strand breaks (SSB) are repaired by different mechanism depending on the source of 

damage. Direct SSBs, e.g. from oxidative damage, are recognized by PARP1 and repaired by 

end processing of the damaged termini, insertion of missing nucleotide(s) and ligation (Caldecott, 

2008). Other SSBs are propagated to seDSBs during replication. 

Interstrand crosslinks are detected and repaired by the Fanconi anemia pathway, which includes 

mechanisms of nucleotide excision repair, translesion synthesis and homologous recombination 

repair (Ceccaldi et al, 2016). 

DNA protein crosslinks (DPCs) are repaired by DPC-specific proteases, including the p97 

cofactor DVC1, or by canonical repair pathways including NER and homologous recombination 

repair (HRR) (Stingele & Jentsch, 2015). Aberrant, i.e. stable, covalent binding of the 

topoisomerases I and II is reversed by specialized enzymes called tyrosyl-DNA 

phosphodiesterase 1 and 2 (TDP1 and TDP2; Yang et al, 1996; Cortés-Ledesma et al, 2009). 

Three pathways for the repair of DNA double strand breaks are known: NHEJ, HRR, and 

alternative end-joining (alt-EJ). All facilitate the religation of the break, but the requirements and 

the outcome are different. The distinct repair pathways for DSBs are described below in more 

detail (1.5, 1.7, 1.8). 

 

1.5 Non-homologous end-joining 

NHEJ is a repair pathway with fast kinetics and works throughout the cell cycle, but it rarely 

restores the original DNA sequence (reviewed in Pannunzio et al, 2018). Almost every DSB 

occurring outside of the S and G2 phase is repaired by NHEJ. During S and G2, approx. 80 % are 

repaired by NHEJ, rendering it the dominant DSB repair pathway in mammalian cells. The DNA 

termini are processed to yield a ligatable configuration regardless of the original DNA sequence, 

but usually using microhomologies (≤4 bp). End processing includes insertion or deletion of bases 

that often leads to mutations and frameshifts. The NHEJ pathway is complex and acts on diverse 

DSBs. However, it can be divided into a few major steps that use discrete enzyme complexes to 

achieve repair (Figure 1.2): 

Sensing of the DSB by Ku binding and recruitment of DNA-PKcs 

A ring-shaped heterodimer of Ku70 and Ku80 slides on each end of the dsDNA and recruits the 

catalytic subunit of the DNA-dependent protein kinase (DNA-PKcs) to form the DNA-PK 

holoenzyme. DNA-PKcs binds directly to the DNA and to both Ku molecules (Ku is described in 

more detail in 1.6). The kinase regulates NHEJ processes and its own activity by 

(auto)phosphorylation (Neal et al, 2014). Furthermore, structural studies indicated that DNA-PKcs 

dimerizes which bridges the DNA ends and keeps them in close proximity (Sibanda et al, 2017). 
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End processing 

Direct ligation of the DSB is often precluded by incompatible DNA ends that originate from 

chemical modifications, abasic sites, or mismatching bases. Goal of the end processing is the 

generation of compatible double-stranded DNA ends that can be ligated. To achieve this, a set 

of nucleases, polymerases and other enzymes are involved in the process. 

The nuclease Artemis is recruited to Ku in complex with DNA-PKcs (Ma et al, 2005). Artemis has 

5’ exonuclease activity and endonuclease activity that is able to remove 3’ and 5’ overhangs. The 

endonuclease is activated by phosphorylation through DNA-PKcs. Other nucleases that are less 

frequently used are Polynucleotide kinase and aprataxin-like forkhead-associated protein 

(PALF), flap structure-specific endonuclease 1 (FEN1), DNA replication helicase/nuclease 2 

(DNA2), and exonuclease 1 (EXO1). The Werner syndrome helicase (WRN) and the Bloom 

syndrome helicase (BLM) assist the nucleases by creating cleavable DNA substrates at complex 

lesions (Pannunzio et al, 2018). 

The DNA polymerases mu, lambda, and terminal deoxynucleotidyl transferase (Pol μ, Pol λ, and 

TdT) participate in NHEJ, but the latter is only expressed in lymphocytes (Ma et al, 2004). These 

polymerases are able to incorporate nucleotides, TdT also in a template-independent manner, 

(Nick McElhinny et al, 2005) which explains the possibility of insertions and the overall diversity 

of NHEJ junctions. 

Recently a resection-dependent NHEJ pathway was described, which utilizes enzymes that were 

known to be involved in HRR and is involved in the repair of heterochromatic DSBs (Biehs et al, 

2017). The resection occurs upstream of Artemis processing, is initiated by C-terminal-binding 

protein 1-interacting protein (CtIP; also called RBBP8), and executed by MRE11 exonuclease, 

Exonuclease 3'-5' domain-containing protein 2 (EXD2), and EXO1. In contrast to HRR, the 

resection is short-ranged and followed by canonical NHEJ ligation. 

Ligation 

After the end processing process has generated a stable ligatable joint, ligation of the DSB is 

initiated. For this, a multiprotein complex of DNA ligase IV, X-ray cross-complementing group 4 

(XRCC4), XRCC4-like factor (XLF; also called Cernunnos), Paralog of XRCC4 and XLF (PAXX), 

and Ku is formed. Ligase IV catalyzes the covalent rejoining of both DNA backbones after 

stimulation of the ligase activity by XRCC4. This is supported by Ku staying at the DSB and 

binding the ligase IV-XRCC4 complex. In addition, XLF, that also directly binds to Ku (Yano et al, 

2008), and XRCC4 are able to form helical filaments that protect and align the DNA ends 

(Mahaney et al, 2013). PAXX forms homodimers and interacts with Ku and thereby probably 

bridges the break, which prevents dissociation of the DNA termini and stable assembly of the 

ligation factors (Ochi et al, 2015). Altogether, the accessory proteins create a stable conformation 

in which the DNA ends are in close proximity, which enables the rejoining by DNA ligase IV. 
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Figure 1.2: Model of non-homologous end-joining 

In mammalian cells, NHEJ repairs ~80 % of the DSBs 

occurring in S and G2 phase of the cell cycle and nearly all 

DSBs outside of S/G2. NHEJ works with fast kinetics, but is 

error-prone and often results in indels. Various endogenous 

and exogenous agents induce DSBs.  

After damage induction, the Ku heterodimer rapidly binds both 

sides of the break. Ku is essential for NHEJ and recruits many 

other NHEJ factors. Therefore, it remains associated to the 

break beyond ligation. Ku enhances the affinity of DNA-PKcs 

to DNA ~100-fold, which leads to recruitment of the catalytic 

subunit and formation of the heterotrimeric DNA-PK 

holoenzyme. The kinase regulates NHEJ processes by (auto-) 

phosphorylation. 

DNA-PKcs can be recruited in a complex with the Artemis 

nuclease that accomplishes end processing to yield a ligatable 

DNA configuration. End processing can also involve other 

nucleases that often generate microhomologies up to 4 bp to 

stabilize the break. Besides the cleavage of bases, members 

of the polymerases X family can add nucleotides in a template-

independent manner. Both processes alter the DNA 

sequence, rendering NHEJ an error-prone repair pathway. 

The central components of the ligation complex include Ligase 

IV and XRCC4, which activates the ligase. XLF and PAXX 

juxtapose both ends for efficient ligation. Finally, Ligase IV 

catalyzes formation of the covalent bonds in the DNA 

backbones and the DSB is repaired. 

After covalent rejoining, the repair factors dissociate from 

chromatin, except for Ku, which is sterically trapped. For full 

restoration of chromatin at the DSB site, active extraction of 

Ku is required. 

The model was adopted from (Schwertman et al, 2016). 

 

 

 

 

Post-processing 

The DSB is repaired upon successful ligation, but for full restoration of the chromatin all proteins 

of the NHEJ machinery have to disassemble and dissociate from the DNA. Unlike other repair 

proteins, the Ku heterodimer cannot diffuse away from chromatin, because it is sterically trapped 

on the dsDNA and requires active extraction. 
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1.6 Ku 

1.6.1 Ku is a DSB sensor and essential for NHEJ 

Ku is a heterodimer of Ku70 and Ku80 (also called Ku86) that is stable in solution, abundant in 

the nucleus, and rapidly binding to free dsDNA termini with high affinity (KD = 2.4 nM; Blier et al, 

1993). Each of the proteins forms a ring with a narrow diameter of 1.15 nm (diameter of B-form 

DNA is 1.9 nm) that serves as a preformed channel to slide onto the dsDNA end, whereat protein 

residues enter the major and minor groove to fit onto the DNA helix (Figure 1.3; Walker et al, 

2001). Of note, none of the side chain residues of the proteins makes contact to any nucleobases, 

but the interaction is enhanced by a positively charged surface within the channel binding to the 

negatively charged DNA backbone. Thus, Ku binding appears to be independent of the DNA 

sequence. The binding occurs unidirectional with Ku70 located proximal and Ku80 distal to the 

end (Yoo et al, 1999). 

 

 

Figure 1.3: Structure of Ku70/80 bound to DNA 

Rendering of the Ku heterodimer (full-length Ku70 is shown in blue and Ku80 with C-terminal truncation 

after Lys565 in green) bound to dsDNA (14-mer, orange). Based on a crystal structure from (Walker et al, 

2001) (PDB 1JEJ). Ku80 lacks the 19K domain that is required for DNA-PKcs recruitment, but is dispensable 

for binding to DSBs. The proteins have a common topology and a large dimer interface that results in a 

very stable dimerization. Both molecules fully encircle the duplex DNA helix without sequence specificity, 

but with a preferred orientation with Ku80 on the distal (-) and Ku70 on the proximal (+) site of the break. 

 

The Ku dimer is essential for NHEJ. Ku binding stabilizes the DSB and protects it from 

degradation by exonucleases. DNA bound Ku70/80 recruits the catalytic subunit DNA-PKcs to 

form the DNA-PK holoenzyme, a kinase that signals DSB induction and orchestrates NHEJ 

repair. In addition, Ku recruits many other repair factors and some have a conserved Ku-binding 

motif (KBM; Grundy et al, 2016). 
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1.6.2 Ku becomes sterically trapped during DSB repair by NHEJ 

Dissociation from chromatin after the ligation step of NHEJ is not possible for the Ku heterodimer, 

because it encircles the DNA. In contrast to other proteins that encircle dsDNA, Ku has neither 

oligomers that can detach from each other (e.g. like Proliferating cell nuclear antigen (PCNA)) 

nor a clasp that can open upon conformational changes (e.g. like Top1). Both Ku subunits have 

an amino acid sequence forming a bridge that fully encircles DNA and other protein domains are 

located N- and C-terminally from that bridge region. 

After solving the structure of Ku, the question of an unloading mechanism for trapped Ku was 

raised (Walker et al, 2001). Trapped Ku requires active extraction and protease-dependent or 

ATP-dependent mechanisms were postulated, but how Ku extraction is facilitated remained a 

long-standing question in the field. 

Ku80 was shown to be modified with ubiquitin (described more detailed in 1.15), which is 

important for the removal from DNA (Postow et al, 2008). Thus, chromatin-associated 

degradation (CAD) was discussed as possible mechanism, but polyubiquitinated Ku80 can be 

extracted without proteasome function. 

Phosphorylation of multiple residues in and close to the bridge region of Ku70 were reported to 

lower the affinity of Ku to DNA (Lee et al, 2016). Weaker binding allowed Ku to be released from 

open DSBs, but release after religation requires large-scale conformational changes that are not 

conveyed by phosphorylation.  

1.6.3 RNA binding features of Ku 

Ku also binds to RNA with an affinity comparable to DNA binding (Yoo & Dynan, 1998). In contrast 

to DNA binding, a sequence-specific binding to a stem-loop of telomerase RNA was found 

(Peterson et al, 2001) that contributes to telomerase function and explains massive telomere loss 

and cell death upon loss of Ku80 (Wang et al, 2009). 

The fact that a large fraction of Ku is bound to RNA complicates the visualization of Ku in 

immunofluorescence. Thus, Britton and colleagues developed a method to visualize Ku 

specifically at DSBs by using a pre-extraction step with RNase A-mediated removal of RNA, 

allowing the washout of RNA-bound proteins like Ku (Britton et al, 2013). 

 

1.7 Homologous recombination repair 

Homologous recombination repair (HRR) is a DSB repair pathway with slow kinetics that is 

restricted to late S and G2 phase of the cell cycle, because it requires a replicated sister chromatid 

as repair template (reviewed in Wright et al, 2018). In contrast to other DSB repair pathways, 

HRR restores the original DNA sequence and is therefore not mutagenic, which is also a 

consequence of template-based repair. Disadvantages of HRR are the slow kinetics and the 

complex multi-step mechanism (Figure 1.4). 
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DSB detection and initial steps 

Although Ku is thought to inhibit HRR, it is probably detecting also DSBs that will be repaired by 

this pathway, which can be explained by the rapid binding kinetics that result from the high affinity. 

The MRN complex is another DSB sensor that is rapidly recruited in a PARP1-dependent manner 

(Haince et al, 2008). MRN activates the ATM kinase via Nbs1 (Falck et al, 2005) and ATM 

phosphorylates, among many other substrates, histone H2AX (Matsuoka et al, 2007). MDC1 

binds to γH2AX and recruits further MRN complexes to sites of DSBs by direct interaction with 

Nbs1 and thus enables sustained MRN localization (Lukas et al, 2004). 

End resection 

DSBs that are repaired by HRR are resected 5’ to 3’ on one strand, which creates a long 3’ 

ssDNA overhang. The resection is tightly regulated and marks a major step of repair pathway 

choice (reviewed in Her & Bunting, 2018). The resection is initiated by the MRN complex and 

CtIP. CtIP is important for activation of the nuclease activity of MRE11 that generates an 

endonucleolytic nick close to the break, but probably distal of Ku on the free DNA end. Binding 

of Ku to the DSB ends is thought to block HRR and therefore it has to be removed at an early 

step in the pathway. Experiments in fission yeast had indicated the requirement of MRE11 

nuclease and CtIP activity for release of Ku and the MRN complex from DNA ends in the context 

of HRR (Langerak et al, 2011). Recent studies on seDSBs repair or in vitro end resection revealed 

that initial resection is carried out towards the break and the flap endonuclease activity of CtIP 

catalyzes the cleavage of the second DNA backbone. The end resection and flap endonuclease 

cleavage releases Ku bound to a short piece of dsDNA (Chanut et al, 2016; Myler et al, 2017). 

After initialization of end resection by CtIP and MRN, exonucleases (EXO1 or BLM-DNA2) carry 

out long-range resection, which also requires chromatin remodeling to make the DNA accessible 

for resection. The ssDNA is quickly bound by replication protein A (RPA). RPA is a heterotrimer 

of RPA1 (70 kDa), RPA2 (32 kDa), and RPA3 (14 kDa) and protects the resected part from 

degradation and prevents formation of secondary structures. RPA binding stimulates the 

exonucleases and thereby enhances end resection. Consequently, long-range resection requires 

negative regulation to terminate resection at a certain point. p53-binding protein 1 (53BP1) is a 

negative regulator that limits resection and even promotes repair by NHEJ. The E3 ligase Breast 

cancer type 1 susceptibility protein (BRCA1; in complex with BRCA1-associated RING (really 

interesting new gene) domain protein 1 (BARD1)) antagonizes 53BP1 and promotes MRN/CtIP 

dependent resection. The ubiquitin ligase activity of BRCA1-BARD1 is described in 1.15. 

Besides direct antagonistic effects between proteins, many factors of HRR are regulated by 

numerous post-translational modifications, like phosphorylation or ubiquitination that modulate 

interactions or regulate enzymatic activity and thereby orchestrate and balance the repair steps. 
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Figure 1.4: Model of homologous recombination 

repair 

Homologous recombination repair (HRR) is a pathway 

to repair DSBs with the advantage of maintaining the 

original sequence. It requires a replicated sister 

chromatid as template and is therefore restricted to late 

S and G2 phase of the cell cycle. HRR is a multistep 

process and the steps until strand invasion are depicted 

in the model. Steps after repair synthesis for resolution 

of the HR intermediates are not shown. 

1. After DSB induction, Ku is rapidly binding to the open 

DNA ends. Ku stabilizes the end, protects it from 

degradation, and initiates DDR signaling via DNA-PKcs. 

However, Ku is not required for HRR, but even thought 

to block this pathway. 

2. A complex of MRE11, Rad50, and Nbs1 is carries out 

initial end resection on the distal site of Ku and towards 

Ku and the DSB. CtIP is binding to MRN and Ku is 

removed from the break, but the mechanism is not fully 

understood. Nbs1 activates the DDR kinase ATM. 

3. Extensive end resection creates long 3’ single-

stranded DNA overhangs. This long-ranged resection 

is mainly achieved by exonuclease 1 (EXO1) and 

DNA2 helicase/nuclease with the help of Bloom 

helicase (BLM). 

4. Replication protein A (RPA) is a heterotrimeric 

protein that binds avidly to ssDNA and prevents its 

degradation or formation of secondary structures. In 

addition, RPA enhances the processivity of EXO1 and 

DNA2. 

5. BRCA2 assembles Rad51 nucleoprotein filaments 

that displace the RPA coating. Rad51 is a DNA-

dependent ATPase that forms helical filaments, which 

encase the ssDNA. 

6. The nucleoprotein filaments search for the 

homologous sequence by moving along the repair 

template. Upon identification of homology, the ssDNA-

Rad51 filaments invade into the dsDNA of the sister 

chromatid and form the displacement loop. DNA 

synthesis is starting from the 3’ end that either is the 3’ 

end of the DSB or generated by cleavage of the 

invading single strand. 

7. During repair synthesis, the second resected end 

anneals upon extension of the invading strand to a 

homologous sequence. Several options are possible to 

proceed with HRR and resolve the structures (D-loops, 

double Holliday junctions) to yield two intact dsDNA 

strands. Two major outcomes can be distinguished: a 

crossover or a noncrossover outcome, whereat somatic 

cells prefer noncrossover dissolutions to avoid loss of heterozygosity. 

The model was adopted from (Schwertman et al, 2016) 
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RPA2 is phosphorylated by PIKKs at several residues close to the N-terminus. DNA-PK 

phosphorylates RPA2 at S4 and S8 subsequent to priming phosphorylations at other residues, 

which can be catalyzed by ATR or CDKs, and is therefore termed hyperphosphorylation (Liu et 

al, 2012). Hyperphosphorylated RPA leads to cell cycle arrest by activation of the S and G2/M 

cell cycle checkpoints via Chk1. Further, signaling to the DNA repair pathways is induced. RPA 

hyperphosphorylation can also be used as marker for (replication-induced) DNA damage, e.g. 

after camptothecin treatment. 

Nucleoprotein filament formation 

BRCA1 recruits Partner and localizer of BRCA2 (PALB2) to the resected DSB, which 

subsequently localizes Breast cancer type 2 susceptibility protein (BRCA2) to the site of the 

break. Together with Rad51 paralogs, BRCA2 loads the recombinase Rad51 on the ssDNA, 

which forms helical filaments around the DNA strand and displaces RPA from the resected DNA. 

Homology search, strand invasion and D-loop formation 

The main function of Rad51 is the homology search. To initiate the repair synthesis, a 

homologous donor is required as template. The filaments interact with dsDNA of the sister 

chromatid (or the homologous chromosome) and search for a complementary sequence. Rad51 

paralogs, PALB2 and other factors have a role in bridging the nucleoprotein filaments to the 

duplex DNA. The mechanism of homology search and how base pairing is arranged in the Rad51-

ssDNA-dsDNA complexes is poorly understood. Upon identification of a homologous sequence, 

the synaptic complex forms and the resected strand invades into the template strand and forms 

the displacement loop (D-loop). To enable annealing of the 3’ end, the Rad54 ATPase removes 

Rad51. 

Repair synthesis and second-end annealing 

DNA synthesis emanates from the 3’ end, which either is the 3’ end of the initial DSB or is 

generated by cleavage in case of strand invasion of an internal sequence. The 3’ end functions 

like a primer for the DNA polymerase delta (Pol δ) that performs repair synthesis in complex with 

PCNA, which extends the D-loop. It is unknown how the length of the DNA synthesis is controlled, 

but it needs to cover the sequence that is homologous to the other resected end of the DSB. 

Rad52 assists the newly synthetized strand to anneal with the RPA-coated ssDNA of the other 

resected DSB end in a process called second-end annealing or synthesis dependent strand 

annealing (SDSA). 

Synthesis dependent strand annealing or formation of a double Holliday junction 

SDSA is the predominant pathway to resolve HRR in somatic cells and results in a non-crossover 

outcome, which is important to avoid loss of heterozygosity. However, a crossover event is 

possible in the nucleolytic resolution of a double Holliday junction, which occurs upon annealing 

of the second 3’ DSB end and synthesis from both ends. 
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1.8 Alternative end-joining pathways 

Besides the two major DSB repair pathways NHEJ and HRR, there are additional ones that are 

thought to work mainly as backup for abortive repair events from NHEJ and HRR. These are 

collectively termed alternative end-joining pathways (alt-EJ; reviewed in Sallmyr & Tomkinson, 

2018). The subpathways are end-joining (EJ), microhomology-mediated end-joining (MMEJ), and 

single-strand annealing (SSA). Alt-EJ works throughout the cell cycle, but is upregulated in S and 

G2 phase of the cell cycle (Dueva & Iliakis, 2013). The major steps are similar in all alt-EJ 

pathways: 

End resection 

Similar to HRR, 5’-3’ end resection is the initial step in all of the pathways and is mainly achieved 

by the MRN complex and CtIP. In contrast to HRR, the resection is limited to a shorter range. In 

contrast to NHEJ, the ends are bound by PARP1 that competes with Ku for end binding and 

catalyzes PARylation (Wang et al, 2006). The main difference between alt-EJ pathways is the 

length of sequence homology used for DSB alignment and accompanying length of end 

resection. SSA requires long-ranged resection that is dependent on EXO1 and DNA2 and uses 

complementary sequences of more than 25 bp. MMEJ utilizes sequences of 2-20 bp and requires 

less end resection. Limited end resection by MRN-CtIP is sufficient for EJ, as it uses little to no 

homology. 

End bridging 

The homologous sequences are exposed within the RPA-coated ssDNA and annealed, which 

bridges the ends and stabilizes the DSB. In EJ and MMEJ, PARP1 and the MRN complex are 

involved in the end bridging and Rad52 is anneals the ends in SSA. DNA polymerase theta (Pol 

θ) has emerged as key factor of MMEJ and might be involved in the other alt-EJ pathways as 

well. It can displace RPA form the ssDNA, search and align microhomologies, which contributes 

to the end bridging, and inhibit HRR. 

Flap cleavage and gap filling 

Non-homologous 3’ tails are cleaved, thus alt-EJ pathways generate deletions. A complex of 

excision repair cross-complementing group 1 protein (ERCC1) and Xeroderma pigmentosum 

group F-complementing protein (XPF) cleaves the flap in SSA and several nucleases were 

suggested for this function in the other pathways,. Pol θ fills gaps that remain after annealing, but 

the DNA synthesis is error-prone. It has remained elusive, which polymerases fill gaps in EJ and 

especially in SSA. 

Ligation 

After removal of any overhangs and gaps, both strands are ligated and repair is completed. A 

complex of DNA ligase III and X-ray cross-complementing group 1 (XRCC1) carries out ligation 
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in the MMEJ pathway and DNA ligase I is ligation the ends in EJ. The ligase involved in SSA has 

not been identified so far. 

 

1.9 DSB repair pathway choice 

Having a set of distinct DSB repair pathways, cells need to decide for one of them to execute the 

repair of a break. The initial processing steps do not determine commitment to a specific repair 

pathway and repair might be shifted to another pathway. This fact was subject to intensive 

research in recent years and the processes of pathway choice (reviewed in Shibata, 2017) are 

still not fully understood. 

The main choice is made between NHEJ and HRR, because alt-EJ pathways function as backup 

for repair failures. To choose HRR over NHEJ is beneficial for the cell, due to the error-free repair 

by HRR. A key determinant of pathway choice is the cell cycle phase, because HRR requires a 

homologous sister chromatid that is only present after replication in S and G2 phase. Further, a 

choice is only possible at deDSBs and seDSBs are primarily repaired by HRR. The DSB end 

structure and its processing has also impact on pathway choice and resection of the DSB end is 

a major determinant that promotes HRR. Thus, regulation of end resection is an important step 

in pathway choice and another well-characterized mechanism is the antagonism between 53BP1 

and BRCA1, which promote NHEJ or HRR, respectively. The large protein 53BP1 shows no 

enzymatic activity but it possesses interaction motifs and domains for numerous proteins that are 

involved is the DSB response and serves as their molecular scaffold (reviewed in Panier & 

Boulton, 2014). Important binding partners of 53BP1 are RIF1 (Chapman et al, 2013; Escribano-

Díaz et al, 2013) and REV7 (Boersma et al, 2015; Xu et al, 2015). RIF1 is recruited to DSBs by 

direct binding to an ATM-phosphorylated N-terminal domain of 53BP1 and is essential for 

suppression of 5’ end resection in G1 by excluding BRCA1 from DSB sites. Blocking of end 

resection promotes NHEJ repair, but in S phase, CtIP in complex with BRCA1 antagonizes 

53BP1-RIF1 to enable HRR. REV7 functions downstream of 53BP1 and RIF1 and is, like RIF1, 

required to counteract end resection and enhance NHEJ, which was found at uncapped 

telomeres and IR induced DSBs. 

53BP1 and BRCA1 act in the vicinity of DSBs and direct completion at the DNA end occurs 

between the Ku heterodimer and the MRN complex. Ku promotes NHEJ repair and blocks end 

resection by EXO1 (Sun et al, 2012). The MRN complex initiates end resection and promotes 

HRR. However, Ku and MRN can also bind to the same DNA end at the same time, as for 

example seen in single molecule imaging (Myler et al, 2017). 

Repair kinetics and spatiotemporal distribution of DSBs and the repair factors contribute to the 

decision which pathway executes repair. In terms of spatial regulation, the position of the DSB 

within the nucleus was shown to have an impact on the utilized repair pathway (Lemaître et al, 

2014). DSBs that are localized close to the nuclear lamina are more often repaired by alt-EJ 
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pathways and HRR is suppressed in that environment. Considering temporal regulation, the use 

of reporter constructs, in which DSBs are induced by the rare cutting endonuclease I-SceI, 

revealed that the longer a DSB is left unrepaired, the higher is the chance that it is repaired by 

error prone and mutagenic pathways like alt-EJ or SSA (Bennardo et al, 2009). 

The choice between the non-homologous and alternative end-joining is regulated the helicase 

and exonuclease function of WRN, which is a pro-NHEJ factor (Shamanna et al, 2016). WRN 

interacts with the Ku heterodimer, which stimulates the activity of WRN (Cooper et al, 2000; Li & 

Comai, 2001) p97 physically interacts with WRN and the binding is lost upon CPT induced DNA 

damage (Partridge et al, 2003).  

Recently, dedicated pathway regulating proteins were identified that bind to key repair factors 

and have an inhibitory function. Cell cycle regulator of NHEJ (CYREN) suppresses NHEJ in S 

and G2 phases by direct binding to the Ku70/80 heterodimer and this inhibition is enhanced at 

lesions with single stranded overhangs (Arnoult et al, 2017). Ring1-YY1-binding protein (RYBP) 

is known as a transcriptional regulator and binds to K63-linked ubiquitin chains via an NZF 

domain (Ali et al, 2018). K63-ubiquitin chains are assembled at DSBs and binding of RYBP 

inhibits HRR. RYBP itself is ubiquitinated with K48-linked ubiquitin chains by RNF8 and is 

subsequently extracted by p97, which enables BRCA1 recruitment and HRR. 

The ubiquitin system is involved in further processes of repair pathway choice (described in 1.15 

and depicted in Figure 1.8), e.g. promotion of HRR through Ku removal by the RNF138 E3 ligase 

(Ismail et al, 2015). 

 

1.10 Repair of seDSBs induced by the Top1 inhibitor camptothecin 

1.10.1 Replication 

During S phase of the cell cycle, the genomic DNA is duplicated in the process of DNA replication. 

This multistep process is tightly regulated, because the complete genetic information needs to 

be copied exactly once. Spatiotemporal regulation is mainly achieved by cyclin dependent 

kinases (CDKs). The first step is replication initiation (reviewed in Fragkos et al, 2015). For 

initiation, origins of replication, i.e. specific DNA sequences spread in the genome, are licensed 

in G1, which leads to formation of a multiprotein complex termed pre-replication complex (pre-

RC). The pre-replication complex includes a pair of the heterohexameric Mcm2–Mcm7 complex 

(minichromosome maintenance complex; Mcm). The Mcm complex is the catalytic core of the 

replicative helicase. In S phase, binding of Cdc45 and the GINS complex (Sld5, Psf1, Psf2, Psf3) 

activate Mcm and forms the functional DNA helicase (CMG helicase). CDK-mediated processes 

in S and G2 prevent re-replication of already duplicated origins by inhibiting the licensing. At the 

transition from G1 to S phase, the pre-RC is advanced into the pre-initiation complex, which 

includes recruitment of the DNA polymerase ε. In S phase, the process of origin firing activates 

the pairs of Mcm helicases and they separate into two replication forks to unwind the DNA helices. 



28 

Introduction 
 

 

PCNA, further polymerases, and other factors are recruited and the DNA synthesis is started. 

The polymerases synthesize the new DNA strand in 5’-3’ direction by addition of single nucleotide 

triphosphates (adenosine, cytidine, guanosine, and thymidine) to the 3’-OH end.  

Synthetic thymidine analogues, like 5-ethynyl-2’-desoxyuridine (EdU) or 5-bromo-2’-deoxyuridine 

(BrdU), can be incorporated instead of desoxythymidinphosphate to label the newly synthesized 

DNA in cellular assays (Cavanagh et al, 2011).  

Replication continues until two converging replication forks meet, which leads to the regulated 

process of replication termination(see also 1.15  and (Dewar & Walter, 2017).  

Perturbed replication can cause DNA damage and replication stress is sensed by the DDR kinase 

ATR, which signals to the effector kinase Chk1 to activate the intra S checkpoint (Zeman & 

Cimprich, 2014). 

1.10.2 Topoisomerase I and camptothecin 

Processes of the DNA metabolism lead to altered DNA topology, e.g. supercoiling ahead of the 

replicative helicase Mcm2–Mcm7. Thus, the cell has evolved specialized enzymes to resolve 

altered DNA topologies. Topoisomerases are a class of enzymes that catalyze topological 

changes in the DNA double helix (reviewed in Pommier et al, 2016). Topoisomerase I (Top1) 

encircles the DNA (Figure 1.5) with tyrosine 723 of the enzyme binding to a 3’-phosphate of the 

DNA phosphodiester backbone in a transesterification (3’-phosphotyrosyl linkage). This reaction 

creates a nick with a 5’-hydroxyl end in one DNA strand and the resulting covalent DNA-protein 

complex is termed topoisomerase I cleavage complex (Top1cc). Subsequently, DNA supercoils 

relax by controlled rotation. Afterwards, the Top1cc is resolved and the 3’-phosphate religates 

with the 5’-hydroxyl end. Top1 binding is therefore transient and it requires no ATP or other 

cofactors. 

Camptothecin (CPT) is a plant alkaloid that acts as a structural inhibitor of Top1 by intercalating 

at the site of the Top1-generated nick and preventing the resolution step of the Top1 reaction 

(Staker et al, 2005). This stabilizes the Top1ccs and the single strand breaks. The thereby 

generated SSBs are propagated into seDSBs upon collision with replisomes or, to lesser extent, 

transcription complexes (Sakasai & Iwabuchi, 2016). Derivatives of CPT, e.g. topotecan and 

irinotecan, are used in cancer therapy, because stabilized Top1ccs are propagated to DSBs 

especially in the fast replicating tumor cells. 

Interestingly, CPT treatment and p97 knockdown have synergistic effects on the cell cycle 

distribution (Magnaghi et al, 2013). 
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Figure 1.5: Structure of topoisomerase I cleavage complex 

The topoisomerase I (Top1; green), shown as N-terminal truncation (Δ1-174), encircles the DNA helix and 

tyrosine 723 (purple) covalently binds to a 3’-phosphate (blue) of the DNA backbone (orange), which is 

termed Top1 cleavage complex (Top1cc). This generates a nick in one DNA backbone and allows rotation 

of the DNA to release supercoils. The rotation is controlled by the surrounding Top1 domains. After 

relaxation, the 3’-phosphate and the 5’-hydroxyl are religated and Top1 is released from the DNA. 

Camptothecin (CPT; red) intercalates into the DNA helix and inhibits the religation step of the Top1 

reaction, thus stabilizing the Top1cc and the single strand break (best visible in the right panel). Rendering 

based on PDB 1T8I (Staker et al, 2005). 

 

1.10.3 Repair of camptothecin-induced DNA damage 

The stabilized Top1ccs that occur upon camptothecin treatment are substrate of a specialized 

repair enzyme, Tyrosyl-DNA phosphodiesterase 1 (TDP1), which hydrolyzes the 3’-

phosphotyrosyl DNA bond (Yang et al, 1996). 

In yeast, removal of CPT-induced Top1ccs can be mediated by a ternary complex of Wss1, 

Cdc48, and Doa1 (yeast homologues of DVC1/p97/PLAA; (Balakirev et al, 2015) or by the 

proteasome after ubiquitination of the Top1cc by a Cul3 E3 ligase (Zhang et al, 2004). 

Top1ccs block DNA replication and collision of a Top1cc with a replisome can lead to replication 

run-off at the SSB. DNA unwinding by the replicative Mcm helicase at the nick creates a seDSB 

(Figure 1.6 b). A replication fork that approaches Top1ccs from the other (non-SSB) side, will be 

stalled and processed by the structure-specific endonuclease Mus81-Eme1, which generates 

seDSBs as well (Regairaz et al, 2011). ATM and DNA-PK are activated in response to CPT-

induced seDSBs and the breaks are usually repaired by HRR, because no second end is 

available for repair via the end-joining pathways (Figure 1.6 c; reviewed in Sakasai & Iwabuchi, 

2016). The already replicated part of the collapsed fork serves as template for HRR. Further, a 

process termed break-induced replication (BIR), in which the replication fork might restart from 

the D-loop, was implied for repair of seDSBs, although this has not been demonstrated for human 

cells (BIR reviewed in (Anand et al, 2013). Occurrence of two or more seDSBs creates dsDNA 

ends that can be ligated by end-joining pathways. However, HRR of each seDSB is the preferred 
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repair pathway and end-joining of two distal seDSBs induces chromosomal aberrations and is 

cytotoxic (Sakasai & Iwabuchi, 2016). 

 

Figure 1.6: Induction and repair of Top1ccs and seDSBs 

A) The topoisomerase I enzyme (Top1) binds covalently to a 3’-

phospho-DNA end via a tyrosine residue (phosphodiester bond). 

This creates a single strand break (SSB) and a 5’-hydroxyl end. The 

crosslinked DNA-protein complex is termed topoisomerase I 

cleavage complex (Top1cc). 

B) CPT-stabilized Top1ccs are replication blocks and the replicative 

Mcm helicase promotes the SSB into a seDSB. The replication fork 

runs off and the DNA polymerases (Pol δ and Pol ε) and PCNA 

dissociate from chromatin. 

C) Ku70/80 binds to the DSB and recruits DNA-PKcs. HRR that is 

initiated by the MRN complex (MRE11-Rad50-Nbs1) and CtIP 

facilitates the repair of seDSBs. MRE11 induced a nick in the dsDNA 

and resects towards the Ku-bound DNA end. RPA binds to the 

ssDNA and is phosphorylated (pRPA) by DNA-PK. Exonuclease 1 

(EXO1) carries out long-ranged resection. CtIP flap endonuclease 

activity of CtIP cleaves the DNA backbone of the strand that was not 

resected by MRE11, which probably removes a short piece of 

Ku70/80-bound DNA. The Top1cc is targeted by a specialized 

enzyme called Tyrosyl-DNA phosphodiesterase 1 (TDP1). TDP1 

cleaves the covalent bond between DNA and enzyme and Top1 is 

removed from chromatin. Rad51 is loaded on the resected end and 

HRR proceeds. 

Model is based on (Gaillard et al, 2015; Pommier et al, 2016; 

Schwertman et al, 2016) 
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1.11 DNA damage and repair in disease and therapy 

1.11.1 Syndromes and disorders of defective DNA repair 

DNA repair is very complex and involves several hundreds of proteins. Nevertheless, mutations 

in a single protein can already lead to severe diseases. Several disorders of cellular DNA repair 

mechanisms are known and many proteins were in fact discovered and named due to their 

important role in the pathways. For example, Ataxia Telangiectasia, which is a rare disorder that 

is characterized by cerebellar neurodegeneration and immunological disorders due to mutations 

in the ATM kinase (Lavin et al, 2007). 

A five base pair deletion in the NBS1 gene causes the rare autosomal disorder Nijmegen 

breakage syndrome, in which the patients suffer from a range of symptoms including 

radiosensitivity, immunodeficiency, and increased cancer risk (Digweed & Sperling, 2004). The 

functions of Nbs1 in response to DSBs can explain these symptoms. 

Another example is Fanconi anemia (FA), a rare genetic disorder, in which patients suffer from 

physical abnormalities, bone marrow failure, and increased cancer risk. Mutations in 21 genes 

(FANCA-W) have been connected to the development of FA and all of them are involved in the 

FA pathway that repairs interstrand crosslinks (Mehta & Tolar, 2018). 

The E3 ubiquitin ligase RNF168 is critical for a ubiquitination cascade in the response to DSBs 

and biallelic mutations in RNF168 cause the RIDDLE syndrome (radiosensitivity, 

immunodeficiency, dysmorphic features, and learning difficulties; Stewart et al, 2009). 

Expression of mutant Huntingtin protein (Htt) was found to be associated to DSB induction in 

neurons and to impair DNA-PK by competitive binding to Ku70, which affects DSB repair 

(Enokido et al, 2010). Htt mutations are amplifications of a glutamine encoding base triplet (CAG) 

and cause the neurological disorder Huntington’s disease, which belongs to the group of 

polyglutamine diseases (Caron et al, 2018). 

1.11.2 Chemotherapy and targeted therapy of cancer 

In the developed countries, cancer is the leading cause of death and the second leading cause 

in the developing countries (Jemal et al, 2011). Cancer is a neoplastic disease, in which cells are 

continuously proliferating and have escaped from growth regulating mechanisms (Hanahan & 

Weinberg, 2011). Chronic proliferation involves high rates of replication and mitosis, which 

requires genomic integrity. Therefore, tumor cells are particularly susceptible to DNA damage 

and DNA-damaging chemotherapy is widely used for the treatment of cancers. Systemic 

chemotherapy is in clinics since decades and has been expanded to targeted therapy, e.g. 

inhibiting of DDR pathways in the context of certain tumor-specific mutations (reviewed in 

O'Connor, 2015. Examples for a systemic chemotherapy that induces DNA damage is the 

administration of cisplatin. It induces intra- and interstrand crosslinks, which interferes with 

replication and therefore is toxic for fast replicating cells including the carcinogenic cells. Other 

crosslink-inducing drugs are alkylating agents, e.g. Cyclophosphamide (Emadi et al, 2009). 
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Side effects in healthy tissues and acquired resistance of the neoplastic tissue are limitations of 

these chemotherapies. In contrast to systemic therapy, targeted therapy exploits the genetic 

background of cancers for synthetic lethality. A famous example is the use of PARP inhibitors 

(e.g. olaparib) in BRCA 1/2-mutated tumors (O'Connor, 2015). Mutations in the BRCA genes lead 

to deficiency in HRR, which is why the cells rely on PARP for SSB repair as well as alt-EJ and 

are particularly susceptible to PARP inhibitors. Thus, SSBs persist and are converted into DSB 

during replication. Since the tumor cells have a high level of replication, they accumulate DSBs 

that can only be repaired with low-fidelity by NHEJ. In consequence, cells die from increasing 

genomic instability and DNA damage. 

1.11.3 Radiotherapy 

The application of ionizing radiation is another long-established therapy for tumors. The 

mechanism of action is again based on induction of DNA damage. The ionizations create free 

radicals (mainly hydroxyl radicals from water and ROS from oxygen) that react with the DNA, 

which generates base damage, single-, and double strand breaks. This is especially true for 

photon therapy (X-rays). High-LET radiation, e.g. protons, are also able to generate DSBs by 

direct energy transfer. This is beneficial for treatment of hypoxic tumors, because less ROS can 

be produced by photons. Further, radioisotopes that enrich in target tissues are used for 

radiotherapy, such as iodine-131 in thyroid cancer. Some tumors that cannot be resected 

surgically, e.g. lung cancer, benefit from radiotherapy, but there are limitations by acute and late 

side effects of healthy surrounding tissue, for example pulmonary fibrosis. In this respect, 

radiotherapy can be improved by the combination with drugs that increase either radioresistance 

of healthy tissues (radioprotectors) or the vulnerability of the target (radiosensitizer). 

In summary, inducing DNA damage, in particular DSBs, is an important therapeutic method for 

cancer treatment. 

 

1.12 Proteostasis and the Ubiquitin-Proteasome-System 

1.12.1 Proteostasis 

Many parameters in organisms are carefully balanced in an equilibrium, e.g. body temperature, 

concentration of ions, pH and oxygen content of the blood, which is collectively termed 

homeostasis. Cells also need to maintain a balanced level of many proteins. Thus, proteins have 

a limited lifespan and stochastically lose their structure or function, which is monitored by cellular 

protein quality control. To keep cells in a healthy state, dysfunctional proteins need to be 

degraded and perturbed proteostasis is connected to a variety of pathologies, e.g. 

neurodegenerative diseases (Hipp et al, 2014). The ubiquitin-proteasome system (UPS) 

facilitates, among other processes, the degradation of misfolded or damaged proteins. 

Proteolysis via the UPS is a targeted process and important for the regulation of many cellular 

processes. 
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1.12.2 Ubiquitin and ubiquitination 

Ubiquitination is a post-translational modification with a variety of functions affecting nearly all 

cellular processes (reviewed in Swatek & Komander, 2016). Ubiquitin is a small protein (76 amino 

acids; ~8.5 kDa) that can be covalently conjugated with its C-terminal glycine to the ε-amino 

group of lysine residues in the target proteins. Formation of the covalent bonds is catalyzed via 

a three-step enzymatic cascade. First, ubiquitin is bound to the ubiquitin-activating enzyme (E1) 

via a thioester bond in an ATP-dependent reaction. The ubiquitin molecule is transferred to the 

ubiquitin-conjugating enzyme (E2) in a transthioesterification and a ubiquitin ligase (E3) is linking 

the E2 to the substrate, which enables conjugation of ubiquitin to the substrate. In addition, 

additional conjugation factors that are required for efficient polyubiquitination or modulation of the 

polyubiquitin chains are named E4 ubiquitin ligases. Ubiquitination is a reversible modification, 

as deubiquitinating enzymes (DUBs) can cleave ubiquitin from substrates. In humans, two E1 

enzymes, around 40 E2 enzymes, more than 600 E3, and around 100 DUBs are known, which 

points out the participation in a large variety of processes and the importance of the ubiquitin 

system. Ubiquitin itself has seven lysine residues (K6, K11, K 27, K29, K33, K48, and K63) as 

well as the N-terminal methionine residue (M1) that can all be used for conjugation, which yields 

a variety of linkage types. A substrate can be monoubiquitinated or modified with ubiquitin chains 

that are built by conjugation of several ubiquitin molecules. Depending on the linkage type, the 

chains are homo- or heterotypic, and the chains can additionally be branched. Further, substrates 

can be modified at multiple sites. The different forms of protein ubiquitination have been 

implicated in distinct physiological functions. One of the best-characterized functions is signaling 

for proteasomal degradation by K11- and K48-linked polyubiquitin chains. Moreover, ubiquitin 

can be phosphorylated and acetylated, which adds even more complexity to ubiquitin signaling. 

Ubiquitination is also important on chromatin and in DNA repair processes, as described below 

in 1.15. 

1.12.3 The proteasome and proteolytic degradation 

The 26S proteasome is a large enzyme complex (~2500 kDa) conserved in eukaryotes that is 

assembled of the barrel-shaped 20S core particle and one or two 19S regulatory particles, which 

cap the 20S cylinder at the ends (reviewed in Rousseau & Bertolotti, 2018). Proteolysis takes 

place inside the 20S particle and access to this chamber is controlled to achieve regulated 

degradation. 

With some exceptions, substrates for proteasomal degradation are ubiquitinated and ubiquitin 

can be recognized directly by three proteasome subunits or shuttling factors that escort the 

substrate to the proteasome. Deubiquitinases are associated to the proteasome and 

deubiquitination is connected to substrate degradation. 
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1.13 The p97-system 

1.13.1 The AAA+-ATPase VCP/p97 

The human p97, also known as valosin-containing protein (VCP), and its homologs (Cdc48 in 

yeast and plants, CDC-48 in worms (cell division cycle protein 48); Ter94 in flies (transitional 

endoplasmic reticulum ATPase)) are highly conserved enzymes. p97 is abundant in the 

nucleoplasm and the cytoplasm and essential for a range of cellular functions (reviewed in van 

den Boom & Meyer, 2018). It belongs to the group of AAA+ ATPases (ATPases associated with 

diverse cellular activities) and uses energy from ATP hydrolysis to generate a mechanical force 

for structural remodeling, i.e. unfolding, of its substrate proteins. This facilitates extraction from 

cellular structures like membranes, chromatin, or protein complexes. The substrates of p97 are 

ubiquitinated proteins and a range of bi-functional adaptors, which can bind to p97 and to 

ubiquitin, enable substrate recognition. p97 has further cofactors that include ubiquitin ligases 

and deubiquitinases. Endoplasmic reticulum-associated degradation (ERAD), mitochondria-

associated degradation (MAD), chromatin-associated degradation (CAD), protein degradation by 

the ubiquitin proteasome system (UPS), autophagy, mitophagy, DNA replication, DNA repair, 

membrane fusion, NF-κB activation, cell cycle regulation, and mitosis are cellular processes for 

which p97 functions were reported (reviewed in Stach & Freemont, 2017; van den Boom & Meyer, 

2018). 

p97 has two ATPase domains, named D1 and D2, an N-terminal domain (N), and an unstructured 

C-terminal part (Figure 1.7). p97 forms stable homohexamers, in which the ATPase domains 

form two stacked rings with a central channel. The position of the N-domain depends on the 

bound nucleotide in the D1 domain. In an ADP-bound state, the domain is in a “down” 

conformation in plane with the D1 domain and the domain is in an “up” conformation in an ATP-

bound state (Banerjee et al, 2016). The D1 domain is especially important for the hexamer 

formation while the D2 domain contributes more to ATP hydrolysis (Song et al, 2003). 

Nevertheless, the N-domain, flexibility of the ND1 linker and the disordered C-terminal region are 

required for full ATPase activity (Niwa et al, 2012). ATP hydrolysis and the connected 

conformational changes probably occur asymmetrically (Tang & Di Xia, 2016). The protomers 

are in close contact and an interprotomer signaling network is connects ATP binding to opening 

and closing of the central pore (Hänzelmann & Schindelin, 2016). 

p97 itself is regulated by PTMs like phosphorylation and acetylation (Mori-Konya et al, 2009). 

The modifications can alter cellular localization, association with substrates, and activity of p97 

(Madeo et al, 1998; Klein et al, 2005; Li et al, 2008). Specifically in response to DNA damage, 

p97 is phosphorylated by DNA-PK at serine 784 (Livingstone et al, 2005). 

Mutations in p97 cause degenerative disorders that are collectively termed multisystem 

proteinopathy 1 (Taylor, 2015). Six mutations were found in the first report that linked p97 to the 
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diseases (Watts, Giles D J et al, 2004) and currently 54 different mutations have been reported 

(Inoue et al, 2018). 

 

Figure 1.7: Structure of the AAA+ ATPase p97 

p97 forms homohexamers, in which the two ATPase domains D1 (green) and D2 (dark blue) that are 

connected by a short linker (light blue) form stacked rings. The flexible N-domain (orange) arranges 

coplanar with the D1 ring when ADP is bound in D1 or, as shown here, twisted upwards upon ATP binding 

(ATPγS is shown in the D1 and D2 domain; red). The N domain is connected to the D1 domain via a flexible 

linker (yellow) that allows the movement. Each protomer interacts with its neighbors at multiple points 

(shadows in the bisected view), which coordinates interprotomer signaling that is important for the ATP 

hydrolysis cycle. The hexamer forms a central channel and substrates of p97 are probably unfolded by 

threading through this channel. Most cofactors of p97 bind to the N-domain and most disease-associated 

mutations are located in and around the ND1-linker. Rendering is based on PDB 5FTN (Banerjee et al, 

2016). 

 

The mechanism of substrate processing remained elusive for long time. The movements of the 

N-domain and processing in the central channel, either by partial insertion or by full threading, 

have been discussed. Recently, major contributions to the understanding of p97 substrate 

processing were made. Bodnar & Rapoport provided strong evidences for a mechanism, in which 

the substrates are translocated through the central channel of the hexamer (Bodnar & Rapoport, 

2017). This process involves substrate unfolding, (partial) deubiquitination of the branching 
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ubiquitin chains to make the substrate fit through the pore, and depends on the Ufd1-Npl4 

cofactor. Additionally, Blythe et al. described substrate unfolding by a complex of p97 with Ufd1-

Npl4 (Blythe et al, 2017). 

1.13.2 Cofactors and substrate adaptors 

p97 interacts with a set of ~30 cofactors and adaptors that provide spatiotemporal regulation of 

p97. They form different functional complexes to achieve various functions at different cellular 

locations. All have p97-interacting domains or motifs and most can also bind to ubiquitin (Meyer 

& Weihl, 2014). The different p97 complexes have distinct functions and their assembly is highly 

dynamic (Xue et al, 2016). 

Ufd1-Npl4 

Ufd1 (ubiquitin fusion degradation 1; Johnson et al, 1995) and Npl4 (nuclear protein localization 

4; DeHoratius & Silver, 1996) form a heterodimer that interacts with p97 (Meyer et al, 2000) and 

mediates the binding to polyubiquitinated proteins (Meyer et al, 2002). One heterodimer of Ufd1-

Npl4 binds to one homohexamer of p97 (Pye et al, 2007; Bodnar et al, 2018). Ufd1 and Npl4 can 

both bind to the N-domains of p97 in different conformations (Bebeacua et al, 2012). Npl4 has 

an N-terminal UBX-like domain (UBX-L) that mediates binding to p97 and a C-terminal NZF 

domain (Npl4 zinc finger) that binds to ubiquitin. The N-terminal UT3 domain of Ufd1 can bind 

mono- and polyubiquitin and a SHP box motif allows binding to p97. However, structural data 

suggest that general binding is mediated by UBX-L of Npl4, which localizes the heterodimer 

preferentially on top of the ND1 ring (Bodnar et al, 2018). Ufd1-Npl4 is one of the best-

characterized cofactors and was linked to several pathways, e.g. the extraction of substrates from 

chromatin (described in 1.14) and ERAD (Ye et al, 2003). 

FAF1 

FAF1 was first described as a proapoptotic factor of Fas-mediated apoptosis (Chu et al, 1995) 

and to be member of the Fas death-inducing signaling complex (Ryu et al, 2003). The heat-shock 

protein 70 ATPase inhibits the interaction of FAF1 with Fas by competitive binding and thereby 

counteracts the proapoptotic function of FAF1 (Gao et al, 2015). Diverse functions of FAF1 have 

been reported, mainly independent of p97. FAF1 inhibits tumor formation (Lee et al, 2012) and 

mutations or genomic loss of FAF1 were connected to oncogenesis (Menges et al, 2009; Weber, 

2015). The protein has been implied in dopaminergic neurodegeneration, in which FAF1 

accumulates and activates PARP1-dependent necrosis (Sul et al, 2013; Yu et al, 2016). 

Either a trimer of FAF1 binds to the p97 hexamer (Ewens et al, 2014) or one FAF1 molecule 

binds to the p97 hexamer in a quaternary complex with Ufd1-Npl4 (Hänzelmann et al, 2011; Lee 

et al, 2013). Reported functions of p97-FAF1 are ERAD, shown with the model substrate CD3δ 

and Ufd1-Npl4 as further factors of the complex (Lee et al, 2013). Upon perturbed replication 

termination, FAF1 has a role in CAD (Franz et al, 2016; described in 1.14). 
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Other cofactors 

The p97 cofactor DVC1 (also known as Spartan or C1orf124; Wss1 in yeast) has functions on 

chromatin (described in 1.14). Among the p97 cofactors are three DUBs: YOD1, VCIP135, and 

Ataxin3. Although p97 substrates are ubiquitinated and p97 cofactors recognize ubiquitin, 

deubiquitination is an important process for p97 activity. Deubiquitination of substrates by p97-

associated DUBs has been connected to ERAD (YOD1 and Ataxin3; Liu & Ye, 2012), lysophagy 

(YOD1; Papadopoulos et al, 2017), the DDR (Nishi et al, 2014; see 1.15) and, as mentioned 

above, the threading mechanism of p97 unfolding activity requires deubiquitination (YOD1 

orthologue Otu1; Bodnar & Rapoport, 2017). 

1.13.3 Diverse cellular functions of p97 

p97 is involved in a variety of cellular processes. It has a central role in the ubiquitin-proteasome 

system, in which it binds ubiquitinated substrates and facilitates their proteasomal degradation. 

One example for p97 function in cellular proteostasis is constant turnover of the hypoxia-inducible 

factor α (HIF1 α). The p97 cofactor UBXD7 binds to the E3 ubiquitin ligase CRL2VHL that modifies 

HIF1α and recruits p97. The ATPase targets HIF1α to the proteasome for degradation (Alexandru 

et al, 2008). 

Another cellular pathway to remove damaged proteins and larger cargo is autophagy and p97 is 

involved in autophagy, which was first identified by accumulation of autophagosomes in muscles 

of patients with multisystem proteinopathy 1 (Ju et al, 2009). p97 activity is required for selective 

autophagy of mitochondria (Tanaka et al, 2010) and damaged lysosomes (Papadopoulos et al, 

2017). 

The potential to extract proteins from membranes involves p97 in ERAD and MAD. In ERAD p97 

function drives retrotranslocation of the misfolded proteins from the ER lumen to the cytosol, 

where they are ubiquitinated and get degraded by the proteasome (Stolz et al, 2011).  

p97 participates in cell cycle progression at several steps. It has functions in replication 

(described in 1.14) and during mitosis. Entry into mitosis is controlled by the G2/M checkpoint, 

which ensures that any DNA damage is repaired before mitosis starts. Activation of the 

checkpoint by ATM/ATR signaling involves proteasomal degradation of CDC25A that is 

ubiquitinated by SCFβTrCP and a complex of p97-Ufd1-Npl4 facilitates the delivery to the 

proteasome (Riemer et al, 2014). p97 was shown to oppose activity of the mitotic kinase Aurora 

B in yeast, frogs, and worms. In yeast, p97 facilitates nuclear localization of Glc7/PP1 to 

antagonize Aurora B (Cheng & Chen, 2010). In Xenopus egg extracts and C. elegans embryos, 

p97 extracts Aurora B from chromatin at the end of mitosis, which inactivates the kinase and 

enables reformation of the nuclear envelope (Ramadan et al, 2007). Further, spindle disassembly 

at the end of mitosis is also regulated by p97 (Cao et al, 2003). 
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1.14 Functions of p97 on chromatin and in DNA repair 

p97 has been established as factor of DSB repair in previous studies. Meerang et al. introduced 

p97 as a factor of the DSB response downstream of the E3 ligase RING finger protein 8 (RNF8), 

but in parallel to RNF168. p97 was specifically recruited to K48-linked ubiquitin chains by Ufd1-

Npl4. Segregation of polyubiquitinated substrates was proposed, but they remained unidentified. 

Recruitment of the important repair factors 53BP1, BRCA1 and Rad51 was shown to depend on 

functional p97 and established the ATPase as regulator of the ubiquitin-dependent mechanisms 

of DSB repair (Meerang et al, 2011). 

The mechanism of 53BP1 recruitment was described shortly after. A complex of p97 and Ufd1-

Npl4 facilitates the ubiquitin-dependent removal of the Polycomb protein L3MBTL1 from the 

H4K20me2 histone modification. 53BP1 binds to the same histone mark, but with lower affinity, 

and displacement of L3MBTL1 enables its binding to chromatin. In contrast to the other study, 

RNF8 and RNF168 were required for the p97-mediated extraction (Acs et al, 2011). However, 

further substrates in the DSB repair pathways that could explain all observed phenotypes of 

compromised p97 were unknown. 

In budding yeast, Cdc48 together with Ufd1 was found to regulate assembly of Rad51 filaments. 

Yeast Ufd1 has a SUMO-interacting motif (SIM) and is targeted to SUMOylated Rad52, which is 

the Rad51 loader in yeast. This function counterbalances Rad51 filament formation and thereby 

regulates HRR. The same mechanism was hypothesized for mammalian cells. However, 

mammalian Ufd1 possesses no SIM and BRCA2, instead of Rad52, facilitates nucleoprotein 

filament formation (Bergink et al, 2013). 

Further, p97 was implicated in extraction of proteins from chromatin in other processes. As 

mentioned above, p97 has functions at the end of mitosis. A complex of p97 and Ufd1-Npl4 

extracts the polyubiquitinated Aurora B from chromatin, which inactivates the kinase and enables 

chromosome decondensation and formation of the nuclear envelope membrane (Ramadan et al, 

2007). 

Ubiquitinated DNA-PKcs is targeted by p97, which regulates the proteasome-mediated 

degradation of the kinase. Thus, p97 regulates the amount of a central NHEJ protein and 

influences the DSB repair capacity. Low p97 expression correlated with reduced survival of mice 

with xenografted glioblastomas that were treated with radiotherapy. A significant correlation of 

p97 expression in tumor tissue and patient survival was also found in glioblastoma patients (Jiang 

et al, 2013). 

In yeast, Cdc48 and the cofactor Ubx3 are involved in transcription-coupled chromatin 

remodeling by controlling H2B monoubiquitination. The monoubiquitination is catalyzed by the 

E3 ligase Bre1 and Cdc48 controls recruitment of the Bre1 cofactor Lge1 (Bonizec et al, 2014). 
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During interstrand crosslink repair by the Fanconi anemia pathway, one of the first steps is 

unloading of the CMG helicase. p97-mediated extraction of K48-ubiquitinated Mcm7 was shown 

to be the underlying mechanism of helicase unloading and independent of proteasomal 

degradation (Fullbright et al, 2016). 

Exposure to UV irradiation induces turnover of the RNA polymerase II subunit Rpb1 in yeast, 

especially at sites of stalled transcription. Cdc48 together with its cofactors Ufd1-Npl4, Ubx5 

(UBXD7 in human), and Ubx4 (UBXD9 in human) facilitates the segregation and subsequent 

proteasomal degradation of Rpb1 (Verma et al, 2011). 

UV-induced DNA damage is predominantly repaired by global-genome NER. DDB2 and XPC are 

two factors that function as damage sensors in this pathway and are ubiquitinated by Cul4A in 

response to UV irradiation. Both factors are segregated from chromatin by p97 in complex with 

Ufd1-Npl4 and UBXD7. The report further noticed that retention of the repair factors is genotoxic, 

highlighting the importance of p97-mediated spatiotemporal regulation of DNA repair 

mechanisms (Puumalainen et al, 2014). 

Several studies reported a role of p97 in replication and replication-associated processes. 

Degradation of the replication licensing factor CDT-1 and the histone methyltransferase SET8 in 

response to UV-induced DNA damage is facilitated by p97 and Ufd1, subsequent to CDT-1 and 

SET8 ubiquitination by CRL4CDT2 (Raman et al, 2011). In addition, CDT-1 is a substrate of CAD 

that is mediated by a complex of p97, Ufd1-Npl4, and FAF1. Degradation of CDT-1 leads to 

dissociation of Cdc-45/GINS from chromatin and contributes to efficient replication fork 

progression (Franz et al, 2011; Franz et al, 2016). 

DVC1 is a DNA-dependent metalloprotease involved in DNA-protein crosslink repair. DVC1 is 

especially active on ssDNA, binds to the replisome, and cleaves replication-blocking DPCs, which 

prevents replication fork stalling (Stingele et al, 2016; Vaz et al, 2016). DVC1 also binds to PCNA 

in post-replication repair (Ghosal et al, 2012). p97, together with Ufd1-Npl4, is recruited to sites 

of replication stress or DNA damage by DVC1 in an ubiquitin-dependent response. It was 

suggested that p97-Ufd1-Npl4 extracts the TLS Polymerase eta (Pol η; Davis et al, 2012; 

Mosbech et al, 2012). 

Like in interstrand crosslink repair, p97 extracts the CMG helicase from chromatin in the process 

of replication termination. Mcm7 is polyubiquitinated with K48-linked chains at the end of DNA 

replication (Moreno et al, 2014). The ubiquitin ligase SCFDia2 promotes this ubiquitination in yeast 

and Cdc48-mediated Mcm7 extraction destabilizes the whole CMG helicase, which rapidly leads 

to its disassembly (Maric et al, 2014). In addition, Mcm7 was found to be ubiquitinated specifically 

on K29 and the Cdc48 cofactor Ufd1-Npl4 required for disassembly of CMG helicase (Maric et 

al, 2017). In Xenopus and C. elegans, the E3 ligase for Mcm7 ubiquitination is CRL2Lrr1 (Dewar 

et al, 2017; Sonneville et al, 2017). An interesting observation was made in C. elegans. If CMG 

persist on chromatin, e.g. upon loss of CRL2Lrr1, a mitotic pathway that depends on CDC-48 and 
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UBXN-3 (the orthologue of FAF1) removes the helicase instead of CDC-48, UFD-1, and NPL-4 

(Sonneville et al, 2017). 

 

1.15 Functions of ubiquitin system on chromatin and in DNA repair 

Ubiquitination at sites of DSBs orchestrates DSB repair and ubiquitin signaling regulates the 

cellular DDR (reviewed in Schwertman et al, 2016; Figure 1.8). Many substrates of ubiquitination 

as well as ubiquitin ligases of the DSB repair pathways are known. A key role of ubiquitination is 

the regulation of protein-protein or protein-DNA interactions that allows specific recruitment of 

repair factors and cell cycle-dependent repair pathway choice. The various functions of 

ubiquitination in DSB repair mainly depend on the chain type. K63-linked polyubiquitin is 

important for the modulation of protein interactions. K11- and K48-linked ubiquitin chains are 

signals for extraction from chromatin and for protein degradation. 

The RNF8-RNF168 pathway is a well-described and important ubiquitination pathway of the DDR 

and p97 was shown to be involved in that pathway (Meerang et al, 2011). The ubiquitination of 

histone H2A(X) by RNF8 is critical for recruitment of important repair factors, e.g. 53BP1 and 

BRCA1 (Mailand et al, 2007). RNF8 itself is recruited to DSBs by binding to MDC1 that was 

phosphorylated by the DSB kinase ATM. RNF8 ubiquitinates the linker histone H1, which recruits 

RNF168 (Thorslund et al, 2015). The E3 ligases RNF8 and subsequently RNF168 cooperate with 

the E2 enzyme UBC13 to form K63 chains. In addition to K63 chains, RNF168 also forms atypical 

K27-linked ubiquitin chains on histone H2A, which activates the DDR signaling and is bound by 

53BP1 and other repair factors (Gatti et al, 2015). 

1.15.1 Ubiquitination of Ku and Nbs1 

Postow et al. first described DSB-induced Ku80 ubiquitination in Xenopus egg extracts and that 

it leads to Ku80 removal from DNA (Postow et al, 2008). The first E3 ligase identified to 

ubiquitinate Ku80 was RNF8 (Feng & Chen, 2012). RNF8 modifies Ku80 with K48-linked 

polyubiquitin chains, which promotes Ku80 turnover. Further, it ubiquitinates the MRN complex 

component Nbs1, which promotes HRR (Lu et al, 2012). Several other E3 ligases participate in 

DSB repair and additional ligases for ubiquitination of Nbs1 and Ku80 have been identified. Nbs1 

is modified with K63-linked ubiquitin by the E3 ligase Skp2 and this recruits the kinase ATM (Wu 

et al, 2012). RNF138, an E3 ligase that is recruited to ssDNA after initial end resection, is 

ubiquitinating Ku80, which triggers Ku removal from the DNA end and promotes repair via the 

HRR pathway (Ismail et al, 2015). Interestingly, the study determined cell cycle-depended activity 

of the E3 ligases. More specifically, RNF138 ubiquitinates Ku80 preferentially in S and G2 phase 

of the cell cycle and RNF8 in G1 phase. For this, RNF138 cooperates with the E2 enzyme UBE2D 

(Schmidt et al, 2015). In Xenopus, the SCFFBXL12 complex ubiquitinates Ku80 upon DNA binding 

(Postow & Funabiki, 2013). Further, a complex of the E2 enzyme UBE2D3 and the E3 ligase 

RNF126 ubiquitinates Ku80 to release Ku from DSBs and complete NHEJ (Ishida et al, 2017). 
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LC-MS/MS analysis identified ubiquitination of 25 lysine residues of Ku80 and mutation of 19 

surface-exposed lysine residues to arginine strongly reduced, but did not abolish, Ku80 

ubiquitination (Ishida et al, 2017). In contrast to ubiquitin-triggered Ku80 removal, yeast Ku70 is 

SUMOylated, which increases the association with DNA (Hang et al, 2014). 

The E2-E3 complex UBE2D-RNF138 also promotes CtIP ubiquitination (Schmidt et al, 2015). In 

contrast to removal of ubiquitinated Ku, ubiquitination of CtIP leads to elevated CtIP levels at 

DSBs. Conversely, CtIP ubiquitination by APC/CCdh1 leads to degradation, which is the 

mechanism to downregulate CtIP and thus block HRR outside of S and G2 phase (Lafranchi et 

al, 2014). 

Another important ubiquitin ligase of the DSB repair system is BRCA1, a factor that promotes 

HRR. The E3 ligase can form K48-linked chains together with the E2 enzyme UBE2K, K63-linked 

chains in cooperation with UBC13/MMS2, or K6-linked chains with UBCH5 (Ohta et al, 2011). 

This variability enables BRCA1 to regulate HRR at various steps. The E4 ligase UBE4A adjusts 

the initial K48- and K63-linked polyubiquitin chains at DSB sites to regulated end resection and 

to favor HRR over mutagenic alt-EJ (Baranes-Bachar et al, 2018). Localization of BRCA1 to 

DSBs itself is regulated by ubiquitination in a cell cycle dependent manner, which represents a 

key mechanism of HRR inhibition in G1 (Orthwein et al, 2015). The E3 ligase CRL3KEAP1 

ubiquitinates PALB2, the localizer of BRCA2, which interrupts the interaction of PALB2 and 

BRCA1 and thereby suppresses HRR. 

The single strand binding protein RPA is ubiquitinated by RFWD3 at stalled replication forks (Elia 

et al, 2015), during interstrand crosslink repair (Feeney et al, 2017), and the RFWD3-mediated 

removal of RPA and also Rad51 from DSBs is promoting HRR (Inano et al, 2017). Ubiquitination 

of RPA by the E3 ligase PRP19 leads to recruitment and accumulation of ATRIP, which in turn 

activates the DDR kinase ATR (Maréchal et al, 2014). 

Deubiquitination counteracts the formation of ubiquitin chains and is important to balance the 

regulatory functions of ubiquitination in DSB repair. A screening approach revealed that many 

DUBs localize to sites of DSBs and participate in the repair processes (Nishi et al, 2014). The 

three p97-interacting DUBs VCIP135, YOD1, and Ataxin3 localized to the DNA damage site in 

laser microirradiation experiments, but loss of the DUBs did not result in repair defects in neutral 

comet assay. The DUB USP7 that deubiquitinates XPC and thereby prevents its p97-mediated 

degradation during NER, which was mentioned above (He et al, 2014). The DUB USP4 is a 

positive regulator of the initial end resection processes in HRR and directly binds to CtIP and via 

Nbs1 to the MRN complex (Liu et al, 2015; Wijnhoven et al, 2015). The DUB autodeubiquitinates 

to localize to DSB sites and the recruitment of CtIP to MRN is regulated by USP4. USP11 

deubiquitinates PALB2 in G2 and thereby enables BRCA1 localization and HRR (Orthwein et al, 

2015). 



42 

Introduction 
 

 

 

Figure 1.8: Model of post-translational modifications in DSB repair and pathway choice 

DSB repair is a highly regulated process and the ubiquitin system is an important regulator. Depicted is 

ubiquitin-dependent signaling for NHEJ, HRR, and the choice between the pathways. NHEJ functions 

throughout the cell cycle, but HRR needs to be repressed in G1 phase of the cell cycle, because no sister 

chromatid is available for recombination.  

53BP1 antagonizes HRR through inhibition of BRCA1 recruitment. Therefore, 53BP1 forms a complex with 

RIF1 that binds the BRCA1-antagonizing factor REV7 and PTIP that binds the NHEJ nuclease Artemis. 

PALB2 localizes BRCA2 to DSBs and is ubiquitinated by a CRL3-KEAP1 complex, which prevents 

interaction with BRCA1 and thus HRR. The DUB USP11 that counteracts the PALB2 ubiquitination is 

ubiquitinated and degraded in G1. In addition, CtIP is degraded upon ubiquitination by the anaphase-

promoting complex. The NHEJ protein Ku80 is ubiquitinated by RNF8 in G1 and in X. laevis by SCFFBXL12. 

In S and G2 phase, cyclin-dependent kinases phosphorylate and thereby activate CtIP and EXO1. The 

activation of nucleases promotes end resection and thus HRR. After initial end resection by the MRN 

complex, the E3 ligase RNF138 is recruited to ssDNA and, together with the E2 conjugating enzyme 

UBE2D, ubiquitinates Ku80 and CtIP. Ubiquitination of Ku80 promotes Ku release from DSBs. In contrast, 

CtIP ubiquitination enhances its retention at DSBs. BRCA1 binds to the site of the DSB via CtIP and 

excludes RIF1 and 53BP1 from the DNA. The single strand binding protein RPA is ubiquitinated by the E3 

ligases RFWD3 and PRP19 to promote HRR. RPA70 is SUMOylated and this modification is elevated 

upon DSB induction, based on displacement of the SUMO protease SENP6 that usually removes SUMO 

from RPA. Rad51 and the STUbL RNF4 are recruited to SUMOylated RPA and RNF4 mediates the 

turnover of RPA, which promotes Rad51 filament formation and thereby HRR. Rad51 is loaded by BRCA2 

that localized to BRCA1 via PALB2 and the interaction of this complex is enhanced by deubiquitination of 

PALB2 by USP11 in S/G2. Figure from (Schwertman et al, 2016). 
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Besides ubiquitination, post-translational modifications with the small ubiquitin-like modifier 

(SUMO) are involved is DSB repair processes. SUMOylation of the NHEJ factor XRCC4 on K210 

is required for nuclear localization of the protein (Yurchenko et al, 2006). SUMOylation regulates 

chromatin-modifying enzymes in response to DNA damage with positive, i.e. recruitment to 

damage sites, and negative, i.e. SUMO-induced degradation, effects (Hendriks et al, 2015). 

The highly conserved ubiquitin E3 ligase RNF4 possesses a SUMO interaction motif (SIM) and 

belongs to the group of SUMO-targeted ubiquitin ligases (STUbLs). RNF4 is recruited to 

SUMOylated MDC1 and required for efficient HRR (Yin et al, 2012). RNF4 was found to control 

the amount of the Fanconi Anemia ID complex in interstrand crosslink repair (Gibbs-Seymour et 

al, 2015). Further, the mechanism of RNF4 recruitment and function in the FA pathway is an ideal 

example of the interplay of different PTMs in DNA repair. FANCI and FANCD2 form a complex 

(ID complex) that is phosphorylated by ATR in response to DNA damage. The phosphorylation 

triggers monoubiquitination of the ID complex by the FA core complex and the E2 enzyme 

UBE2T. Monoubiquitination licenses the ID complex for PIAS1/4-mediated SUMOylation and the 

STUbL RNF4 in turn recognizes the SUMO chains. RNF4 synthesizes polyubiquitination of the 

ID complex that is subsequently extracted by p97 in complex with DVC1. To fine-tune the 

regulation, the PTMs can be reversed and the DUB USP1 was found to antagonize ID 

monoubiquitination and the SUMO protease SENP6 cleaves SUMO chains from the complex. 

 

1.16 Targeting of p97 and the UPS in research and therapy 

p97 is upregulated in a number of cancers and high expression levels correlate with poor 

prognosis, e.g. in colorectal carcinomas (Yamamoto et al, 2004c), prostate cancer (Tsujimoto et 

al, 2004), non-small-cell lung carcinoma (Yamamoto et al, 2004b), and esophageal carcinoma 

(Yamamoto et al, 2004a). The reason of increased p97 expression in tumors is most likely a 

response to proteotoxic stress, which is caused by the abundance of misfolded proteins resulting 

from fast cellular growth in the context of a high mutational burden. Therefore, p97 is a potential 

target p97 for therapy, in which a decrease of protein degradation capacity is specifically toxic for 

cancerous cells. Small-molecule inhibitors of p97 were developed and shown to have antitumor 

effects. The non-competitive inhibitor NMS-873 (Magnaghi et al, 2013) and the competitive 

inhibitor CB-5083 (Anderson et al, 2015) were the most promising candidates, but they failed in 

clinical trials. Still, the inhibitors are a valuable tool for research and in this study both, NMS-873 

and CB-5083, were used to block p97 function in cell culture experiments. In contrast, a 

significant correlation of low p97 expression and decreased survival was found in glioblastoma 

patients (Jiang et al, 2013). p97-mediated turnover of DNA-PKcs was suggested as underlying 

mechanism. 

Targeting mechanisms of proteostasis for cancer treatment can also be achieved by inhibition of 

the proteasome and the small-molecule inhibitor bortezomib is approved for treatment of multiple 
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myeloma and mantle cell lymphoma (reviewed in Deshaies, 2014). Other proteasome inhibitors 

were developed much earlier (reviewed in Lee & Goldberg, 1998) and in this study MG132 was 

used to block the proteasome function. 

 

1.17 The aims of the thesis 

At the starting point of this thesis, the ATPase p97 was found as a ubiquitin-directed segregase 

in the DSB repair pathways NHEJ and HRR (Meerang et al, 2011). This constituted a new 

molecular mechanism in the regulation of the two major DSB repair pathways. The aim of this 

thesis was to contribute on the one hand to the understanding of p97 physiology, with implications 

for p97 as a potential cancer target, and on the other hand to characterize p97 as a regulator of 

DSB repair. 

The main focus was set on the analysis of the essential NHEJ protein Ku80 as potential p97 

target for two reasons. First, Ku80 was described to be ubiquitinated with K48-linked chains in in 

vitro experiments (Postow et al, 2008) and K48-Ub is a modification that is targeted by p97 

complexes. Second, Ku80 was identified as promising candidate in an in vitro mass spectrometry 

assay of our lab. The experiments of this thesis were performed in cells to complement and 

extend the results of the in vitro experiments. Recently described visualization techniques were 

applied to address the challenge of DSB-specific analysis of Ku80 (Britton et al, 2013). In addition, 

the goal was to describe the involved p97 cofactors. The experiments focused on Ufd1-Npl4 and 

FAF1, which were described as p97 cofactors on chromatin and were identified as potential 

cofactors in the mass spectrometry assay. 

Further, the aim was to clarify whether Ku80 extraction is the possible basis for the role of p97 in 

HRR, as this repair pathway is blocked by Ku80. To test this hypothesis, DNA damage was 

induced with the topoisomerase I inhibitor camptothecin, which creates lesions that are 

specifically repaired by HRR. Finally, we set out to analyze Topoisomerase I cleavage complexes 

that are stabilized by CPT as potential p97 substrates.  
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2 Results 

Previous studies showed that the essential ATPase p97 is involved in NHEJ and HRR, the most 

important DSB repair pathways. However, the underlying mechanisms were unknown. We 

therefore wanted to clarify the role of p97 in DSB repair by identifying its substrates at these 

lesions.  

In a candidate approach, we investigated the essential NHEJ protein Ku80 as potential p97 

target. Ku80 is a unique repair factor as it gets sterically trapped on chromatin during NHEJ repair 

and its removal requires unfolding of the protein. Another hint that led to the hypothesis were 

reports on Ku80 ubiquitination by K48-linked chains, a post-translational modification that is 

typical for p97 substrates. 

In parallel to this study, experiments on Ku80 segregation by p97 were performed in Xenopus 

laevis egg extracts by J. van den Boom (see van den Boom et al, 2016). The first strong indication 

that p97 is involved in Ku80 extraction was obtained from mass spectrometry experiments. These 

results showed that Ku80 accumulates on DSBs upon p97 inhibition. 

The results presented here focused on cell-based assays to gain evidence for p97-governed 

Ku80 extraction in living cells. 

 

2.1 Visualization of DSB-bound Ku80 

A prerequisite for analyzing Ku80 extraction by p97 in cells was to establish a visualization 

technique of DSB-bound Ku80 for microscopy experiments. Standard immunofluorescence 

staining was not suitable for visualization of DSB-bound Ku80, because Ku70/80 are abundant 

in the nucleus and also bind to RNA at specific sequences or via a C-terminal domain (Yoo & 

Dynan, 1998; Peterson et al, 2001). In 2013, Britton et al. had published a new method for 

imaging of Ku in U2OS cells (Britton et al, 2013) that was adopted for this study. The method 

utilizes enzymatic RNA digestion prior to fixation of the samples. The digestion enables washout 

of RNA-bound Ku, thereby leaving only the DSB-bound fraction of the protein. 

To optimize this preextraction technique, a comparison of Ku80 binding to DSB sites and 

undamaged chromatin under identical conditions was required. Therefore, laser microirradiation 

was established and applied (see model in Figure 2.1 A). For laser microirradiation, the laser of 

a confocal spinning disc microscope was used to irradiate a precisely defined sub-nuclear area 

in living cells. DSBs induced by this technique allow a comparison of Ku80 binding to damaged 

and undamaged chromatin within the same nucleus.  
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Figure 2.1: Specific visualization of DSB-bound Ku80 by CSK + RNase A preextraction after laser 

microirradiation. 

A) Scheme of laser microirradiation experiments. U2OS cells were presensitized with BrdU for 24 h to be 

more susceptible for the laser irradiation, which yields higher amount of DSBs. The DNA of the living cells 

was stained with RedDot™1 dye (green) to define the laser tracks (red line) for microirradiation. After 

exposure to the 405 nm laser, the cells were subjected to a preextraction that included RNA digestion and 

processed for immunofluorescence imaging.  

B) RNA digestion enables preextraction of Ku80 that is not bound to DSBs. Immunofluorescence images 

of microirradiated cells stained with γH2AX- and Ku80-specific antibodies. 60 min after microirradiation, 

cells were either preextracted with cytoskeleton buffer (CSK) or CSK containing 0.3 mg/ml RNase A and 

fixed with formaldehyde. After immunofluorescence staining, samples were visualized by confocal laser 

scanning microscopy. Nuclei (white lines) were defined by RedDot™1 staining (not shown). Scale bar = 

10 µm. 

Incorporation of the thymidine analog BrdU into one strand of the double helix during one 

completed S phase photosensitized the DNA and enabled to induce more DSBs with the laser. 

After microirradiation with a 405 nm laser and post-incubation, the cells were preextracted with 

cytoskeleton buffer (CSK; Figure 2.1 B). As expected, cells preextracted in CSK buffer without 

RNAse A exhibited a homogenous Ku80 staining in the nucleus that obscured the signal of DNA-

bound Ku80. Notably, addition of RNAse A in the preextraction buffer strongly reduced this 

background and thus revealed DNA-bound Ku80 in the microirradiated area. Colocalization of 

the Ku80 signal with the DSB marker γH2AX confirmed that the DNA-bound Ku80 was specifically 

localized at sites of DSBs. Therefore, the preextraction technique with RNA digestion was well 

suited for the further microscopy-based investigation of Ku80 levels at DSBs. 

 

2.2 p97 function is required for Ku80 release from DSBs  

Laser microirradiation induces densely clustered damage and substantial amounts of other 

damage types besides DSBs (Reynolds et al, 2013). To apply a more physiological type of 

radiation, the samples were instead exposed to ionizing radiation, more specifically to hard X-

rays (< 5 keV; X-IR), to generate DSBs. Choosing X-rays had further advantages, since no 

presensitization with BrdU was required and the ratio of DSBs to other radiation-induced DNA 
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damage, e.g. SSBs, 4,6-photoproducts, or 8-oxoguanine, was shifted in favor of DSBs (Reynolds 

et al, 2013).  

2.2.1 Ku80 foci persist upon p97 inhibition 

The DSB-specific visualization of Ku80 was applied on irradiated (X-IR) samples to study kinetics 

of Ku80. A super-resolution approach by 3D structured illumination microscopy (3D-SIM; lateral 

resolution ~90 nm) was necessary to resolve single Ku80 foci (Figure 2.2 A). These Ku80 foci 

had an approximate size of 200 nm, which was in agreement with the published value of 170 nm 

and each focus is associated to one DSB (Britton et al, 2013).  

The number of Ku80 foci after exposure to 10 Gy of X-IR was quantified by automated image 

quantification. The mean number of foci/Gy was 23.0, which is in line with published data (24 

Ku80 and γH2AX foci/Gy in U2OS cells; Britton et al, 2013). To analyze the function of p97, the 

ATPase was chemically inhibited with the allosteric small molecule inhibitor NMS-873. The IR-

induced Ku80 levels were comparable in control samples and those with compromised p97, 

indicating that binding of Ku80 to DSBs was not altered upon p97 inhibition. After 60 min, the 

majority of Ku80 foci was resolved under control conditions (DMSO), but persisted in cells treated 

with the p97 inhibitor (NMS-873; Figure 2.2 B). 

 

 

Figure 2.2: p97 is required for release of Ku80 from DSB sites. 

A) Ku80 foci assay using super-resolution microscopy. U2OS cells were treated with the allosteric p97 

inhibitor NMS-873 (10 µM) or vehicle control and exposed to 10 Gy of ionizing radiation (X-rays; X-IR) or 

mock treated (0 Gy). 5 or 60 min after irradiation the samples were processed with CSK + RNase 

preextraction and stained for Ku80. The cells were imaged in super-resolution by 3D structured illumination 

microscopy (3D-SIM). The images are maximum intensity projections and the white lines indicate the 

nuclei, as defined by DAPI staining. Scale bar = 10 µm.  

B) Automated image quantification of A) using the CellProfiler software. The bars show mean number of 

Ku80 foci per nucleus of >5 cells per condition from one experiment. 
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Although 3D-SIM has superior resolution compared to confocal laser scanning microscopy, it is 

a slow technique and requires higher laser intensities that cause significant bleaching of the 

samples. Hence, further experiments were quantified by confocal laser scanning microscopy, to 

be able to analyze more time points and cells for Ku80 kinetics. 

As expected, resolution of the laser scanning microscope was not sufficient to visualize Ku80 

foci. Therefore, integrated intensities of the nuclear Ku80 signal were quantified instead and the 

area of the nuclei was defined by DNA staining with 4′,6-Diamidin-2-phenylindol (DAPI). A 

drawback of this measurement was that no information on the number of DSBs was available 

and the signal-to-noise ratio of the Ku80 staining was inferior to the super-resolution images 

(Figure 2.3 A). The samples were again exposed to 10 Gy of X-IR and post-incubated for up to 

120 min. In control conditions, the amount of Ku80 decreased after 30 min and reached the level 

of non-irradiated control samples after 120 min (Figure 2.3 B). In contrast, chromatin-bound Ku80 

levels of NMS-873-treated cells increased between 5 and 45 min post-irradiation. Even after 120 

min, the amount of Ku80 was still slightly higher than 5 min after irradiation. Compared to DMSO 

controls, p97 inhibition entailed significantly more DSB-bound Ku80 after 45, 60, and 120 min. 

Thus, Ku80 persistence on chromatin of irradiated cells upon p97 inhibition with NMS-873 was 

consistent with the result from 3D-SIM. 

 

 

Figure 2.3: p97 mediates Ku80 release from damaged chromatin. 

A) Time course of chromatin-bound Ku80 after DSB induction. U2OS cells were treated with or without 10 

µM NMS-873 and irradiated with 10 Gy of X-IR or were mock treated (0 Gy). Cells were left to recover as 

indicated and then preextracted with CSK + RNase A and fixed. The samples were immunostained for 

Ku80 and imaged by confocal laser scanning microscopy. Nuclei are indicated by white outlines that were 

defined by DAPI staining. Scale bar = 10 µm.  

B) Automated image quantification of nuclear Ku80 intensity from A) [plus 15 min and 45 min samples not 

shown in A)] using the CellProfiler software. The values are means ±SD of three independent experiments 

with at least 50 nuclei per experiment. Values were normalized to 5 min values. Gray background highlights 

the time of irradiation. Significance was tested by ANOVA with Tukey’s post-hoc test. *** = p<0.001. 
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2.2.2 Dissociation of Nbs1 from DSBs is independent of p97 

To test specificity of the impaired Ku80 extraction upon loss of p97 function, it was compared to 

another DNA repair protein. To this end, the release of Nbs1 from damaged chromatin was 

analyzed. Nbs1 is part of the MRN complex that is involved in early steps of DSB repair by HRR 

and, like Ku80, is ubiquitinated by the E3 ligase RNF8 (Lu et al, 2012).  

Chromatin-bound Nbs1 was quantified similarly to Ku80 by immunofluorescence imaging with 

the established preextraction technique, but RNase A was omitted from CSK buffer, because 

RNA digestion was not required for visualization (Figure 2.4 A). The IR-induced increase of the 

DNA-bound Nbs1 fraction was comparable to the increase of DSB-bound Ku80 (signal intensities 

approximately doubled after exposure to X-IR), but Nbs1 release was slower. This was expected, 

because HRR has slower kinetics than NHEJ. 120 min after irradiation, more than half of the IR-

induced fraction of Nbs1 on DNA was left, but, in contrast to Ku80 extraction, Nbs1 release was 

not impaired by p97 inhibition (Figure 2.4 B). 

 

 

Figure 2.4: Release of the MRN component Nbs1 is independent from p97 function. 

A) Time course of chromatin-bound Nbs1 after DSB induction. U2OS cells were treated with  

10 µM NMS-873 or vehicle alone and exposed to 10 Gy of X-IR or to 0 Gy as control. Cells were allowed 

to recover for indicated time and then preextracted with CSK buffer and fixed. The samples were stained 

with Nbs1-specific antibody and imaged by confocal laser scanning microscopy. The white line marks the 

border of the nucleus, as defined by DAPI staining. Scale bar = 10 µm.  

B) Automated image quantification of nuclear Nbs1 intensity from A) using the CellProfiler software. The 

values are means ±SD of three independent experiments with at least 50 nuclei per experiment. Values 

were normalized to 5 min values. Gray background highlights the time of radiation exposure. No significant 

differences were found by ANOVA with Tukey’s post-hoc test. 

 

2.2.3 NMS-873 treatment does not interfere with DSB signaling and DSB ligation 

To exclude the possibility that the p97 inhibitor delays or inhibits DSB repair in general and that 

this causes Ku80 persistence, kinetics of the DSB marker γH2AX were analyzed by 

immunofluorescence (Figure 2.5 A). In control conditions, γH2AX peaked 30 min after X-IR and 

decreased afterwards to ~42 % (of 5 min value) at 120 min post-irradiation (Figure 2.5 B). In 
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NMS-873-treated samples, γH2AX intensity decreased after 45 min and was slightly (but not 

significantly) elevated compared to control samples. 

In a second approach, a collaboration partner from the Iliakis lab measured the physical integrity 

of chromatin by pulsed-field gel electrophoresis (PFGE) to monitor the religation of DSBs under 

NMS-873 treatment. DSBs were repaired with the same kinetics in DMSO- and NMS-873-treated 

samples, as assessed by quantification as dose equivalents of reference samples. Thus, the p97 

inhibitor had no influence on ligation of the DSBs. A small molecule inhibitor of the NHEJ kinase 

DNA-PKcs, NU7441, served as positive control by inhibiting NHEJ repair and in these samples 

higher dose equivalents were measured at all time points (see Figure 3 I in van den Boom et al, 

2016). 

Together, these results establish p97 as factor for Ku80 extraction from sites of DNA damage in 

a process that is independent of DSB ligation. 

 

 

Figure 2.5: p97 inhibition by NMS-873 does not inhibit end-joining per se. 

A) Time course of the DSB marker H2AX pS139 (γH2AX) after ionizing radiation. U2OS cells were treated 

with NMS-873 (10 µM) or DMSO as control and irradiated (10 Gy of X-IR) or were mock treated (0 Gy). 

Cells exposed to radiation were left to recover as indicated, then preextracted with CSK + RNase A and 

fixed. The cells were stained for γH2AX by immunocytochemistry and with DAPI to identify the nuclei 

(shown as white outlines) and imaged by confocal laser scanning microscopy. Scale bar = 10 µm.  

B) Automated image quantification of nuclear γH2AX intensity from A) [plus 15 min and 45 min samples 

not shown in A)] using the CellProfiler software. The values are means ±SD of three independent 

experiments with at least 50 nuclei per experiment and values were normalized to 5 min. Gray background 

highlights the time of irradiation. Significance was tested by ANOVA with Tukey’s post-hoc test and no 

significant differences were found. 

 

2.3 Cofactors of p97 for Ku80 extraction 

p97 interacts with a variety of cofactors and adaptor proteins to form functional complexes for the 

various cellular processes. Therefore, the next aim was to find the cofactors that form a complex 

with p97 for Ku80 extraction. Previous studies showed that the cofactors Ufd1-Npl4, UBXD7, 

DVC1, and FAF1 have known functions in chromatin-associated processes. Since Ufd1-Npl4 and 

FAF1 were enriched in label-free quantitative mass spectrometry (LFQ-MS) of in vitro samples 
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and the Ufd1-Npl4 heterodimer is involved in most described p97 processes on chromatin, we 

first analyzed if Ufd1 is required for efficient Ku80 extraction. 

The role of Ufd1 was tested by RNAi in the established Ku80 extraction assay. The cofactor was 

depleted by transfection of specific siRNAs. In addition to Ufd1 depletion with two different 

oligonucleotides (siUfd1 s2 and -s6), two siRNAs targeting p97 (sip97 s3 and -s7) were used. 48 

h after transfection, the samples were irradiated and processed. For this experiment only the 

initial Ku80 intensity (5 min post-irradiation) and the persistence after 120 min were analyzed 

(Figure 2.6 A).  

 

Figure 2.6: RNAi-mediated depletion of p97 or Ufd1 delays Ku80 release from DSBs. 

A) Measurement of chromatin-bound Ku80 after DSB induction. U2OS cells were treated with or without 

10 µM NMS-873 and irradiated with 10 Gy of X-IR or were mock treated (0 Gy). Cells were left to recover 

as indicated and then preextracted with CSK + RNase A and fixed. The samples were immunostained for 

Ku80 and imaged by confocal laser scanning microscopy. Position of the nuclei is depicted by a white 

outline that was defined by DAPI staining. Scale bar = 10 µm.  

B) Automated image quantification of nuclear Ku80 intensity from A) using the CellProfiler software. The 

values are means ±SD of three independent experiments with at least 45 nuclei per experiment and 

sample. Values were normalized to 5 min value. Gray background highlights the time of radiation exposure. 

Significance was tested by ANOVA with Bonferroni post-hoc test. *** = p<0.001; ** = p<0.01; * = p< 0.05; 

ns = p>0.05.  

C) Western blot for depletion control of p97 and Ufd1. U2OS cells were transfected as in B) and harvested 

after 48 h. Membrane was immunostained with antibodies specific for p97, Ufd1, and tubulin as loading 

control. 
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The control oligonucleotide (siCon) and siUfd1 s2 created only little background in non-irradiated 

samples, whereas samples transfected with Ufd1 s6 or the two p97 oligonucleotides had an 

elevated background signal of 50-60 %, which might result from intrinsic DNA damage that 

accumulated within the 48 h of knockdown. As expected, exposure to IR induced Ku80 binding 

to chromatin in all samples (Figure 2.6 B). While in control-depleted cells the Ku80 intensity 

decreased to 38 % after 120 min, knockdown (KD) with either p97 oligonucleotide or siUfd1 s6 

significantly delayed Ku80 extraction. Moreover, the intensity was also increased in the siUfd1 s2 

sample, but not significantly. In summary, Ufd1 or p97 depletion significantly reduced the Ku80 

extraction rate, although the effect was not as strong as with the chemical p97 inhibitor NMS-

873.The knockdown efficiency of p97 and Ufd1 was confirmed by Western blot with specific 

antibodies (Figure 2.6 C). The oligonucleotides targeting Ufd1 efficiently depleted the protein, as 

did sip97 s3. Slightly more p97 remained in the sample transfected with sip97 s7. Depletion with 

sip97 s3 inhibited Ku80 extraction more than knockdown with sip97 s7. Thus, the effect on Ku80 

persistence correlated with the remaining amount of p97. 

The parallel in vitro experiments found Ufd1 to accumulate on DNA with DSBs, and Ufd1 

depletion delayed Ku80 extraction also in Xenopus egg extracts. 

2.3.1 CRISPR/Cas9-mediated FAF1 knockout 

Further RNAi studies were performed in the lab that included Npl4, UBXD7, and FAF1 KD (van 

den Boom et al, 2016). Only mild effects were observed, of which FAF1 depletion caused the 

strongest delay in Ku extraction. Interestingly, a codepletion of FAF1 and Ufd1 had synergistic 

effects. FAF1 was also enriched in the LFQ-MS screen and rendered FAF1 an interesting 

candidate for further analysis. To confirm the possible role of FAF1 in Ku80 extraction, a 

CRISPR/Cas9 knockout (KO) of FAF1 in U2OS cells was chosen. The advantage of this 

approach was the avoidance of potential problems with knockdown efficiency or sufficient 

function of residual amounts of the protein. 

CRISPR-RNA (crRNA) sequences were required to target the Cas9 nuclease to the FAF1 gene. 

They were chosen based on the target sites, evaluation of cleavage efficiency and analysis of 

off-target activity, which were analyzed with tools from the Zhang and Root labs (Ran et al, 2013; 

Doench et al, 2016; see 4.3.1). Two oligonucleotides were designed to target Exon 1 or Exon 4 

of the FAF1 locus (Figure 2.7 A). The cleavage site in Exon 1 disrupts the sequence very close 

to the 5’ end (codon 11) and cleavage in Exon 4 is located after the sequence encoding the UBA 

domain. The additional cleavage site in Exon 4 was chosen, because its predicted efficiency and 

specificity was much higher. However, an expression of the FAF1 gene truncated after the UBA 

sequence might yield a protein with stable folding of this domain. 

The crRNA was hybridized with trans-activating crRNA (tracrRNA) and the resulting hybrids were 

mixed with purified Cas9 protein to form ribonucleoprotein complexes that were transfected into 

U2OS cells. To confirm efficiency of the Cas9 cleavage at the target sites, genomic DNA was 
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isolated from a pool of transfected cells. The FAF1 locus was amplified by PCR and analyzed by 

Sanger sequencing. The resulting chromatograms were used to calculate the efficiencies with a 

decomposition algorithm (Brinkman et al, 2014). While the algorithm failed to calculate a result 

for Exon 1, cleavage efficiency of the Cas9 target site in Exon 4 was 48.1 % (Figure 2.7 B). 

Nevertheless, clones with homozygous KO were obtained for both target sites, as judged by 

Western blot. As the gene was disrupted further upstream with cleavage in Exon 1, two of these 

clones (FAF1 KO clone (cl.) 2 and cl. 4; Figure 2.7 C) were used for the following experiments. 

2.3.2 Generation of a FAF1-specific antibody 

In parallel, full-length His-FAF1 was purified in our lab and used to raise a custom-made FAF1 

antibody in rabbits. This was necessary, because the commercial antibodies did not work in our 

hands. The purified His-FAF1 was used to enrich the FAF1 antibody from sera by affinity 

purification. The eluate was used to probe Western blots and a strong band was detected in the 

range of the expected molecular weight of 74 kDa (Figure 2.7 C wt). Specificity was confirmed 

by samples of the two FAF1 KO clones, in which the protein was not detectable. Two unspecific 

bands were visible, but clearly distinguishable from the specific signal, as they appeared at 

smaller molecular weight and persisted in the KO samples. 

 

 

Figure 2.7: CRISPR-Cas9 knockout of the p97 cofactor FAF1. 

A) Schematic representation of the FAF1 domain structure with indicated truncations resulting from the 

Cas9 target sites in Exon 1 and Exon 4 of the FAF1 gene. The cleavage site in Exon 4 is after the UBA 

domain.  

B) U2OS cells were transfected with ribonucleoprotein complexes of purified Cas9 and gRNA targeting the 

FAF1 gene (Exon 1 or Exon 4). Genomic DNA was extracted from the cells after 48 h. The FAF1 locus 

was amplified by PCR and analyzed by Sanger sequencing. The figure shows an exemplary sequencing 

chromatogram from cells with Cas9 cleavage site (labeled by black line) in Exon4. Cleavage efficiency was 

calculated with the TIDE tool (Brinkman et al, 2014).  

C) Western blot analysis of U2OS wild type (wt) and two FAF1 knockout (KO) clones (2 and 4) that were 

isolated from the sample with Cas9 cleavage in Exon1. The blot was stained with Ponceau S as loading 

control and a custom-made and affinity purified FAF1 antibody. * marks unspecific bands. 
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2.3.3 FAF1 knockout does not influence survival after exposure to ionizing radiation 

As first characterization of the U2OS FAF1 KO clones, long-term survival of the cells after 

radiation exposure was tested by colony formation assay. For this, a defined number of cells was 

seeded on 10 cm dishes, was irradiated 4 h later and was incubated for 14 days. Colonies (≳50 

cells) were stained with crystal violet and counted. Plating efficiency of the cells with knockout 

was reduced by one third compared to wild type cells (Figure 2.8 A). However, the surviving 

fractions of wild type and knockout cells were equal (Figure 2.8 B). This indicates that the lack of 

FAF1 does not impair survival after exposure to X-IR or can be compensated. 

 

 

Figure 2.8: FAF1 KO does not impair long-term survival of U2OS cells after exposure to IR. 

A) Colony formation assay of U2OS wt and FAF1 KO clones 2 and 4. The number of cells seeded 

depended on the dose of X-IR. 200 cells were seeded for mock irradiation, 500 cells for a radiation dose 

of 2 Gy, 2,000 cells for a dose of 4 Gy, and 20,000 cells for a dose of 6 Gy. The cells were irradiated 4 h 

after plating and incubated for 14 days. The samples were then stained with crystal violet and colonies 

were counted. Exemplary pictures of samples exposed to 0 Gy or 6 Gy. PE = plating efficiency.  

B) Quantification of the surviving fraction in the colony formation assay shown in A) from three independent 

experiments. Values are means ±SD normalized to 0 Gy. No significant differences were found by ANOVA 

with Tukey’s post-hoc test. 

 

2.3.4 FAF1 is involved in Ku80 extraction, but hypostatic to Ufd1 

Next, Ku80 extraction from DSBs was analyzed in the FAF1 KO clones. For this, Ku80 was 

analyzed by immunofluorescence in U2OS wt and FAF1 KO cells. This was combined with Ufd1 

knockdown (KD), as we had observed synergistic effects in our RNAi experiments (van den Boom 

et al, 2016 Figure 3 H). Ku80 binding in non-irradiated cells, which is an indicator of intrinsic 

DSBs, was not detectable in FAF1 KO clones (Figure 2.9 A). DSB induction was equal in wild 

type and knockout samples, as demonstrated by Ku80 binding upon radiation exposure. 

However, different amounts of Ku80 remained bound to the DNA 60 min post-irradiation (Figure 

2.9 B). The FAF1 KO alone (+ siCon) affected Ku80 extraction only marginally compared to U2OS 
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wt (+ siCon) cells. In contrast, Ufd1 KD in U2OS wt cells caused persistence of Ku80 on 

chromatin. Notably, Ku80 levels were further increased upon Ufd1 depletion in FAF1 KO clones. 

At the later time point (120 min after X-IR), the DSB-bound fraction of Ku80 was decreased in all 

conditions and the differences between the samples were smaller than after 60 min. Ufd1 KD still 

caused increased Ku80 levels in comparison with the control-depleted samples, but no difference 

was observed between FAF1 KO clones and U2OS wt cells. 

 

 

Figure 2.9: Knockdown of Ufd1 and FAF1 delays Ku80 extraction from DSBs, whereat Ufd1 is 

epistatic to FAF1. 

A) Time course of chromatin-bound Ku80 after DSB induction. U2OS wt and FAF1 KO cells were 

transfected with siRNA targeting Ufd1 (siUfd1 s2) or control (siCon). 48 h after transfection the samples 

were irradiated with 10 Gy of X-IR or sham irradiated (0 Gy). The cells were left to recover for the indicated 

time and then preextracted with CSK + RNase A and fixed. Ku80 was stained by immunocytochemistry 

and images were acquired with a confocal laser scanning microscope. The nuclei were defined by co-

staining with DAPI and are highlighted by a white line.   

Scale bar = 10 µm.  

B) Automated image quantification of nuclear Ku80 intensity from A) using the CellProfiler software. The 

values are means ±SD of three independent experiments with >90 nuclei per sample and experiment, 

normalized to 5 min values. Gray background highlights the time of irradiation.  

C) Box-and-whisker plot of raw values from 60 min time point of the automated image quantification. 

Significance was tested by ANOVA with Tukey’s post-hoc test. *** = p<0.001; ** = p<0.01; * = p<0.05. 

Thus, we focused on the interesting differences 60 min after irradiation and samples of this time 

point were analyzed again with pooled values of the nuclei (Figure 2.9 C). This revealed that Ufd1 

KD caused significantly increased Ku80 persistence in U2OS wt and both FAF1 KO clones. 
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Moreover, FAF1 KO alone caused significantly different Ku80 removal only in cl. 2 with p<0.05. 

The combination of Ufd1 KD and FAF1 KO significantly increased the chromatin bound Ku80 

compared to Ufd1 KD alone in both FAF1 KO clones. The synergistic effect was in line with the 

delayed Ku removal after co-depletion of Ufd1 and FAF1 (van den Boom et al, 2016 Figure 3 H). 

In summary, Ku80 extraction was delayed by loss of Ufd1 and FAF1, whereat the effect of Ufd1 

depletion was stronger. CRISPR/Cas9-mediated KO of Ufd1 was performed to analyze Ku80 

extraction without residual amounts of Ufd1 protein. However, the experiment did not yield any 

clones with a homozygous KO, indicating that Ufd1 is an essential gene and a homozygous KO 

is lethal. 

 

2.4 Ku80 as substrate for K48-linked polyubiquitination at DSB sites 

p97 targets substrates that are ubiquitinated and many p97 cofactors have ubiquitin-binding 

domains to mediate binding of the ATPase to the substrate. Ufd1 is able to bind to ubiquitin with 

its UT3 domain and FAF1 binds to ubiquitin chains with the UBA. Previous experiments in 

Xenopus laevis egg extracts showed that Ku80 is polyubiquitinated with K48-linked chains upon 

DNA binding and this ubiquitination is required for efficient Ku80 removal from chromatin (Postow 

et al, 2008; Postow & Funabiki, 2013). The DNA damage-induced ubiquitination cascade of RNF8 

and RNF168 has been described for human cells (Doil et al, 2009; Stewart et al, 2009) and RNF8 

was described to ubiquitinate Ku80 and primarily synthesize K48-linked chains (Feng & Chen, 

2012). Therefore, we wanted to test whether K48-linked polyubiquitin accumulates at DSB sites, 

if Ku80 extraction is blocked by p97 inhibition. 

Laser microirradiation was used to confirm elevated K48-linked poly-ubiquitination at DSBs 

(Figure 2.10 A). The assay was performed as in Figure 2.1 A, but another, RNAse A-free, 

preextraction buffer was used (Meerang et al, 2011). The cells were fixed 30 min after laser 

microirradiation and stained for immunofluorescence with an antibody specific for K48-linked 

polyubiquitin chains. The level of this post-translational modification was clearly increased on 

microirradiated chromatin (Figure 2.10 A). 

In the following experiment, the influence of p97 inhibition on the ubiquitin levels was analyzed 

to assess the extent of Ku80 modification with K48-linked polyubiquitin. As before, p97 function 

was inhibited by NMS-873 treatment and DSBs were induced by exposure to X-IR. RNAi-

mediated knockdown of Ku80 was used to estimate the ubiquitinated fraction of this protein and 

the immunofluorescence was measured by laser scanning microscopy (Figure 2.10 B). 60 min 

after radiation exposure, K48-linked ubiquitin chains were not generally increased by irradiation, 

but polyubiquitin accumulated in all conditions with NMS-873 treatment (Figure 2.10 C). This was 

expected because of the described role for p97 in chromatin associated degradation (Vaz et al, 

2013). In control-depleted cells, radiation exposure significantly increased the ubiquitin signal in 

cells with compromised p97. Importantly, this increase was abolished by Ku80 depletion. 
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Figure 2.10: Ku80 is a major p97 substrate at DSBs and modified with K48-linked polyubiquitin 

chains. 

A) K48-linked polyubiquitin chains are increased at sites of DSBs. U2OS cells were presensitized with 

BrdU for 24 h microirradiated with a 405 nm laser along a line in the nucleus (highlighted by white 

arrowheads). The cells were preextracted with preextraction buffer, fixed 30 min after microirradiation, and 

stained for K48-linked polyubiquitin. Imaging was done with a confocal laser scanning microscope. The 

white lines encircle the area of each nucleus, as defined by DAPI staining. Scale bar = 10 µm.  

B) K48-linked polyubiquitin levels are increased upon p97 inhibition and in addition by irradiation. U2OS 

cells were transfected with siRNAs targeting Ku80 (siKu80) or with control siRNA (siCon). After 48 h the 

cells were treated with NMS-873 (10 µM) or DMSO control and exposed to 10 Gy of X-IR or left unirradiated 

(0 Gy). 60 min after irradiation the cells were preextracted, fixed, and stained with a K48-linked polyubiquitin 

specific antibody. Images were acquired with a confocal laser scanning microscope. DAPI staining was 

used to identify the area of the nuclei (white outlines). Scale bar = 10 µm.  

C) K48-linked polyubiquitin levels are significantly increased by irradiation upon p97 inhibition with NMS-

873 and this effect is abolished by Ku80 depletion. Automated image quantification of B) using the 

CellProfiler software. The values are integrated intensities of each nucleus from four independent 

experiments with >60 cells per experiment and sample. Whiskers indicate the 5th and 95th percentile and 

+ indicates means. Significance was tested by ANOVA with Tukey’s post-hoc test. *** = p<0.001.  

E) Depletion efficiency of Ku80. U2OS cells were transfected with siRNAs targeting Ku80 (siKu80) or with 

control siRNA (siCon). After 48 h the cells were treated with NMS-873 (10 µM) or DMSO control for 60 min 

and lysed. The Western blot was stained with Ponceau as loading control and with Ku70- and Ku80-specific 

antibodies. 
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Knockdown of Ku80 was proven by immunoblotting (Figure 2.10 D), and, as expected, a 

codepletion of Ku70 was observed. Although the experiment does not prove a K48-Ub 

modification of Ku80, the results are in line with the idea that Ku80 accounts for a large fraction 

of the K48-polyubiquitinated proteins at DSBs. Further, it indicates that Ku80 is a major substrate 

of p97 in the context of DNA damage. 

These findings are in line with results from the experiments in X. laevis egg extracts. The in vitro 

experiments demonstrated that p97 targets Ku80 modified with K48-linked chains, but not K11- 

or K63-linked chains. 

 

2.5 p97 in homologous recombination repair 

We assumed that the rapid occupation of DSB ends by Ku could inhibit end resection at breaks 

to be repaired via HRR. The hypothesis was that p97 extracts Ku80 to enable end resection and 

HRR repair. After exposure to ionizing radiation, the cell repairs DSBs via all three pathways and 

it is difficult to discriminate them. Therefore, the aim was to set up assays that enable specific 

analysis of HRR and test if p97 function is required for this pathway. 

2.5.1 Reporter assay indicates roles for p97 and Ufd1 in HRR 

The first experiment was a reporter assay to analyze if p97 function is required for HRR. For this 

endeavor, the DR-GFP recombination reporter system was chosen (Pierce et al, 1999). The 

reporter construct is stably integrated into the genome of cultivated cells and GFP expression is 

restored by HRR repair of a DSB induced by transient transfection of the endonuclease I-SceI. 

This repair event occurs with an efficiency of 5-6 % in positive controls. 

For this study, U2OS cells with a stable integration of the reporter were used (U2OS DR-GFP). 

The cells were cultivated for 24 h before I-SceI transfection and for additional 72 h afterwards. 

Flow cytometry was used to measure GFP fluorescence of living single cells (Figure 2.11 A). In 

this assay, p97 was compromised by RNAi mediated knockdown and the cofactor Ufd1 was 

depleted as well (Figure 2.11 B). An siRNA targeting Rad51, a factor that is essential for HRR, 

served as positive control and abolished HRR. As expected, U2OS DR-GFP cells that were 

transfected with the empty vector (–I-SceI) exhibited no GFP fluorescence. In contrast, 

restoration of GFP fluorescence in the U2OS DR-GFP cells occurred with the expected efficiency 

of 5-6 % of the gated events. Importantly, depletion with both siRNAs of each target, p97 and 

Ufd1, significantly decreased the percentage of GFP positive cells (Figure 2.11 C).  

The DR-GFP reporter assay pointed out that p97 and Ufd1 might be required for HRR and this 

was consistent with previous reports (Bergink et al, 2013). Nevertheless, as this was an endpoint 

assay, it remained unknown at which step of the HRR pathway p97 is involved. Thus, another 

experiment was needed to test the hypothesis of Ku80 segregation at an early step in the HRR 

pathway.  
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Figure 2.11: Homologous recombination repair (HRR) is reduced upon depletion of p97 or its 

cofactor Ufd1. 

A) Flow cytometry plots of U2OS cells with stably integrated DR-GFP reporter to measure HRR. The plots 

depict the general gating strategy for the flow cytometric measurements. First, dead cells and debris were 

excluded and from these living cells, doublets were excluded twice. The histogram shows the GFP 

fluorescence of the living single cells in the sample transfected with an empty vector (–I-SceI). The gate is 

set to measure GFP positive events.  

B) U2OS DR-GFP cells were transfected with siRNAs targeting the Rad51 recombinase (positive control), 

p97 (two oligos), Ufd1 (two oligos), or control. After 24 h, cells were transfected with a plasmid encoding 

the endonuclease I-SceI to induce a DSB in the reporter sequence. Additional 48 h later, the cells were 

analyzed by flow cytometry. Gating was performed as described in A) and shown are exemplary histograms 

of the GFP fluorescence with gating for GFP positive cells (percentage of living single cells). Note that 

restoration of the GFP sequence generally has a low efficiency.  

C) Summary of three independent experiments with 20,000 gated events per sample and experiment. Error 

bars show means ±SD of GFP positive fractions normalized to siControl. Statistical significance was tested 

with repeated measures ANOVA with Tukey’s post-hoc test. *** = p<0.001. 
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2.6 p97 in the repair of CPT-induced DNA damage 

2.6.1 Camptothecin induces seDSBs that are repaired by HRR 

To generate a situation in which the DSBs are exclusively repaired by HRR, we used 

camptothecin (CPT) treatment instead of X-IR to induce DNA damage. CPT is a small molecule 

inhibitor of topoisomerase I (Top1) and acts by stabilizing the usually transient covalent bond 

between the enzyme and a DNA strand, called topoisomerase cleavage complexes (Top1ccs). 

The nick in one strand of the DNA double helix is propagated into a single ended DNA double 

strand break by the encountering replication machinery during S-phase of the cell cycle. As there 

is no second free double-stranded DNA terminus, end-joining pathways are not able to repair the 

break, but recombination with the already replicated part of the DNA is used for repair of the 

seDSBs. 

2.6.2 Camptothecin treatment induces DSBs in S-phase of the cell cycle 

To prove that CPT induced seDSBs specifically in S phase of the cell cycle, immunofluorescence 

microscopy of the DSB marker γH2AX was performed (Figure 2.12 A). To visualize S phase cells, 

two independent marker were chosen. First, incorporation of the thymidine analog 5-Ethynyl-2'-

deoxyuridine (EdU) into the newly synthesized DNA was used and detected by a click chemistry 

reaction. Second, proliferating cell nuclear antigen (PCNA), a processivity factor of DNA 

polymerases δ and ε that shows a characteristic pattern during S phase was stained with a 

specific antibody. Based on the PCNA pattern, cells could be categorized in early, mid, or late S 

phase and in the EdU labeling, a distinct pattern was observed as well. In early S phase, the 

protein was equally distributed in the nucleus and the EdU signal is homogenous. In mid S phase, 

PCNA foci formed and the protein accumulated at the nuclear lamina, which was visible at the 

rim of the nucleus. The EdU signal was still very strong in these cells, but more heterogeneous. 

In late S phase, less but larger PCNA foci could be seen and EdU incorporation was strong at 

these foci and reduced in the other areas. Some γH2AX foci were visible especially in mid S 

phase, which are most likely unrelated to DSBs but instead induced by ATR at sites of stalled 

replication (Ward & Chen, 2001). 

Upon treatment with CPT, the PCNA and EdU pattern was not changed but signal intensities 

were generally reduced. This was expected, because CPT-stabilized Top1ccs blocked 

replication. A strong H2AX phosphorylation was induced in all stages of S phase but not in cells 

outside of S phase (white arrowhead in Figure 2.12 A). During 1 h of CPT treatment, the fraction 

of EdU-positive cells was not altered (Figure 2.12 B). γH2AX intensity was significantly increased 

in EdU-positive and CPT treated cells compared to background level in other samples. This 

demonstrates that CPT induces DSBs specifically in S phase. 
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Figure 2.12 DSB induction by camptothecin is dependent on replication 

A) Immunofluorescence imaging of CPT-induced DSBs and cell cycle marker for S phase cells. U2OS cells 

were treated with 1 µM CPT or DMSO as control for 1 h and in parallel with 5 µM EdU. Cells were fixed 

and EdU was labeled with a fluorophore by click chemistry. PCNA and γH2AX were stained with specific 

antibodies and DAPI was used to visualize DNA (nuclei). Images were acquired by confocal laser scanning 

microscopy. The white arrowheads point to a cell that is not in S phase. Scale bar = 20 µm.  

B) Automated image quantification of A) using the CellProfiler software. The nuclei were categorized based 

on their EdU intensity as negative (no DNA synthesis – cells not in S phase) or positive (DNA synthesis – 

cells in S phase) and γH2AX intensity was quantified. Error bars show means ±SD of >50 cells/sample. 

Significance was tested with ANOVA and Tukey’s post-hoc test. *** = p<0.001 

 

2.6.3 Ku80 release from seDSBs is facilitated by MRE11 and CtIP but not by p97 

The immunofluorescence-based Ku80 segregation assay was combined with CPT treatment of 

U2OS cells and p97 was inhibited with NMS-873 as before (Figure 2.13 A). As CPT treatment 

induces DSBs only during S-phase of the cell cycle, costaining for γH2AX was used to visualize 

the DNA damage burden. Knockdown of CtIP and MRE11 was used as positive control, because 

recent publications described a function of these end resection factors for Ku release from 

seDSBs (Chanut et al, 2016; Myler et al, 2017). After 1 h of CPT treatment, 55 % of the cells 

were γH2AX positive (in siCon DMSO) with a mean of about 170 γH2AX foci per nucleus (data 

not shown). This was in a comparable range to the irradiation-induced foci (IRIF), where 10 Gy 

yield around 240 foci per nucleus in U2OS cells (Britton et al, 2013). However, the Ku80 signal 

was much weaker after CPT than after irradiation. Additional NMS-873 treatment did not 

significantly change the amount of chromatin-bound Ku80. In contrast, knockdown of CtIP or 

MRE11 increased Ku80 levels in γH2AX-positive cells and this effect was significant for the 

MRE11 depletion. NMS-873 in combination with CtIP or MRE11 knockdown did not further 
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increase the Ku80 intensity. Instead, significantly less Ku80 was measured in the MRE11-

depleted sample compared to DMSO treatment. 

 

 

Figure 2.13: Ku80 is not extracted by p97 during repair of camptothecin (CPT)-induced DNA 

damage, but MRE11 and CtIP are required for efficient Ku80 removal. 

A) Measurement of chromatin bound Ku80 after CPT treatment. U2OS cells were treated with or without 

1 µM CPT and in addition with or without 10 µM NMS-873 for 1 h. Cells were then preextracted with CSK 

+ RNase A, fixed and immunostained for Ku80 and γH2AX. Images were acquired by confocal laser 

scanning microscopy. Nuclei (white lines) were defined by DAPI staining. Scale bar = 10 µm.  

B) Automated image quantification of A) using the CellProfiler software. As CPT induces significant amount 

of DNA damage only in S-phase cells, the nuclei were categorized based on their γH2AX intensity as 

negative (no damage) or positive (with DNA damage) and Ku80 intensity was measured. Error bars show 

means ±SD of three independent experiments. Significance was tested with ANOVA and Tukey’s post-hoc 

test. * = p<0.05 
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In summary, the described function of CtIP and MRE11 could be confirmed, but p97 did not 

extract Ku80 from seDSBs, not even when CtIP or MRE11 were compromised. 

An immunofluorescence-based analysis that was performed in our lab (see van den Boom et al, 

2016 Figure 4 A + B), revealed that NMS-873 treatment strongly decreases the amount of 

phosphorylated RPA (pSer4/pSer8) bound to CPT-induced DNA damage sites. Further, in the 

experiment above (Figure 2.13) NMS-873 treatment reduced the number of γH2AX positive cells 

from 55 % to 43 % (in siCon samples). 

2.6.4 p97 inhibition reduces CPT-induced seDSBs 

We therefore set out to analyze γH2AX kinetics of seDSBs induced by CPT in combination with 

compromised p97 (Figure 2.14 A). In parallel to NMS-873, the competitive small molecule 

inhibitor CB-5083 was used to block p97 function. The inhibitors were added 15 min before CPT 

treatment and kept during the recovery time of up to 4 h. As established before, EdU incorporation 

was used as an independent marker to label cells in S-phase of the cell cycle and applied together 

with the CPT treatment. After fluorescent labeling of the EdU by click chemistry, the samples 

were stained with a γH2AX-specific antibody and DAPI and images were acquired by confocal 

laser scanning microscopy.  

EdU incorporation was decreased by CPT treatment, but not due to p97 inhibition (Figure 2.14B). 

This was expected as the CPT-induced Top1ccs block replication forks and thereby DNA 

synthesis. In contrast, the γH2AX levels were significantly decreased by either p97 inhibitor 

(Figure 2.14 C) at the 0 h recovery time point. In the vehicle control, phosphorylation of the 

histone was induced within the 15 min of CPT treatment and reduced to less than 50 % at 4 h of 

recovery. Interestingly, with compromised p97, the induction of γH2AX by CPT was largely 

inhibited and the residual signal decreased over time. 
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Figure 2.14: CPT-induced γH2AX levels are decreased with compromised p97.  

A) Time course of γH2AX after CPT treatment. U2OS cells were pre-incubated with 10 µM NMS-873, 5 

µM CB-5083, or DMSO as control for 15 min and then additionally treated with 5 µM EdU and 1 µM CPT 

or DMSO for another 15 min. Cells were then allowed to recover in the presence of NMS-873 or CB-5083 

and fixed at the indicated time points. Samples were processed with a click chemistry reaction to label the 

EdU fluorescently and stained with Ku80-specific antibody and DAPI to visualize DNA. Images were 

acquired by confocal laser scanning microscopy. Scale bar = 10 µm.  

B) Automated image quantification of EdU from A) using the CellProfiler software. Values are means ±SD 

of three independent experiments normalized to DMSO 0 h. Gray background highlights the time of CPT 

treatment. Significance was tested by ANOVA with Tukey’s post-hoc test.   

C) Automated image quantification of γH2AX from A) using the CellProfiler software. Values are means 

±SD of three independent experiments normalized to DMSO 0 h. Gray background highlights the time of 

CPT treatment. Significance was tested by ANOVA with Tukey’s post-hoc test. *** = p<0.001; ** = p<0.01. 
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2.6.5 CPT-induced topoisomerase 1-clevage complexes are not resolved by p97 

To understand the mechanism of the reduced seDSB induction in p97 compromised conditions, 

the substrate of p97 at these lesions has to be identified. In a first hypothesis-driven approach, 

Top1 and Top1ccs were tested as potential substrates of p97. Top1 binds to chromatin by 

encircling the DNA helix and in the Top1ccs the protein is covalently attached to the DNA and 

cannot simply dissociate (Figure 1.5). This covalent tyrosyl-phosphodiester bond is known to be 

cleaved by a specialized enzyme, tyrosyl-DNA phosphodiesterase 1 (TDP1), but this might 

require structural changes, e.g. partial unfolding, to make the DNA-protein crosslink accessible. 

To analyze whether p97 is involved in the process of Top1cc removal or rather Top1 extraction, 

DNA slot blotting followed by immunostaining with Top1- and Top1cc-specific antibodies was 

performed.  

CPT treatment induced Top1 binding to DNA, and inhibition of p97 by NMS-873 or CB-5083 or 

the proteasome by MG132 did not interfere with this effect (Figure 2.15 A). In fact, CPT-induced 

Top1 levels were increased upon p97 or proteasome inhibition and for MG132 this was significant 

(Figure 2.15 B). Top1 binding was reversed in all conditions within 10 min after CPT washout. 

Top1ccs were detected separately with an antibody specific for the phosphodiester bond (Figure 

2.15 C). Only samples that were lysed directly after CPT treatment exhibited detectable Top1ccs. 

10 min after washout of CPT, all Top1ccs were resolved, which was expected as the total Top1 

protein was also released at this time point. However, no influence of p97 or proteasome 

inhibitors could be observed compared to control samples (Figure 2.15 D). Thus, the inhibitors 

showed a difference in their effect on Top1ccs and the total chromatin-bound Top1 protein. 
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Figure 2.15: p97 does not target Top1ccs for extraction, but Top1 extraction from chromatin is 

influenced by p97 and dependent on the proteasome. 

A) DNA slot blot immunostained for topoisomerase 1 (Top1). HEK293T cells were treated with 10 µM NMS-

873, 5 µM CB-5083, 20 µM MG132, or DMSO as control and additionally with 1 µM CPT or DMSO for 1h. 

Cells were lysed directly or after they were allowed to recover for 10 min without CPT, but in the presence 

of the other inhibitors. DNA was precipitated from the lysates and 10, 5, or 2.5 µg of DNA were transferred 

to nitrocellulose membrane by slot blotting. The DNA-bound fraction of Top1 protein was detected by 

immunostaining with Top1-specific antibody.  

B) Quantification of A) using TotalLab Quant software. Bars represent means ±SD from three independent 

experiments. Statistical significance was tested by ANOVA with Tukey’s post-hoc test. *** = p<0.001. 

C) DNA slot blot from A) immunostained with a topoisomerase I cleavage complex (Top1cc) specific 

antibody. The asterisk * marks an artefact that was excluded from the analysis (see D))  

D) Quantification of A) using TotalLab Quant software. Bars represent means ±SD from three independent 

experiments (DMSO only n=2). Statistical significance was tested by ANOVA with Tukey’s post-hoc test.  



67 

Discussion 
 

 

3 Discussion 

This study aimed at defining the function of the essential ATPase p97 in the important pathways 

of DSB repair by identification of DSB-associated p97 substrates. Cell-based assays were 

performed and, together with parallel in vitro approaches by Johannes van den Boom, Ku80 was 

identified as substrate of p97. Our results demonstrate that p97 extracts sterically trapped Ku80 

after NHEJ repair. This depends on K48-ubiquitination and ubiquitin-adaptor proteins. 

Further, a role of p97 in response to CPT-induced DNA damage was found. CPT induces 

Top1ccs that yield seDSBs during replication. Loss of p97 function significantly reduced the CPT- 

induced γH2AX levels and the effect occurred independent of replication progression and Top1cc 

removal, which were not affected. 

3.1 p97-mediated Ku80 extraction 

3.1.1 p97 extracts Ku80 from DNA double strand breaks 

The experiments presented here show that the essential NHEJ protein Ku80 is a substrate of 

p97. To enable specific analysis of DSB-bound Ku80, a sophisticated preextraction and 

immunofluorescence technique was established at localized DSBs that were induced by laser 

microirradiation (Figure 2.1). Using this technique, super-resolution imaging by 3D structured 

illumination microscopy was performed (Figure 2.2). Imaging with 3D-SIM enabled visualization 

of single DSB sites (Britton et al, 2013) and was combined with inhibition of p97 (Figure 2.2). 

Ku80 foci persisted upon loss of p97 activity, suggesting that p97 facilitates extraction of Ku80 

from DSBs. This result was investigated more comprehensively with confocal laser scanning 

microscopy, in which the total amount of DSB-bound Ku80 was measured (Figure 2.3). Ku80 

bound rapidly to IR-induced DSBs and was then removed from chromatin within two hours. 

Strikingly, acute inhibition of the ATP hydrolysis of p97 by NMS-873 completely abolished Ku80 

release. This result confirmed observations from the 3D-SIM experiments and lead to the 

conclusion that the p97 ATPase facilitates the extraction of Ku80 from DSBs. Notably, no p97-

independent mechanism compensated for loss of p97 function in that process. 

The in vitro experiments in Xenopus laevis egg extracts showed Ku accumulation in response to 

compromised p97 by label-free quantitative mass spectrometry (LFQ-MS) and by a release assay 

that measured removal of 35S-labled Ku80 from DSB-containing DNA beads (van den Boom et 

al, 2016). Together, the results demonstrated that removal of Ku80 from DSBs depends on 

functional p97. 

The IF measurement of DSB-bound Ku80 showed that upon p97 inhibition, Ku80 levels even 

increased compared to the initial amount after exposure to IR (Figure 2.3). Ku binding to DSBs 

occurs within one second and increases for ~10 s after DSB induction (Hartlerode et al, 2015; 

Yang et al, 2018), which excludes an increase due to slow occupation of the DNA ends by Ku. 

Therefore, the increase was probably caused by DSBs that occurred temporally delayed. Such 
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breaks are called indirect DSBs and are generated by enzymatic processing of IR-induced 

lesions, e.g. processing of base damage opposite to a SSB on the complementary strand 

(Schipler & Iliakis, 2013). Another possible reason for the increasing Ku80 levels is that lesions 

in densely packed heterochromatin might not immediately be accessible for the Ku protein, but 

require chromatin remodeling during the DDR (Price & D'Andrea, 2013), which delays Ku binding. 

These processes probably also occurred in the control conditions, but ongoing p97-mediated 

extraction masked the effect. 

3.1.2 Ku gets sterically trapped during NHEJ and is extracted after religation 

Ku binds rapidly to DSBs by sliding on the DNA with a preformed channel and initiates NHEJ 

repair. Ku recruits many factors of this pathway and remains DNA-bound also during the ligation 

step of NHEJ (Figure 1.2). Thus, after religation of the breaks, Ku is sterically trapped on the DNA 

strand due to its ring-shaped form. Further, the molecule has no clasp to open for dissociation by 

a conformational change. This is a unique binding mode among the described DNA repair 

proteins and among the known p97 substrates. 

Recently, a resection-dependent NHEJ pathway was identified that is active in G1 phase of the 

cell cycle and performed by exonucleases (Biehs et al, 2017). At DSBs that are processed by 

this pathway, the resection only occurs from the DNA end, is not blocked by Ku, and Ku is pushed 

inwards, i.e. ahead of the exonucleases. In contrast to end resection in G2 phase, which results 

in HRR, the subsequent steps are accomplished by NHEJ. Thus, Ku is also trapped at the end 

of this DSB repair pathway. 

We performed assays to analyze whether p97 extracts the sterically trapped Ku80 after NHEJ or 

facilitates extraction upstream of the religation step. Measurement of γH2AX after irradiation and 

NMS-873 treatment showed that the γH2AX kinetics were not significantly different upon p97 

inhibition (Figure 2.5). The progressing decrease of γH2AX levels in NMS-873-treated samples 

indicated that DSBs were repaired even without functional p97. 

In addition, the persistence of DSBs upon loss of p97 was measured by pulsed-field gel 

electrophoresis (PFGE; van den Boom et al, 2016). This assay is a physical measurement of the 

amount of DSBs and revealed that the repair efficiency was not influenced by the NMS-873 

treatment. In the in vitro experiments, DSBs were repaired by the X. laevis egg extract that 

contained radiolabeled Ku. Of note, these extracts were not able to repair DSBs via HRR. Next, 

the DNA was isolated and subjected to a high salt wash to remove DNA-bound proteins. Finally, 

the release of radiolabeled Ku was measured. Indeed, the salt wash was able to remove Ku80 

from unrepaired, DSB-containing beads, but not from beads that were incubated to allow DSB 

repair. Ku80 was detected on those beads even after the high-salt wash, which indicated that it 

was sterically trapped, and Ku80 release from the DNA depended on p97 (van den Boom et al, 

2016). Importantly, DSB religation in the egg extracts also occurred upon loss of p97 function. 
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In summary, the breaks were religated upon loss of p97 and Ku80 was sterically trapped on 

chromatin. The results lead to the conclusion that Ku80 is primarily extracted after religation of 

DSBs by NHEJ. Our conclusion is in line with the published data, which showed that Ku80 

promotes the ligation step of NHEJ by recruitment of factors of the ligation complex (Nick 

McElhinny et al, 2000; Yano et al, 2008). 

In comparison to Ku80 extraction, the release of an independent DSB repair factor, Nbs1, from 

chromatin was tested in combination with p97 inhibition (Figure 2.4). In contrast to Ku80, Nbs1 

did not persist on chromatin and the release was not impaired upon loss of p97 function. Nbs1 is 

part of the MRN complex that has important functions in end processing, promotes HRR, and, 

like Ku, binds rapidly to DSBs. Nbs1 is not sterically trapped on chromatin during DSB repair, but 

it is ubiquitinated by the same E3 ligase as Ku80 (RNF8; Lu et al, 2012). Nevertheless, the results 

suggested that Nbs1 is not a substrate of p97 and indicated the specificity of the effects of NMS-

873 treatment on Ku80 extraction without affecting DNA repair in general. 

3.1.3 Ku80 is a major substrate for DSB-induced K48-linked polyubiquitination 

Binding of Ku to DNA triggers Ku80 ubiquitination (Postow et al, 2008). Ku80 ubiquitination occurs 

at multiple positions and mutations of 19 lysine residues did not abolish ubiquitination (Ishida et 

al, 2017). Different E3 ubiquitin ligases have been described for Ku80 ubiquitination: RNF 8 (Feng 

& Chen, 2012), RNF 126 (Ishida et al, 2017), RNF138 (Ismail et al, 2015) and SCFFBXL12 (Postow 

& Funabiki, 2013). Except for RNF138, the ligases were described to form K48-linked 

polyubiquitin chains (the chain type of Ku80 ubiquitination by RNF138 was not reported). The 

RNF ligases were found in human cells, whereas SCFFBXL12 was identified in X. leavis. 

In this study, DSB-induced and chromatin-bound K48-linked polyubiquitination was analyzed in 

U2OS cells by immunofluorescence, which revealed that IR-induced K48-Ub is largely reduced 

upon Ku80 knockdown (Figure 2.10). This suggested that a large fraction of DSB-associated 

K48-linked ubiquitin chains occur on Ku80. Further, K48-Ub accumulated upon p97 inhibition 

(Figure 2.10), which indicates that the modified form of Ku80 is extracted by p97. 

In the in vitro assays, K48R ubiquitin mutants, which are unable to form K48-linked chains, 

reduced Ku ubiquitination (van den Boom et al, 2016). Moreover, the experiments revealed that 

the interaction of p97 and Ku80 depends on K48-linked polyubiquitin. 

Taken together, our results show that Ku80 is a major substrate for DSB-induced modification 

with K48-linked ubiquitin chains and that this modification is important for the interaction with p97 

and leads to extraction from chromatin. 

3.1.4 Roles of the p97 cofactors Ufd1 and FAF1 in Ku80 extraction 

p97 interacts with a variety of cofactors, which recruit the ATPase to its substrates and modulate 

the function of the complex. Results of this study show that the functional complex for Ku80 

extraction contains p97 and Ufd1(-Npl4) and might additionally contain FAF1. Alternatively, p97 

and FAF1 could act in a separate complex with minor role in Ku80 extraction. 
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In the aforementioned LFQ-MS experiment, the p97 cofactors Ufd1-Npl4 and FAF1 were 

enriched at DSBs upon p97 inhibition (van den Boom et al, 2016). In a subsequent RNAi 

approach, knockdown of Ufd1 had the strongest effect among the cofactor depletions and 

depletion of FAF1, the cofactor that was most enriched in the LFQ-MS, did not significantly reduce 

Ku80 extraction. In the experiments of this study, the effect of Ufd1 knockdown on Ku80 

extraction was not as strong as the effect of p97 knockdown, although depletion efficiency was 

lower for p97 (Figure 2.6). 

A genomic knockout of FAF1 was chosen to analyze the function of the cofactor in Ku80 

extraction, since the knockdown had insignificant effects. The homozygous knockout of FAF1 

was achieved by CRISPR/Cas9 in U2OS cells (Figure 2.7). FAF1 KO alone had no effect on 

long-term survival of U2OS cells after exposure to IR (Figure 2.8) and a mild effect on Ku80 

extraction (Figure 2.9). Importantly, a synergistic effect on Ku80 extraction was observed in 

combination with Ufd1 knockdown (Figure 2.9). The results confirmed data of in the in vitro assay, 

in which Ufd1 depletion significantly delayed Ku80 release (van den Boom et al, 2016). 

Our findings were in line with the other reported p97-dependent processes on chromatin that 

found in nearly all cases the complex of p97-Ufd1-Npl4 (1.14). Structural studies revealed a 

quaternary complex of p97-Ufd1-Npl4-FAF1 with a stoichiometry of 6:1:1:1 (Hänzelmann et al, 

2011) and a quaternary complex was also found in other studies (Lee et al, 2013; Ewens et al, 

2014). The published data suggest functions of the quaternary complex in ERAD (Lee et al, 

2013). Additionally, the structure of a FAF1 trimer that binds above the D1 domain ring of the p97 

hexamer was solved (Ewens et al, 2014) and binding in this stoichiometry is probably mutually 

exclusive with binding of a Ufd1-Npl4 heterodimer for steric reasons. Thus, at least three 

complexes are possible (p97-Ufd1-Npl4, p97-Ufd1-Npl4-FAF1, p97-FAF1) and our data are 

sufficient to conclude that the p97-FAF1 complex is dispensable for Ku80 extraction in wild type 

conditions (Figure 2.9). However, the data are not sufficient to determine whether FAF1 is part 

of the p97-Ufd1-Npl4 complex that acts in Ku80 extraction or part of a distinct p97-FAF1 complex 

that acts in a backup pathway upon loss of Ufd1. 

A p97-dependent process on chromatin that involves Ufd1-Npl4 and FAF1 is release of the CMG 

helicase, which is facilitated by ubiquitination and p97-mediated extraction of the Mcm7 subunit. 

In a study using frogs and worms, Sonneville et al. revealed that Ufd1-Npl4 is required for the 

p97- and ubiquitin-dependent extraction of the helicase after replication termination (Sonneville 

et al, 2017). Upon perturbed Mcm7 ubiquitination, CMG persists on chromatin after replication 

and is removed during mitosis by a second pathway that depends on FAF1. A comparable backup 

function of FAF1 for Ku80 extraction would be in line with the data of this study, since Ufd1 was 

epistatic to FAF1 (Figure 2.9). The data were obtained from non-synchronized cells and a 

potential cell cycle-specific requirement of the cofactors, like for CMG extraction, needs to be 

addressed by further analyses. 
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3.1.5 Protein unfolding as a possible mechanism of p97-mediated Ku80 extraction 

The unique DNA binding mode of Ku presupposes unfolding of the Ku80 molecule to be extracted 

from DNA. Indeed, p97 meets this requirement, since it can unfold its substrates by a recently 

described mechanism. It was shown that substrate processing by p97 involves threading through 

the central channel of the hexamer and therefore entails substrate unfolding (Bodnar & Rapoport, 

2017). For Ku80 extraction, this potential mode of action is in line with our results that described 

the requirement of unfolding due to steric trapping of Ku and identified Ufd1-Npl4 as cofactor for 

Ku80 extraction (Figure 2.6; van den Boom et al, 2016). 

Additionally, efficient threading through the central channel of p97 was shown to rely on 

deubiquitination (Bodnar & Rapoport, 2017). p97 has three known cofactors with DUB activity 

(VCIP135, YOD1, Ataxin3) and they are all recruited to sites of DNA damage (Nishi et al, 2014) 

and could therefore deubiquitinate Ku80 that is threaded through p97. Knockdown of the DUBs 

did not interfere with ligation of DSBs (Nishi et al, 2014). This is resembled by p97 inhibition that 

did not interfere with DSB religation, as discussed above (3.1.2). Thus, published data and results 

of this study are in line with a function of DUBs in p97-mediated Ku80 extraction after NHEJ and 

this needs to be addressed in future studies. 

The mechanism of threading through the p97 hexamer is supported by a recent study that 

investigated the structure of a fungal Cdc48-Ufd1-Npl4 complex (Bodnar et al, 2018). They found 

the Ufd1-Npl4 heterodimer positioned above the D1 ring and substrates that bind to Ufd1-Npl4 

can be delivered to the central channel of p97 for threading and unfolding. Substrate binding is 

mediated by ubiquitin that is recognized by the UT3 domain of Ufd1 and the CTD and MPN 

domains of Npl4. Their results render Ufd1-Npl4 an ideal cofactor to assist translocation through 

the central channel of p97 and support the possibility that Ku80 is unfolded by this pathway. In 

this thesis, not only Ufd1 was identified as cofactor for Ku80 extraction, but also FAF1 was found 

to be involved in the extraction, although the effects were hypostatic to Ufd1 (Figure 2.9). 

However, whether FAF1 can contribute to the mechanism of threading substrates into the D1 

pore of p97 is unknown. 

3.1.6 Regulation of p97-mediated Ku80 extraction 

p97-mediated Ku80 extraction is a ubiquitin-dependent process and therefore Ku80 ubiquitination 

is the major regulator of the extraction. In vitro, Ku80 ubiquitination is triggered by DNA binding 

(Postow et al, 2008), which in turn enables recognition by the p97-Ufd1-Npl4(-FAF1) 

complex(es). As Ku is essential for NHEJ repair, a regulating mechanism that restricts extraction 

of ubiquitinated Ku80 before religation would be beneficial for efficient NHEJ repair. This could 

include restriction of Ku ubiquitination to the end of NHEJ or blocking access of the p97 complex 

to Ku before ligation. The fact that different E3 ligases ubiquitinate Ku80 indicates that the 

modification is required in various situations, e.g. different repair pathways or cell cycle phases, 

which are presumably regulated differently. Indeed, it was shown that Ku80 is ubiquitinated by 
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RNF8 in G1 phase (Feng & Chen, 2012) and by RNF138 in S and G2 phase (Ismail et al, 2015). 

Further, RNF138 is recruited to ssDNA that is generated by initial end resection and promotes 

HRR (Ismail et al, 2015). In contrast to inhibition of p97, loss of RNF8 and RNF126 did not only 

impair Ku80 extraction but also compromised DSB repair by NHEJ (Feng & Chen, 2012; Ishida 

et al, 2017), which might still be independent of Ku80 ubiquitination and extraction. 

Aside from Ku80 ubiquitination, additional regulatory mechanisms of p97-mediated Ku80 

extraction are possible. A potentially interesting modification of p97 in this context is the DSB-

induced phosphorylation close to the C-terminus at S784 by DNA-PKcs (Livingstone et al, 2005). 

Although the relevance of this modification is unknown, it might be related to the function of p97 

at DSBs. Another C-terminal phosphorylation that modulates p97 activity was identified at Y805, 

the penultimate amino acid, and shown to block the interaction with the cofactors peptide:N-

glycanase (PNGase) and Ufd3 (PLAA in humans; Zhao et al, 2007). This inhibits the function of 

p97 in ERAD (Li et al, 2008). 

Ku interacts with several proteins and recruits factors for NHEJ, which could limit interaction with 

ubiquitin ligases or p97 complexes during NHEJ and postpone the extraction to a point after 

dissociation of the non-trapped repair factors. Another possibility that could prevent early Ku 

extraction would include regulating protein-protein interactions of factors that bind to Ku and to 

p97, e.g. DNA-PKcs (Walker et al, 2001; Livingstone et al, 2005) and WRN (Cooper et al, 2000; 

Partridge et al, 2003). Further, Ku80 extraction could be regulated by kinetics, i.e. a competition 

between completion of NHEJ repair that relies on DNA-bound Ku and Ku80 extraction from DNA. 

This would imply that if NHEJ fails within a certain time frame, Ku is removed to allow initiation of 

alternative DNA repair pathways. The aforementioned hypotheses need to be addressed by 

experiments to get a better understanding how Ku80 ubiquitination and extraction is regulated. 

3.1.7 p97-independent mechanisms of Ku release 

Hypothetical possibilities to remove the ring-shaped Ku protein independent of p97-mediated 

extraction include proteolytic cleavage, e.g. in the bridge region or nucleolytic cleavage of the Ku-

bound DNA. At least in Xenopus egg extracts, it was shown that Ku extraction is a separate step 

upstream of proteolytic processing by the proteasome (Postow et al, 2008) and in the in vitro 

experiments, Ku80 was detected as full-length protein after extraction (van den Boom et al, 2016). 

This renders proteolytic cleavage for Ku removal from chromatin unlikely. Detection of full-length 

Ku80 after extraction indicates another intriguing scenario, in which Ku80 might be refolded after 

extraction instead of being degraded by the proteasome. Ku80 removal by nucleolytic cleavage 

is not suitable after DSB religation, as it would reintroduce a DSB. However, such a nucleolytic 

cleavage is possible at open DSBs and is discussed below. 
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Figure 3.1: Model of p97-mediated Ku80 extraction during DSB repair. 

A) A DNA double strand break (DSB) is rapidly bound by the Ku70/80 heterodimer, that has a ring shaped 

form and slides onto the double helix from the end. Upon DNA binding, Ku80 is modified with K48-linked 

polyubiquitin chains (depicted in blue). E3 ubiquitin ligases that mediate Ku80 ubiquitination were identified 

and shown to function cell cycle specific. RNF8 is predominantly active in G1 phase and activity of RNF138 

is restricted to S and G2 phase. Additionally, RNF126 was described, but a cell cycle regulated function is 

unknown. The present study identified Ku80 is extracted from chromatin by the p97 ATPase. This might 

take place at open DSBs and would probably promote homologous recombination repair (HRR). DSB 

repair via non-homologous end-joining (NHEJ) requires DNA-bound Ku and upon religation of the DSB, 

Ku is sterically trapped on chromatin.  

B) p97 targets ubiquitinated Ku80 and extracts it from chromatin. p97 acts in a complex with its cofactors 

Ufd1-Npl4 that might also contain FAF1. The cofactors can bind to the ubiquitin chains and thereby function 

as substrate adaptors for p97. Ufd1-Npl4 was shown to be required for a substrate processing mechanism 

in which the client proteins are threaded through the central channel of p97. The substrates are unfolded 

by this mechanism and extraction of the sterically trapped Ku requires substantial unfolding. Further, 

ubiquitin chains need to be removed for efficient extraction and therefore, Ku removal might involve 

deubiquitinating enzymes (DUBs). Whether Ku70 is extracted concomitantly or by other mechanisms is 

unknown.  

C) In our experiments, depletion of Ufd1 and Npl4 caused reduced or delayed Ku80 extraction. However, 

this might be compensated by a backup pathway in which Ku80 extraction can be facilitated by a complex 

of p97 and FAF1. This pathway could also include additional factors, e.g. DUBs.  

D) In the absence of functional p97, sterically trapped Ku persists on DNA. In the assays of this study, no 

other pathway could compensate for the loss of p97. Ku persistence will interfere with chromatin processes 

like transcription and replication. Some elements of the model were adopted from Schwertman et al, 2016. 
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The cell-based experiments presented here concentrated on the remaining chromatin-bound 

Ku80 and therefore conclusions regarding protein folding, potential proteolytic or nucleolytic 

cleavage, and proteasomal degradation cannot be drawn. However, if a proteolytic or nucleolytic 

pathway for Ku release exists in U2OS cells, it is not impaired by NMS-873 treatment and can 

compensate the loss of p97 function at least partially. As mentioned before, in our experiments 

no other mechanism compensated for the loss of p97 in extraction of Ku80 from chromatin (Figure 

2.3). Therefore, the results indicate that p97-independ Ku removal by proteases and nucleases 

is also unlikely in human cells and establish p97-mediated extraction of Ku80 as the main – if not 

the only – pathway in NHEJ.  

In other situations, e.g. at open DSB ends or during HRR, different mechanisms for Ku removal 

cannot be excluded. In fact, recent reports described a mechanism of Ku removal from seDSBs 

that depends on DSB resection by the MRN complex and CtIP (Chanut et al, 2016; Myler et al, 

2017). The seDSBs were induced by CPT and seemed to trigger a different damage response 

than deDSBs. seDSBs can only repaired by HRR and Ku blocks repair by this pathway (Sun et 

al, 2012). MRN and CtIP nucleolytically release a short piece of DNA with Ku bound to it (Chanut 

et al, 2016) and therefore this mechanism is restricted to Ku80 release from open DSBs and not 

possible after NHEJ. 

The results of this study are in line with the reported mechanism for Ku80 release from seDSBs. 

In particular, Ku80 release from CPT-induced breaks was affected by Mre11 and CtIP 

knockdown, but not by p97 inhibition (Figure 2.13). This is in contrast to the striking effects of p97 

inhibition at IR-induced deDSBs, at which Ku80 release is completely blocked (Figure 2.3). The 

MRN complex itself was found to be released together with Ku in the nucleolytic pathways (Myler 

et al, 2017). Here, the immunofluorescence-based comparison of chromatin-bound Ku80 and the 

MRN component Nbs1 revealed different kinetics at IR-induced, i.e. double-ended, DSBs in 

control and p97-inhibited conditions (Figure 2.4). In the NMS-873-treated samples, Nbs1 was 

released slightly faster than in control conditions, but Ku80 largely persisted compared to DMSO. 

This suggests that the mechanism of Ku80 release from seDSBs has no major role at deDSBs. 

Thus, the MRN- and CtIP-dependent processes are likely restricted to HRR of seDSBs or 

possibly general HRR, but cannot function as general backup mechanism for Ku80 removal after 

p97 inhibition.  

An independent observation is that phosphorylation of Ku70 decreases the binding affinity to 

DNA, which was suggested to be sufficient for Ku release from open DNA ends (Lee et al, 2016). 

Phosphorylation and ubiquitination often occur in parallel or even regulate each other, e.g. in the 

Fanconi anemia pathway (Gibbs-Seymour et al, 2015). Ku70 phosphorylation was not addressed 

by our experiments, but the results did not exclude presence of this modification. Release of Ku70 

is also discussed below (3.1.10). 
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3.1.8 p97-mediated Ku80 extraction from open DSBs 

The aforementioned Ku release from open seDSBs was described as an p97-independent 

mechanism (Chanut et al, 2016), which is in line with results of this study (Figure 2.13). However, 

it is possible that p97-mediated Ku80 extraction is an additional process at unrepaired deDSBs 

and the mechanism would probably resemble extraction of trapped Ku80 after NHEJ repair. 

Ku80 ubiquitination is triggered by binding of the protein to dsDNA, irrespective of the repair 

status of the DSB (Postow et al, 2008). Results from FRAP experiments (Mari et al, 2006) and 

our in vitro experiments (unpublished data) suggested that p97 is able to extract ubiquitinated 

Ku80 also from open DSBs. The results reported here are in line with that idea, although none of 

the experiments can prove the hypothesis. At first glance, Ku extraction from open DNA ends is 

counterintuitive, because Ku is required for the whole NHEJ pathway including the ligation step. 

Nevertheless, NHEJ shows rapid kinetics and recruitment of the NHEJ factors to the break is 

probably faster than Ku80 extraction. The extraction from open non-repaired DSBs might be 

relevant upon failure of NHEJ, to enable the switch to another repair pathway. More generally, 

p97-mediated Ku80 extraction might generate a layer of kinetic regulation for NHEJ repair, in 

which NHEJ-promoting recruitment of repair factors competes with NHEJ-compromising Ku 

extraction. 

3.1.9 Implications of Ku80 extraction for repair pathway choice and early steps of HRR 

Pathway choice is a critical process in DSB repair and determines if the break is repaired by HRR 

or one of the end-joining pathways. Except for the possibility of crossovers, the use of HRR is 

beneficial due to error-free restoration of the DNA, but it has certain requirements (Wright et al, 

2018). The repair via HRR requires a homologous sister chromatid that is only available after 

replication and it involves long-ranged resection, which might be hindered by the chromatin 

structure around the break. Commitment to (extensive) end resection is a critical step in repair 

pathway choice and Ku inhibits EXO1-mediated long-ranged end resection (Sun et al, 2012). In 

contrast, Ku is a critical factor for NHEJ and therefore, regulation of its removal from open 

deDSBs might be a mechanism of pathway choice. 

As mentioned above, MRN-CtIP-mediated end resection was shown to remove Ku at seDSBs 

(Chanut et al, 2016), but it is unknown whether this mechanism removes Ku from deDSB prior to 

HRR. However, for efficient EXO1-mediated end resection, Ku needs to be removed from these 

lesions. A p97-mediated Ku80 extraction from open DSBs would therefore not only regulate 

NHEJ, but also create a bias towards HRR. The aforementioned ubiquitin ligase RNF138 is 

recruited to ssDNA which is generated by the initial MRN-CtIP-mediated end resection, and 

ubiquitinates Ku80 specifically in the S/G2 phase of the cell cycle (Ismail et al, 2015). This 

supports the idea of ubiquitin-dependent Ku removal upstream of extensive end resection and it 

is likely that p97 can facilitate this extraction. 
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In this study, all experiments were performed in non-synchronized cells and consequently 

deDSBs that allow pathway choice were only present in irradiated cells. The preextraction 

technique allowed specific analysis of DSB-bound fraction of Ku80, but an isolated analysis of 

the minority of breaks that are repaired by HRR was not feasible. Thus, no conclusions on repair 

pathway choice by p97-mediated Ku80 extraction can be drawn from our data.  

In the HRR reporter assay performed in this study, loss of p97 strongly reduced the number of 

successful HRR events (Figure 2.11). This suggested an important role of p97 in the HRR repair 

pathway, although the underlying mechanism is still elusive due to the fact that DR-GFP is an 

endpoint assay. Although reporter assays entail different limitations, reporter assays that enable 

simultaneous measurement of NHEJ and HR are available (traffic light reporter from Certo et al, 

2011 and SeeSaw reporter 2.0 from Gomez-Cabello et al, 2013). These systems are suitable to 

measure changes in the ratio between NHEJ and HRR upon p97 inhibition and indicate a 

potential p97-dependent repair pathway choice. However, p97 was already implicated in HRR 

(Bergink et al, 2013; Ali et al, 2018) and thus a conclusion whether (p97-mediated) Ku80 

extraction is a mechanism of pathway choice would still require additional approaches that 

analyze the distinct steps in the repair pathways. 

3.1.10 Extraction of Ku70 

The focus of this thesis was the p97-mediated Ku80 extraction. However, as Ku is a stable 

heterodimer of Ku70 and Ku80 with a large interface between both proteins (Walker et al, 2001), 

the question arises how Ku70 is extracted. Ubiquitination of Ku70 at K114 has been identified 

(Brown et al, 2015), but it is weaker than Ku80 polyubiquitination that occurs at multiple sites 

(Ishida et al, 2017), which renders p97-mediated Ku70 extraction unlikely. Additional described 

PTMs of Ku70 include SUMOylation in budding yeast (Hang et al, 2014) and several 

phosphorylations, especially in the bridge region that encircles DNA, in human cells (Lee et al, 

2016). SUMOylation of yKu70 is connected to increased affinity for DNA and is therefore rather 

inhibitory for Ku extraction. The reported phosphorylations decrease the affinity of Ku70 towards 

DNA ends and are sufficient for Ku release from open DNA ends in vitro. Ku70 phosphorylation 

can probably occur together with Ku80 ubiquitination and might even support Ku80 extraction. 

However, a decreased affinity is not sufficient for removal of trapped Ku rings and therefore Ku70 

phosphorylation alone cannot release Ku after NHEJ. Ku70 and Ku80 form a tightly-bound dimer 

also in solution, which stabilizes the proteins (Walker et al, 2001). Here, knockdown of Ku80 led 

to destabilization and codepletion of Ku70 (Figure 2.10). Therefore, unfolding of DNA-bound 

Ku80 by p97 might destabilize the associated Ku70 molecule, but it remains unclear whether 

Ku70 is unfolded and removed together with Ku80. 
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3.2 Functions of p97 in HRR and in processing of CPT-induced DNA lesions 

3.2.1 HRR is compromised upon loss of p97 

In yeast, p97 and Ufd1 have reported functions during HRR at the step of Rad52-mediated Rad51 

filament formation and the authors suggested similar functions in U2OS cells (Bergink et al, 

2013). p97 facilitates removal of the HRR-inhibiting factor RYBP and loss of p97 leads to 

accumulation of RYBP, which impairs HRR (Ali et al, 2018). The reporter assay performed in this 

study (Figure 2.11) suggests functions of p97 and Ufd1 in HRR. As mentioned above, measuring 

fluorescence of the DR-GFP reporter is an endpoint assay and the known functions of p97 will 

have an impact on the results. Therefore, we were interested in a more specific analysis of Ku80 

extraction at early steps of HRR and aimed at generating damage that is exclusively repaired by 

HRR. 

3.2.2 seDSBs induced by CPT treatment are repaired specifically by HRR 

We decided for treatment with the topoisomerase I inhibitor camptothecin (CPT), which stabilizes 

the usually transient Top1ccs. During S phase, the nicks at Top1ccs are propagated into seDSBs 

and can only be repaired by HRR, as no second end is available for repair via end joining 

pathways. The situation of an approaching replisome to a Top1cc can vary. Either the nick is on 

the leading strand and the Mcm helicase runs off, which yields a seDSB, or the nick is on the 

lagging strand, which stalls the helicase. The latter situation is probably solved by Mus81-

dependent cleavage that then also yields seDSBs (Regairaz et al, 2011). 

CPT treatment strongly induced γH2AX specifically during S phase (Figure 2.12). Ku80 bound to 

the CPT-induced seDSBs and, as discussed above, the amount did not increase upon loss of 

p97 (Figure 2.13). 

3.2.3 p97 inhibition reduces CPT-induced γH2AX levels 

During the analysis of Ku80, we noticed reduced levels of CPT-induced γH2AX in NMS-873-

treated samples and elaborated on this with a second p97 inhibitor (CB-5083; Figure 2.14). 

Further, the levels of pRPA, Rad51 (van den Boom et al, 2016), and RPA were significantly 

decreased. The published work on p97 functions in HRR can help to explain the reduction of 

(p)RPA and Rad51, but not reduced γH2AX levels. Upon loss of p97, RYBP accumulated and 

reduced end resection (Ali et al, 2018). Thus, the effect was upstream of (p)RPA and Rad51 

binding. Further, if the p97-Ufd1-mediated regulation of Rad51 filament formation exists in cells 

(Bergink et al, 2013), it can additionally account for reduced Rad51 levels in samples with 

compromised p97. 

H2AX is phosphorylated quickly in response to DSB induction and is significantly decreased upon 

p97 inhibition (Figure 2.14), which can have at least two causes. Either the DSB signaling 

including H2AX phosphorylation or the induction of seDSBs from Top1ccs is impaired by p97 

inhibition. Unspecific effects of the inhibitors can be excluded, because the significant reduction 

of γH2AX was observed independently with NMS-873 and CB-5083. H2AX can be 
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phosphorylated by all of the three major DDR kinases (ATM, ATR and DNA-PK) that are activated 

by different mechanisms in response to DSBs (Blackford & Jackson, 2017). It is highly unlikely 

that NMS-873 and CB-5083 block all three pathways of DSB signaling upstream of γH2AX. This 

supports the possible explanation that seDSB induction by CPT treatment is a p97-dependent 

process. This possibility is also in line with the other results, such as significantly reduced 

amounts of pRPA, RPA, Rad51 (van den Boom et al, 2016) and, in combination with MRE11 

knockdown, Ku80 (Figure 2.13). 

The induction of seDSBs via stabilized Top1ccs requires ongoing replication and impaired 

replication fork progression in the absence of functional p97 could explain the observed effects. 

Reduction of replication forks progression in response to p97 inhibition has also been discussed 

in the literature (Mouysset et al, 2008). In this study, quantification of EdU incorporation confirmed 

unperturbed progression of replication in samples treated with p97 inhibitors (Figure 2.14), which 

excludes impaired replication from constituting the underlying mechanism of the γH2AX 

reduction. 

p97 is a ubiquitin-dependent segregase that has functions on chromatin. Thus, the most likely 

mechanism how the ATPase contributes to seDSB induction is the extraction of proteins from 

DNA upon collisions of Top1ccs and replication forks. Alternatively, formation of Top1ccs could 

be impaired upon loss of p97, which is unlikely. p97 is an important factor of the UPS and in line 

with the effects of p97 inhibition, proteasome inhibition by MG-132 treatment reduces CPT-

induced RPA, 53BP1 and DNA-PKcs phosphorylation and these effects are also resembled by a 

block of replication progression with hydroxyurea (Sakasai et al, 2010). In summary, the probable 

function of p97 upstream of γH2AX induction is extraction of (so far unidentified) proteins, whose 

extraction sets free seDSBs. 

3.2.4 Potential p97 substrates at sites of CPT-induced DNA damage 

In order to understand the function of p97 at CPT-induced DNA damage, we aimed at identifying 

the substrates at these lesions. In a candidate approach, p97-dependent removal of the 

topoisomerase I and Top1ccs were tested by DNA slot blotting (Figure 2.15). CPT-induced 

Top1cc levels were not influenced by inhibition of p97 or the proteasome and Top1cc removal 

was neither affected. Reversal of the 3’-phosphotyrosyl DNA bond for repair of stabilized Top1ccs 

is achieved by the enzyme TDP1 (Yang et al, 1996). The total level of DNA-bound Top1 was 

significantly increased upon proteasome inactivation and elevated upon p97-inhibition in CPT-

treated samples. However, the effects of NMS-873 and CB-5083 treatments were not significant 

and could therefore not explain the strong reductions of γH2AX. Thus, other substrates of p97 

need to be identified in further experiments, e.g. by an unbiased approach using mass 

spectrometry. 
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Figure 3.2: Model of CPT-induced seDSBs 

and the possible functions of p97. 

A) Replication and other sources cause 

positive supercoiling of the DNA, which can 

be released by topoisomerase I (Top1). Top1 

binds covalently to one DNA backbone, which 

induces a nick. Top1 binding is transient and 

the nick enables relaxation of the 

supercoiling. 

B) Camptothecin (CPT) inhibits Top1, which 

stabilizes the covalently bound form, called 

Top1 cleavage complex (Top1cc), and the 

nick. Top1ccs are DNA-protein crosslinks and 

form a barrier for replication. During S phase, 

replication forks that are composed of the 

Mcm helicase, DNA polymerases (Pol δ, Pol 

ε), PCNA, and other factors approach the 

Top1cc. 

C) Top1ccs were described to stall replication 

forks and induce single ended DNA double 

strand breaks (seDSBs) due to run-off of the 

Mcm helicase at the nick. CPT-induced 

replication fork stalling activates the structure 

specific endonuclease Mus81-Eme1 and the 

nucleolytic cleavage induces seDSBs as well. 

D) Results of this study indicate that p97 is 

involved in CPT-dependent seDSB induction. 

A possible function of p97 is extraction of 

replisome components including the Mcm 

helicase, DNA polymerases, and unknown 

factors (?). This might be required to set 

seDSBs free, as acute inhibition of p97 

suppressed the induction of histone H2AX 

phosphorylation. 

E) seDSBs are bound by the Ku70/80 

heterodimer that recruits and activates the 

DNA-PKcs kinase. RPA coats single stranded 

DNA sections and is bound by ATRIP, which 

recruits and activates the ATR kinase. 

Additionally, the MRN complex can bind to 

seDSBs and recruit the ATM kinase via its 

subunit Nbs1. All three kinases are able to 

phosphorylate (red arrows) histone H2AX at 

S129 (γH2AX). 

F) A specialized enzyme, Tyrosyl-DNA phosphodiesterase 1 (TDP1), resolves the covalent Top1-DNA-

bond and in experiments of this study, Top1 removal from DNA was proteasome-depended. The MRN 

complex and CtIP facilitate Ku release from seDSBs, which was independent of active p97 in our 

experiments. Subsequent, seDSBs are specifically repaired by homologous recombination repair (HRR). 

Some elements of the model were adopted from Gaillard et al, 2015 and Schwertman et al, 2016. 
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Further candidates include proteins of the replisome, which is a large multi-protein complex and 

several factors might be substrates of p97. Mcm7, a part of the replicative helicase, is 

ubiquitinated and extracted by p97 during replication termination (Maric et al, 2014) and 

interstrand crosslink repair (Fullbright et al, 2016), which could be similar at CPT-induced lesions. 

In summary, it was shown that p97 has a role in processing of CPT-induced DNA lesions, but the 

substrate and the underlying mechanism remains elusive. At these lesions, Ku80 was not 

extracted by p97, but removed during MRN- and CtIP-mediated end resection of seDSBs. 

Top1ccs that were stabilized by CPT were not targeted by p97 or the proteasome and reports 

showed that Top1ccs are dissolved by TDP1. However, extraction of Top1 from chromatin seems 

to be a separate process, for which the proteasome is required. Upon p97 inhibition, the levels 

of γH2AX, pRPA, and, in combination with MRE11 KD, Ku80 were significant reduced. These 

results suggest a role of p97 in an early step of the processing of CPT-induced lesions, most 

likely before the seDSBs are set free, which could include extraction of replisome components. 
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4 Materials and Methods 

4.1 Materials 

Table 1: Media, buffers, and solutions used in this study 

Name Component Concentration Source  

Medium for: 

U2OS wild type  

U2OS FAF1 KO 

HEK293T 

DMEM 

FCS 

penicillin 

streptomycin 

 

10 % 

100 U/ml 

100 mg/ml 

all PAN Biotech 

GmbH 

Medium for: 

U2OS DR-GFP 

McCoy’s 5A 

FCS 

penicillin 

streptomycin 

L-glutamine 

 

10 % 

100 U/ml 

100 µg/ml 

2 mM 

all PAN Biotech 

GmbH 

Trypsin/EDTA 

(without Ca2+ and Mg2+) 

PBS 

Trypsin 

EDTA 

 

0.05 % 

0.02 % 

PAN Biotech GmbH 

Cytoskeleton buffer (CSK; 

preextraction for Ku80 IF) 

PIPES pH 7.0 (NaOH) 

NaCl 

sucrose 

MgCl2 

Triton X-100 

10 mM 

100 mM 

300 mM 

3 mM 

0.7 % (v/v) 

Sigma Aldrich GmbH 

AppliChem GmbH 

AppliChem GmbH 

Acros Organics 

AppliChem GmbH 

Preextraction buffer  

(for K48-Ub IF) 

HEPES pH 7.5 

NaCl 

EDTA 

MgCl2 

sucrose 

Triton X-100 

25 mM 

50 mM 

1 mM 

3 mM 

300 mM 

0.5 % (v/v) 

AppliChem GmbH 

AppliChem GmbH 

AppliChem GmbH 

Acros Organics 

AppliChem GmbH 

AppliChem GmbH 

PBS Na2HPO4 pH 7.4 

NaH2PO4 

NaCl 

10 mM 

2.17 mM 

154 mM 

all AppliChem GmbH 
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Name Component Concentration Source  

PBS for cell culture KCl 

KH2PO4 

NaCl 

Na2HPO4 

200 mg/l 

200 mg/l 

8 g/l 

1,15 g/l 

PAN Biotech GmbH 

IP buffer (cell lysis) 150 mM KCl 

50 mM Tris pH 7.4 

MgCl2 

glycerol 

Triton X-100 

β-mercaptoethanol 

150 mM 

50 mM 

5 mM 

5 % 

1 % 

2 mM 

 

AppliChem GmbH 

Acros Organics 

 

 

Sigma Aldrich GmbH 

6x SDS sample buffer Tris pH 6.8 

glycerol (87%) 

SDS 

DTT 

bromophenol blue 

350 mM 

30 % 

10 % 

600 mM 

0.02 % 

AppliChem GmbH 

AppliChem GmbH 

AppliChem GmbH 

AppliChem GmbH 

Riedel-de Haën AG 

SDS-PAGE buffer Tris pH 8.8 

glycine 

SDS 

25 mM 

190 mM 

0.1 % 

all AppliChem GmbH 

Wet blot buffer Tris pH 8.3 

glycine 

SDS 

methanol 

25 mM 

192 mM 

0.04 % 

20 % (v/v) 

AppliChem GmbH 

AppliChem GmbH 

AppliChem GmbH 

VWR Chemicals 

Ponceau S solution Ponceau S 

acetic acid 

0.2 % (w/v) 

5 % (v/v) 

Sigma Aldrich GmbH 

Fisher Scientific 

slot blot lysis buffer guanidine thiocyanate 

sodium citrate pH 7.0 

N-laurosylsarcosine 

2-mercaptoethanol 

4 M 

25 mM 

0.5 % (w/v) 

100 mM 

AppliChem GmbH 

Sigma Aldrich GmbH 

Sigma Aldrich GmbH 

Sigma Aldrich GmbH 

6x SSC solution NaCl 

trisodium citrate 

900 mM spacer 

90 mM 

all AppliChem GmbH 
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Table 2: Recipes for handcasted SDS polyacrylamide gels (amount for one gel) 

stock solutions 7.5 % gel 10 % gel  18 % gel 5 % stacking gel 

water 2.19 ml 1.69 ml 0.085 ml 1.75 ml 

1 M Tris pH 8.8 2.25 ml 2.25 ml 2.25 ml (pH 6.8) 305 µl 

30 % PAA 1.5 ml 2 ml 3.6 ml 410 µl 

10 % SDS 60 µl 60 µl 60 µl 25 µl 

10 % APS 30 µl 30 µl 30 µl 25 µl 

TEMED 3 µl 3 µl 3 µl 5 µl 

 

Table 3: Oligonucleotides used in this study 

The final concentrations were specific for each assay (IF: immunofluorescence; reporter: DR-GFP reporter) 

Name Sequence Reference Final 

concentration 

Database 

entry 

siCon UUCUCCGAACGUGUCACGUTT (Dobrynin 

et al, 

2011) 

10-20 nMspac 

depending on 

the experiment 

714 

siCtIP GCTAAAACAGGAACGAATCTT (Chanut et 

al, 2016) 

20 nM 1519 

siKu80 GGAUGGAGUUACUCUGAUUTT (Ma et al, 

2012) 

20 nM 1485 

siMRE11 GAGCATAACTCCATAAGTATT (Chanut et 

al, 2016) 

20 nM 1520 

sip97 s3 AAGUAGGGUAUGAUGACAUUGTT (Wójcik et 

al, 2004) 

10 nM IFspace 

15 nM reporter 

740 

sip97 s7 CAAUAAACGUUGGGUCAAATT (Zhou et 

al, 2013) 

10 nM IFspace 

15 nM reporter 

1389 

siRad51 GGGAAUUAGUGAAGCCAAATT (Meerang 

et al, 

2011) 

15 nM 1168 

siUfd1 s2 GUGGCCACCUACUCCAAAUTT (Dobrynin 

et al, 

2011) 

10 nM IFspace 

15 nM reporter 

594 

siUfd1 s6 CCCAAUCAAGCCUGGAGAUAUTT (Li et al, 

2014) 

10 nM IFspace 

15 nM reporter 

1263 
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Table 4 Primary and secondary antibodies used in this study 

Primary antibodies 

Antigen Species Source Dilution IF Dilution blot 

α-tubulin mouse Sigma - 1:10,000 

FAF1 rabbit Eurogentec, custom made - 1:500 

γH2AX rabbit abcam, ab11174 1:1,000 - 

γH2AX mouse BioLegend, clone 2F3 1:5,000 - 

K48-Ub rabbit Merck Millipore, clone Apu2 1:800 - 

Ku70 mouse abcam, clone N3H10 - 1:500 

Ku80 mouse Thermo Scientific, clone 111 1:100 - 

Ku80 rabbit Aviva Systems Biology, 

OAAN01591 

- 1:800 

Nbs1 rabbit Novus Biologicals, NB100-143 1:100 - 

p97 mouse Fitzgerald Ind., clone 58.13.3 - 1:1,000 

PCNA rabbit abcam, clone EPR3821  1:100 - 

Top1 rabbit abcam, clone EPR5375 - 1:10,000 

Top1cc mouse TopoGEN, TG2017 - 1:1,000 

Ufd1 mouse C. Brasseur, 5E2, purified - 1:500 

Secondary antibodies 

Antigen Species Source Dilution IF Dilution blot 

HRP anti-mouse goat BioRad - 1:10,000 

HRP anti-rabbit goat BioRad - 1:10,000 

Alexa 488 anti-

mouse 

goat Life Technologies 1:500 or 

1:250 (SIM) 

- 

Alexa 488 anti-

rabbit 

goat Life Technologies 1:500 - 

Alexa 568 anti 

mouse 

goat Life Technologies 1:500 - 

Alexa 568 anti-

rabbit 

goat Life Technologies 1:500 - 
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Table 5 Chemicals used in this study 

Chemical Source Final concentration 

BrdU Sigma Aldrich 10 µM 

Camptothecin (CPT) Sigma Aldrich 1 µM 

CB-5083 Selleckchem 5 µM 

DAPI Roche 0.5 µg/ml 

DMSO Sigma Aldrich variable 

EdU abcam 5 µM 

MG132 ApexBio 20 µM 

NMS-873 Sigma Aldrich 10 µM 

RedDot 1 Biotium 1:1000 from stock 

 

4.2 Cell culture and treatments 

4.2.1 General culturing of cells 

All cell lines were cultivated in humidified atmosphere containing 5 % CO2 at 37 °C. Medium was 

depending on the cell line (Table 1). For passaging, the cells were washed with PBS and 

detached with Trypsin/EDTA. Cells were counted with a Neubauer counting chamber before 

seeding to achieve equal cell numbers for each experiment. 

For long-term storage, cells were resuspended in DMEM supplemented with 40 % FCS and 10 % 

DMSO, cooled down to -80 °C with a rate of 1 °C/min, and stored in vapor phase of liquid nitrogen 

(~160 °C). 

4.2.2 Transfections  

siRNA oligonucleotides (Table 3) were transfected by lipofection with Lipofectamine RNAiMAX 

according to the manufacturer’s instructions. The ratio of Lipofectamine RNAiMAX:siRNA was 

1 µl : 10 pmol and the final siRNA concentrations are listed in Table 3. The oligonucleotides were 

purchased from Microsynth Seqlab GmbH. 

DNA plasmids were transfected by polyfection with jetPRIME according to the manufacturer’s 

protocol, using a ratio of 2 µl jetPRIME : 1 µg plasmid DNA. 

4.2.3 Chemical treatments 

For chemical treatments, the substances were prediluted in pH- and temperature-equilibrated 

medium (~10 % of the final volume) and added to the cultivated cells. To wash out chemicals, 

samples were rinsed with PBS or medium and fresh equilibrated medium was added. Substances 

and concentrations are listed in Table 5. 
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4.2.4 Irradiation with x-rays 

The X-ray source for exposure of cells to X-IR was a Philips MCN 165 with 3 mm Al filter at 130 

kV and 16 mA yielding a dose-rate of 1.2 Gy/min. Cells were kept in medium during irradiation. 

 

4.3 CRISPR/Cas9 knockout 

4.3.1 crRNA design 

Two crRNA sequences were designed with tools from the Zhang lab (http://crispr.mit.edu/; Ran 

et al, 2013) and the Root lab (https://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-

design; Doench et al, 2016). The tools use data from a genome-wide gRNA screen (Wang et al, 

2015). The target genome was “human hg38” or “human GRCh38”, respectively and the FAF1 

genomic sequence (NCBI GeneID: 11124; Ensembl: ENSG00000185104) was used as input. 

Cas9 enzyme of Streptococcus pyogenes with the protospacer adjacent motif (PAM) NGG was 

used. 

The selected sequences were targeting exon 1 and exon 4 of the FAF1 gene: 

FAF1 Exon1: GGA CCG GGA GAU GAU CCU GGG UUU UAG AGC UAU GCU 

FAF1 Exon4: UGA CUU GCU GGA UUA AAU GCG UUU UAG AGC UAU 

Cas9 cleavage site in exon1 was in codon 11 and after codon 65 in exon4. The UBA domain is 

encoded by codons 1–47. 

4.3.2 RNP generation and transfection 

crRNA and tracrRNA were mixed in nuclease-free duplex buffer at a final concentration of 30 µM. 

The mix was heated to 95 °C for 5 min and allowed to cool for 15 min. The crRNA:tracrRNA 

hybrids were diluted to 1 µM with duplex buffer and purified Cas9 (S. pyogenes)-3NLS protein 

was diluted to a concentration of 1 µM in OptiMEM. Both components were mixed with OptiMEM 

in a ratio of 1:1:15 and incubated at RT for 10 min to form ribonucleocomplexes (RNPs). RNPs 

were diluted with OptiMEM (1:1) and Lipofectamine RNAiMAX was added (1:40). After incubation 

for 20 min at RT, the RNPs were mixed with U2OS cells at a final concentration of 10 nM. 

4.3.3 Purification of gDNA, PCR and sequencing 

Genomic DNA was purified from cultured cells with a NucleoSpin Tissue kit (MACHEREY-

NAGEL GmbH & Co. KG) and DNA concentration was measured. Exons 1 and 4 of FAF1 were 

amplified from gDNA by PCR (sample mix and thermocycle in Table 6). 

The PCR mix was loaded on an agarose gel (1 %) and separated by electrophoresis. PCR 

products were purified from the gel with a NucleoSpin Gel and PCR Clean-up kit (MACHEREY-

NAGEL GmbH & Co. KG) and sent to GATC Biotech AG for Sanger sequencing. The PCR primer 

were also used as sequencing primer. 
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Table 6: Sample mix and thermocycle for FAF1 amplification from genomic DNA 

Mix 

Component for 50 µl reaction Final concentration 

5X Phusion HF buffer 10 µl 1X 

10 mM dNTPs 1 µl 200 µM 

100 µM forward primer 0.5 µl 1 µM 

100 µM reverse primer 0.5 µl 1 µM 

Template DNA 100 ng  2 ng/µl 

Nuclease-free water to 50 µl  

Phusion DNA Polymerase 0.5 µl 0.02 units/µl 

Thermocycle 

Step Temperature Time 

Initial denaturation 98 °C 30 s 

30 cycles 

98 °C 7 s 

66 °C 15 s 

72 °C 30 s 

Final extension 72 °C 5 min 

Hold 10 °C ∞ 

 

4.3.4 TIDE analysis 

Chromatograms from Sanger sequencing (.ab1-files) of control and KO samples and the crRNA 

sequence were uploaded to the TIDE tool (Tracking Indels by DEcomposition), which is available 

online (https://tide.nki.nl/). The algorithm reconstructs the occurring insertions and deletions and 

reports their frequency (Brinkman et al, 2014). 

 

4.4 Cell-based assays 

4.4.1 Colony formation assay 

The protocol for colony formation was adopted from Munshi et al, 2005 and Franken et al, 2006. 

U2OS wt and FAF1 KO cells were seeded in 10 cm dishes for colony formation assay after X-IR 

doses up to 6 Gy. Triplicates of each sample were analyzed in each experiment and the following 

amounts of cells were plated and irradiated after 4 h:  

0 Gy – 200 cells; 2 Gy – 500 cells; 4 Gy – 2000 cells; 6 Gy – 20000 cells. 
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The samples were incubated for two weeks. Then, the medium was aspirated and the plates 

were rinsed once with PBS. Cells were stained and fixed with 0.5 % crystal violet in 20 % ethanol. 

Plates were washed in tap water several times, dried and colonies were counted. 

The average plating efficiency of each sample (from n=3) was calculated (Equation 1) and 

normalized, setting the non-irradiated wild type sample to 100 %. 

Equation 1: Calculating the plating efficiency 

𝑝𝑙𝑎𝑡𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑙𝑎𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠
∗ 100 % 

 

The surviving fraction was determined (Equation 2) and plotted on a logarithmic axis against the 

radiation dose (Fehler! Verweisquelle konnte nicht gefunden werden.). 

Equation 2: Calculating the surviving fraction 

𝑠𝑢𝑟𝑣𝑖𝑣𝑖𝑛𝑔 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =  
𝑝𝑙𝑎𝑡𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑜𝑓 𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒

𝑝𝑙𝑎𝑡𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑜𝑓 𝑛𝑜𝑛𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑒𝑑 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
∗ 100 % 

 

4.4.2 DR-GFP reporter assay measured by flow cytometry 

For each sample, 200,000 U2OS DR-GFP cells were plated into six-well plates with reverse 

depletion (4.2.2). 24 h later, the I-SceI-expressing plasmid was transfected with fresh medium (1 

µg/well; 4.2.2) and the medium was changed again 24 h after this transfection. The samples were 

analyzed after additional 48 h (72 h after plasmid transfection). For this, the cells were trypsinized, 

resuspended in medium to stop the reaction, spun down (900*g/3 min), and resuspended in PBS 

on ice. The samples were measured on a MACSQuant VYB (Miltenyi Biotec GmbH) with the 

following settings: FSC 240 V, SSC 235 V, GFP 400 V, IFP 440 V (these values were changed 

slightly by calibration procedures performed before every experiment with MACSQuant 

Calibration Beads (Miltenyi Biotec GmbH)); fast flow rate; sample premixing; stop after 20,000 

gated events. Gating was done for living cells (FSC-A/SSC-A) and doublets were excluded twice 

(SSC-A/SSC-H and FSC-A/FSC-H; Figure 2.11). 

Data was analyzed with the Kaluza flow cytometry software (Beckman Coulter GmbH) and gates 

for GFP fluorescence were set based on negative control (siCon) samples. Values are presented 

in percent of gated events and normalized to negative control, which was set to 100 %. 

 

4.5 Microscopy-based assays 

4.5.1 Laser microirradiation 

48 h before the laser microirradiation experiments, U2OS wt cells were seeded in µ-slide 8 well 

(#1.5 with ibiTreat; ibidi GmbH) with 25,000 cells/well in 300 µl medium. Alternatively, 150,000 

cells were cultivated in 2 ml medium on µ-dish 35mm low grid-500 (#1.5 with ibiTreat; ibidi 
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GmbH). After 24 h, 10 µm BrdU was added to presensitize the cells. RedDot 1 was added shortly 

before the experiment (~10 min; 1:1,000 from 200x stock solution) to visualize the nuclei. 

The prepared samples were subjected to laser microirradiation on an Eclipse Ti-E inverted 

microscope (Nikon) with an Andor AOTF Laser Combiner, a CSU-X1 Yokogawa spinning disk 

unit and an iXon3 897 single photon detection EMCCD camera (Andor Technology). A CFI Apo 

TIRF 100×/1.49 NA oil immersion objective (Nikon) and a continuous wave diode laser with 405 

nm and 100 mW combined with a Revolution FRAP and Photo Activation illumination system 

(FRAPPA; Andor Technology) were used for irradiation. The RedDot 1 dye was visualized with 

a continuous wave diode laser with 640 nm (max. 100 mW). The system was controlled by Andor 

IQ3 software (Andor Technology). Additionally, the microscope was equipped with a live cell 

imaging chamber that was set to 37 °C and 5 % CO2 during the experiment. 

A line with a width of 8 px (1.12 µm) was defined as ROI for each nucleus and irradiated 10 times 

for 200 µs with 50 mW (50 % power). Each sample was microirradiated for 5 min, which yielded 

ca. 40 irradiated nuclei. Sample processing (4.5.2) and imaging (4.5.4) is described below. 

4.5.2 Processing of microscopy samples 

For imaging experiments, 70,000-90,000 U2OS cells were seeded in 12 well plates on 18 mm 

1.5H glass cover slips and (optionally) transfected with siRNAs. After 48 h, cells were treated 

with inhibitors and/or ionizing radiation as described. Further processing steps were determined 

by the targets for immune staining. If not stated differently, all reagents were kept at room 

temperature and the incubation steps were performed at room temperature and in the dark. 

Preextraction techniques for immunofluorescence of DSB-bound Ku80 were based on the 

procedure described by Britton et al, 2013. The cover slips were transferred into a clean multiwall 

plate with PBS, washed with PBS twice, and preextracted 2x 3 min with CSK buffer containing 

0.3 mg/ml RNase A (Sigma R4875). The samples were washed 3x 1 min with PBS and fixed with 

4 % formaldehyde in PBS for 15 min. 

For staining of K48-Ub, cells were rinsed with PBS, preextracted with preextraction buffer for 1 

min on ice, washed with PBS and fixed with 4 % formaldehyde in PBS for 15 min. 

For staining of other epitopes, cells were not preextracted and fixed directly after short PBS wash. 

Therefore, the samples were incubated for 15 min with 4 % formaldehyde in PBS. The slides 

were washed 3x 1 min with PBS and permeabilized with 0.5 % Triton X-100 in PBS for 10 min. 

Subsequent steps were identical in all immunofluorescence assays. The cells were washed 3x 1 

min in blocking buffer (PBS, 0.05 % Tween-20, 4 % BSA) and blocked for 1 h in blocking buffer. 

Primary antibodies were diluted in blocking buffer and incubated with the samples for 2 h. 

Samples were rinsed and then washed 3x 5 min with blocking buffer, followed by 1-2 h incubation 

of the secondary antibodies that were also diluted in blocking buffer. Samples were rinsed and 

washed 3x 5 min with blocking buffer and fixed in 2 % formaldehyde/PBS for 10 min. Finally, the 
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samples were rinsed with PBS, dipped into ultra-pure water and mounted in ProLong Gold 

antifade reagent (Thermo Fisher Scientific) on microscope slides. Cover slips of 3D-SIM samples 

were sealed with nail polish to avoid curing of the ProLong Gold. Samples were imaged within 

two days and stored at 4 °C. 

To label incorporated EdU by click chemistry (Presolski et al, 2011), the cells were processed 

with a EdU-Click 647 kit (Baseclick GmbH; volumes differed from manual as stated below). After 

permeabilization and before incubation of the primary antibodies, the cells were incubated 30 min 

in the click reaction mix. This mix was prepared in the following order and directly before use 

(volumes per 18 mm cover slip): 125 µl ultra-pure water, 12.5 µl reaction buffer (from 10x stock), 

6.25 µl catalyst solution (contains CuSO4), 0.25 µl Eterneon-Red 645 azide solution (contains 

azide-coupled fluorophore), and 12.5 µl buffer additive (from 10x stock, contains reducing agent). 

After fluorescent labeling of EdU by click chemistry, the samples were washed with blocking 

buffer twice and blocked in blocking buffer for 30 min. The following steps for antibody staining 

were performed as described above. 

4.5.3 3D structured illumination microscopy 

Images were acquired on a Zeiss ELYRA PS.1 Super-resolution Microscope with Structured 

Illumination (SIM) equipped with an edge sCMOS camera (PCO), an alpha Plan-Apochromat 

100×/1.46 NA oil immersion DIC M27 Elyra objective (Zeiss). A 405 nm diode laser (max 50 mV) 

was used for excitation of DAPI and a 488 nm OPSL laser (max 200 mV) for Alexa Fluor 488. 

Band pass beam splitter filtered the emission to ranges of 420-480 nm (DAPI) and 495-575 nm 

(Alexa Fluor 488). ZEN black software (Zeiss) was used to control the microscope and image 

acquisition. Images had a size of 1280x1280 px with a bit depth of 16 bit and were averaged from 

two frames. Five SIM rotations (72 °) with a SIM grating of 42 µm were used and 14 or 15 Z-

stacks with a spacing of 101 nm were recorded. Quantification was done with CellProfiler (4.5.5) 

after calculation of the super-resolution images and maximum intensity projection with ZEN black 

software. 

4.5.4 Confocal laser scanning microscopy 

Immunofluorescence images were acquired on a TCS SP8 HCS confocal laser scanning system 

controlled by LAS X software (Leica Microsystems). An HC PL APO 63×/1.4 NA CS2 oil 

immersion objective was used and the fluorophores were excited with a 405 nm diode laser (50 

mW; for DAPI), an argon laser line 488 nm (20 mW; for Alexa Fluor 488), a 561 nm diode-pumped 

solid-state laser (20 mW; for Alexa Fluor 568), and a 633 nm helium-neon laser (10 mW; for 

RedDot 1 and Eterneon-Red 645). Signals were detected with a Hybrid detector (HyD) in a 

1024x1024 px or 2048x2048 px format (1x zoom) with a bit depth of 12 bit. Z stacks were acquired 

with the SuperZ Galvo stage with a spacing of 300 µm. Quantification was done with CellProfiler 

(4.5.5) after maximum intensity projection with LAS X software. 
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4.5.5 Image analysis  

Images were processed and analyzed with Fiji (Schindelin et al, 2012), a distribution of ImageJ 

(Rueden et al, 2017). Automated image quantification was done with CellProfiler (versions 2.1, 

2.2, and 3.0; Carpenter et al, 2006). The pipelines were specific for the assay, but followed a 

basic scheme: Identify nuclei (DAPI or RedDot 1) with identify primary objects, measure object 

intensity (Ku80, γH2AX, EdU, K48-Ub) and optionally had further modules, e.g. classify objects 

(positive/negative) or use identify objects to define foci. Analysis was done in Excel 2013 

(Microsoft Corporation) and GraphPad Prism 5 (Graphpad Software Inc.). Figures were built with 

Adobe Illustrator CC 2018 (Adobe Systems). 

 

4.6 Biochemical assays 

4.6.1 Preparation of cell lysates and measurement of protein concentration 

Cell lysates were prepared on ice and all buffers and reagents were kept at 0 °C. Cells were 

rinsed with PBS and IP buffer supplemented with cOmplete EDTA-free protease inhibitor (Roche) 

was added. Cells were detached using a cell scraper, collected in 1.5 ml reaction tubes, and 

incubated for 15 min. The lysates were centrifuged at 17,000 – 21,100 *g (max. speed) at 4 °C 

for 15 min. The supernatant was transferred into new tubes and protein concentration was 

determined by bicinchoninic acid assay (BCA protein assay; Interchim) according to the 

manufactures manual. The lysates were snap frozen and stored at -80 °C or analyzed directly. 

4.6.2 SDS-PAGE and blotting 

Protein samples were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE). For this, 30-50 µg of protein/sample (determined by BCA assay) were boiled with 

2x SDS sample buffer (diluted 1:3 from 6x) at 95 °C for 5 min. Polyacrylamide gels (10 % or 7.5-

18 % gradient; recipes in Table 2) were casted with a Mini-PROTEAN Tetra Handcast System 

(BioRad) and electrophoresis was done in the Mini-PROTEAN Tetra Cell with SDS-PAGE buffer 

and a current of 20 mA/gel generated by an EPS 601 power supply (GE Healthcare). Transfer to 

a nitrocellulose membrane (Amersham Protran Premium 0.45 µm, GE Healthcare Life Sciences) 

was done by wet blot in the Mini Trans-Blot cell (BioRad) using wet blot buffer and 400 mA for 3 

h at 4 °C. The membrane was stained with Ponceau S solution and destained with 5 % acetic 

acid. The staining was documented and washed out with 0.05 % Tween 20 in PBS (PBS-T). The 

membrane was then developed by immunostaining (4.6.4). 

4.6.3 DNA slot blotting 

For each sample, 300,000 HEK293T cells were plated into six-well plates. After two days, cells 

were treated with inhibitors and recovered as described (Figure 2.15). Sample processing 

included cell lysis, DNA precipitation, solubilization, slot blotting, and immunostaining.  

To lyse the cells, the medium was aspirated and 750 µl of slot blot lysis buffer were added to 

each well. Using cell scrapers, the lysate was collected in 15 ml tubes and DNA was precipitated 
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by addition of 1.5 ml ethanol (absolute). After careful but thorough mixing, the samples were 

centrifuged at 12,000 *g for 2 min at room temperature. The DNA pellet was washed twice in 1 

ml 70 % ethanol and, after complete removal of the ethanol, solubilized in 450 µl 8 mM NaOH. 

50 µl of 100 mM HEPES (free acid) were added and the DNA was sheared by processing with a 

Bioruptor Plus (Diagenode SA, Belgium) for 5 min at high intensity and an 30 s on/30 s off interval. 

The DNA concentration was determined photometrically on a NanoDrop 2000 (Thermo Fisher 

Scientific). The DNA samples (10, 5, and 2.5 µg) were prepared in 250 µl buffer (10 mM HEPES-

NaOH pH 7.8) per slot. Slot blotting of DNA was done with a Minifold I vacuum device (Schleicher 

& Schuell). For this, two filter papers (Grade 3MM Chr Cellulose, GE Healthcare Life Sciences) 

were moistened in 6x SSC solution and placed on the membrane support plate. A nitrocellulose 

membrane (Amersham Protran Premium 0.45 µm, GE Healthcare Life Sciences) was incubated 

for 10 min in 6x SSC solution and placed on the filter papers. The sample template was placed 

on top and the apparatus connected to vacuum. Each slot was washed with 500 µl TE buffer (1 

mM EDTA, 10 mM Tris-HCl pH 8.0) before samples (250 µl/slot) were loaded. After sample 

application, each slot was washed with 500 µl 2x SSC solution (diluted from 6x SSC solution). 

The membrane was removed from the apparatus and rinsed twice with 2x SSC solution and once 

with TBS-T (1.5 M NaCl, 100 mM Tris pH 7.6, 0.1% Tween 20). The DNA-bound proteins were 

detected by immunostaining (4.6.4). 

4.6.4 Immunostaining, development and quantification 

The nitrocellulose membranes were blocked in 5 % non-fat dry milk/PBS-T and for 30-60 min 

and washed 3x 5 min with PBS-T. The primary antibodies were diluted in 3 % BSA/ NaN3/PBS-

T and incubated at 4 °C overnight or for 2 h at room temperature. The membranes were washed 

3x 5 min in PBS-T and incubated with the horseradish peroxidase-coupled secondary antibodies 

that were diluted in 3 % BSA/PBS-T for 1-2 h. Primary and secondary antibodies and the dilutions 

are described in Table 4. The membranes were washed 3x 5 min and incubated with SuperSignal 

West Pico ECL substrate (Thermo Scientific) or ECL Prime Western Blotting detection reagent 

(GE Healthcare). The chemiluminescence signals were detected on Super RX films (Fujifilm) 

developed with a Cawomat 2000 IR (Agfa-Gevaert HealthCare GmbH) or recorded with a 

Chemostar ECL Imager (INTAS Science Imaging Instruments GmbH). 

4.6.5 Affinity purification of FAF1 antibody 

The custom-made polyclonal rabbit FAF1 antibody from Eurogentec was affinity purified using 

full-length His-FAF1 (made by Johannes van den Boom), which was also used for immunization. 

The antigen was coupled to a matrix and the used to enrich FAF1-specific antibodies from the 

serum. 

1 ml Affi-Gel 15 (Bio-Rad) was filled into a 10 ml filter column and washed with cold water several 

times. 10 mg of purified His-FAF1 in 3 ml coupling buffer (0.1 M cabonate buffer [Na2CO3 

/NaHCO3 pH 8.3], 0.5 M NaCl; pH 8.3) were added and incubated for 4 h at 4 °C (slowly rotating). 
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100 µl of 1 M ethanolamine HCl (pH 8) were added and incubated for 1 h at 4 °C (slowly rotating). 

The matrix was resuspended in coupling buffer and the column was stored at 4 °C. 7 ml of the 

rabbit serum that was delivered from Eurogentec were transferred to a 15 ml tube. It was spun 

at full speed for 5 min and the supernatant (had no visible pellet) was heat inactivated for 30 min 

at 56 °C. The prepared column was washed with 5 ml PBS, then with 3x 1.5 ml elution buffer 

(200 mM Glycine-HCl pH 2.8), and again with 5 ml PBS. The prepared antiserum was loaded on 

the column and incubated for 2 h at 4 °C (slowly rotating). The antiserum was reapplied after 

flowthrough and collected after the second flowthrough. The column was washed with 5 ml PBS, 

then with 5 ml 1 M NaCl (buffered to pH 7.4), and again with 5 ml PBS. To elute the antibody, 5x 

250 µl elution buffer were pipetted into the coloum and each fractions was collected in a 1.5 ml 

tube containing 100 µl neutralization buffer (1 M KCl and 20 µl Tris-HCl pH 8.8). Each fraction 

was mixed and then centrifuged for 2 min at full speed. The protein concentration was measured 

photometrically (Eppendorf BioPhotometer) and the protein-containing fractions were pooled. 

Finally, the pooled fractions were dialyzed over night at 4 °C against PBS and the purified 

antibody was stored at -20 °C. 
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PIKK  phosphatidylinositol 3-kinase (PI3K)-related kinase 
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ROS  reactive oxygen species 
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