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Summary 

Ionizing radiation (IR) can cause DNA double-strand breaks (DSBs) in the cellular genome, 

which result in genomic instability, if left unrepaired. The two major repair pathways to cope 

with DSBs are non-homologous end-joining (NHEJ) and homologous recombination repair 

(HRR). DSB repair by NHEJ is initiated by the Ku heterodimer that binds the open DNA ends 

and recruits all factors needed for ligation to the break. Each subunit of the Ku molecule fully 

encircles the DNA and is therefore trapped by ligation of the DSB. To restore the DNA integrity, 

Ku needs to be actively removed after successful repair by NHEJ. In addition, it was claimed 

that Ku blocks end resection and therefore needs to be removed from open DNA ends to 

enable HRR. If a DSB is repaired by HRR, the 5’ ends are extensively resected and the single-

stranded DNA regions are covered by RPA. The DNA-bound RPA can be phosphorylated by 

DNA-PK, before it is replaced by Rad51 filaments. The Rad51 filaments mediate the search 

for the homologous sister chromatid for template-based repair. 

In this study, clear evidence was found for p97 removing sterically trapped Ku80 from the DNA 

after successful DSB repair by NHEJ in human cells. Inhibition or depletion of the AAA+-

ATPase p97 significantly delays the removal of Ku80 from the DNA after IR. Together with 

data from pulsed-field gel-electrophoresis and in vitro studies, this data demonstrates that p97 

removes Ku from the DNA after successful ligation of the break. Furthermore, co-depletion of 

the p97 adapter proteins Ufd1 and FAF1 exhibited a synergistic effect on Ku removal from the 

DNA. 

In contrast, this study reveals that p97 inhibition blocks end resection after CPT treatment but 

not after IR. These data implicate that Ku removal from DNA by p97 is not required for proper 

end resection. Nevertheless, upon IR, p97 was found to act at the step of Rad51 filament 

formation during HRR. After IR, the formation of Rad51 filaments was reduced by p97 inhibition 

or depletion, but notably not the preceding steps of RPA filament formation or RPA 

phosphorylation. In line with p97 targeting ubiquitinated substrates, ubiquitination by RNF8 

promotes Rad51 filament formation as well. However, at single-ended DSBs induced by 

treatment with the topoisomerase I inhibitor camptothecin (CPT), both end resection and RPA 

phosphorylation were reduced upon inhibition of p97. These data demonstrate an involvement 

of p97 in HRR that is distinct from its role in Ku removal from the DNA. During HRR, p97 acts 

at the step of Rad51 filament formation as well as in early steps of DSB repair specifically after 

damage induction by CPT treatment. 

In summary, the data presented in this study contribute to the overall understanding of DNA 

DSB repair mechanisms in human cells. Furthermore, these data establish Ku80 as novel p97 

target and p97 as important factor to prevent genomic instability after DNA damage. 
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Zusammenfassung 

Ionisierende Strahlung (engl.: ionizing radiation, IR) kann zu DNS Doppelstrangbrüchen 

(DSBs) führen, die in genomischer Instabilität resultieren, wenn sie nicht repariert werden. Die 

zwei Hauptreparaturwege für den Umgang mit DSBs sind die nicht-homologe Endverknüpfung 

(engl.: non-homologous end-joining, NHEJ) und die homologe Rekombinationsreparatur 

(HRR). DSB-Reparatur durch NHEJ wird durch den Ku-Heterodimer eingeleitet, der offene 

DNS-Enden bindet und alle Faktoren rekrutiert, die für die Ligation des Bruchs benötigt 

werden. Jede Untereinheit des Ku-Moleküls umschließt komplett die DNS und wird daher 

durch die Ligation des DSBs an der DNS fixiert. Um die Unversehrtheit der DNS 

wiederherzustellen, muss Ku nach erfolgreicher Reparatur durch NHEJ aktiv entfernt werden. 

Außerdem wurde behauptet, dass Ku die Endresektion blockiert und daher von offenen DNS-

Enden entfernt werden muss, um HRR zu ermöglichen. Wenn ein DSB durch HRR repariert 

wird, werden die 5‘-Enden umfangreich resektiert und die einzelsträngigen DNS-Regionen 

werden von RPA gebunden. Das DNS-gebundene RPA kann von DNA-PK phosphoryliert 

werden, bevor es durch Rad51-Filamente ersetzt wird. Die Rad51-Filamente vermitteln die 

Suche nach dem homologen Schwesterchromatid für die Homologie-basierte Reparatur. 

In dieser Studie wurden klare Beweise gefunden, dass p97 in humanen Zellen das sterisch 

fixierte Ku80 nach der erfolgreichen DSB-Reparatur durch NHEJ von der DNS entfernt. 

Inhibierung oder Depletion der AAA+-ATPase p97 verzögert signifikant die Entfernung von 

Ku80 von der DNS nach IR. Zusammen mit Daten aus einer Pulsfeld-Gelelektrophorese und 

in-vitro-Experimenten zeigen diese Daten, dass p97 Ku nach der erfolgreichen Ligation des 

DSBs von der DNS entfernt. Weiterhin zeigte eine Kodepletion von den p97 Adapterproteinen 

Ufd1 und FAF1 einen synergistischen Effekt auf die Ku-Entfernung von der DNS. 

In Gegensatz dazu zeigte diese Studie, dass die Inhibierung von p97 die Endresektion nach 

CPT-Behandlung blockiert, aber nicht nach IR. Diese Daten implizieren, dass die Ku-

Entfernung von der DNS durch p97 nicht für korrekte Endresektion benötigt wird. 

Nichtsdestotrotz wurde herausgefunden, dass p97 nach IR an dem Schritt der Rad51-

Filamentbildung tätig ist. Nach IR war die Bildung von Rad51-Filamenten durch p97 

Inhibierung oder Depletion reduziert, aber bemerkenswerterweise nicht die vorrangehenden 

Schritte der RPA-Filamentbildung oder RPA-Phosphorylierung. In Übereinstimmung damit, 

dass p97 ubiquitinierte Substrate erkennt, förderte die Ubiquitinierung durch RNF8 ebenfalls 

Rad51-Filamentbildung. An einzel-endigen DSBs hingegen, die durch Behandlung mit 

Camptothecin (CPT) induziert wurden, einem Inhibitor gegen Topoisomerase I, waren sowohl 

Endresektion als auch RPA-Phosphorylierung durch p97-Inhibierung reduziert. Diese Daten 

zeigen eine Beteiligung von p97 an HRR, die unabhängig von dessen Funktion bei der Ku-

Entfernung von der DNS ist. Während HRR ist p97 sowohl an dem Schritt der Rad51-
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Filamentbildung tätig als auch in frühen Schritten der DSB-Reparatur spezifisch nach 

Schadensinduktion durch CPT-Behandlung. 

Zusammenfassend tragen die Daten, die in dieser Studie präsentiert wurden, dazu bei, die 

DSB-Reparaturmechanismen in humanen Zellen zu verstehen. Weiterhin etablieren diese 

Daten Ku80 als neues Substrat von p97 und p97 als wichtigen Faktor um genomische 

Instabilität nach DNS Schäden zu verhindern. 

 

 



Introduction 

11 
 

1 Introduction 

1.1 The DNA damage response 

A large variety of endogenous and exogenous influences can damage the cellular genome in 

several ways. One of the most prominent sources of DNA damage is UV light, which causes 

mostly base lesions, namely cyclobutane pyrimidine dimers (CPDs) and (6-4) pyrimidine–

pyrimidone photoproducts (6-4PPs) (Mao et al., 2016). However, the most severe type of DNA 

lesions is the DNA double-strand break (DSB), which can arise as a result of X-rays, reactive 

oxygen species or chemicals. Although it occurs less frequently in comparison to other DNA 

lesions, its repair is more complex and not always successful. If left unrepaired or repair fails, 

DSBs can cause genomic instability and consequently cancer (Jackson & Bartek, 2009).  

Even though DSBs are a source of cancer development, they are also used as tool for cancer 

treatment. If a cell contains too many DSBs, it initiates apoptosis. Hence, a specific induction 

of DSBs in cancer cells can result in a reduction of the tumor size. To only damage cancer 

cells and no healthy tissue, e.g. ionizing radiation (IR) is applied locally to the tumor. Another 

way of gaining treatment specificity are drugs creating DSBs only in replicating cells, like 

camptothecin, which affect tumor cells but also other dividing cells like epithelial stem cells 

(Helleday et al., 2008). These different treatments not only target different cell populations but 

also induce different types of DSBs (Figure 1.1). Ionizing radiation like X-rays and some 

radiation mimetic chemicals destroy both strands of one DNA molecule in close proximity, 

resulting in a double-ended double-strand break (deDSB). In contrast, treatment with the 

covalent topoisomerase I (Topo I) inhibitor camptothecin (CPT) leads to single-strand breaks 

(SSBs) during replication, which interfere with the replication machinery and end up as single-

ended double-strand breaks (seDSBs) (Hsiang et al., 1985). 

 

Figure 1.1: Different types of DNA double-strand breaks 

Schematic depiction of DNA double-strand breaks (DSBs) induced by ionizing radiation (IR) or 

camptothecin (CPT). IR destroys the backbone of both DNA strands in close proximity, 

resulting in a double-ended DSB. In contrast, CPT inhibits topoisomerase I (Topo I), which 
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leads to persistence of a single-strand break during replication. The replication machinery 

collapses at the break and thereby a single-ended DSB arises. 

Upon DNA damage, the DNA damage response (DDR) is activated, allowing cell cycle arrest 

and repair of the DNA. While base lesions induced by UV light are mostly repaired by 

nucleotide excision repair (NER), DSBs can be repaired by different pathways. The error-free 

homologous recombination repair (HRR) pathway is dependent on presence of the 

homologous sister chromatid and therefore restricted to late S and G2 phase of the cell cycle 

(San Filippo et al., 2008). In contrast, the error-prone non-homologous end-joining (NHEJ) can 

work throughout the whole cell cycle (Rothkamm et al., 2003). If one of these pathways starts 

but fails to get through, the break can be repaired by a back-up pathway, the alternative end-

joining (alt-EJ) (Iliakis et al., 2015).  

The probably greatest advantage of repairing a break by NHEJ is the speed of this mechanism, 

while HRR could be favored due to its fidelity. The decision, if a DSB is repaired by NHEJ or 

HRR is influenced by several circumstances. First of all, the cell cycle phase plays an important 

role: Since HRR can only take place during late S and G2 phase, breaks in G1 phase cells 

have to be repaired by NHEJ. But even in G2 phase cells, when HRR is possible, still most of 

the breaks are repaired by NHEJ (Rothkamm et al., 2003). 

The first protein binding to DNA breaks is the Ku heterodimer, which binds to unmodified DNA 

ends with high affinity (Blier et al., 1993) and is an essential recruiter and stabilizer of NHEJ 

factors at the break site (Lieber, 2008). However, long resected DNA ends, a prerequisite for 

HRR, are not bound by Ku. Therefore, end resection and all associated proteins are thought 

to constitute the major step in the decision of DSB repair pathway choice (Huertas, 2010). Two 

important key players counteracting each other at the DSB sites are 53BP1 (p53 binding 

protein 1) and BRCA1 (breast cancer 1). Upon its recruitment by RNF168 (Doil et al., 2009), 

53BP1 protects the DNA ends from end resection and thereby promotes repair by NHEJ 

(Panier & Boulton, 2014). BRCA1, together with CtIP (CtBP-interacting protein), removes 

53BP1 from the DNA and thus enables end resection and subsequently HRR (Bunting et al., 

2010). 

The HRR pathway is a slow process which needs several hours to repair DSBs. To avoid that 

the DNA damage is aggravated by progression into the next cell cycle phase, cells can arrest 

at specific checkpoints, until the damage is repaired (Houtgraaf et al., 2006). 

The cell cycle checkpoints 

During its life, a cell passes through a repeating cascade of DNA replication and cell division 

events, the cell cycle. To ensure a robust transfer of DNA and organelles, this process is highly 
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regulated (Suryadinata et al., 2010). If DNA damage occurs in a cell, the cell cycle has to be 

stopped to allow repair before progression into the next cell cycle phase. Therefore, cells have 

evolved specific checkpoints, which ensure that the DNA is undamaged and properly 

organized before replication starts (G1/S checkpoint), during replication (intra S checkpoint), 

before mitosis is initiated (G2/M checkpoint) and before chromosome separation (spindle 

assembly checkpoint). 

Upon DNA damage in G1 phase, p53 is activated by ATM (ataxia-telangiectasia mutated) and 

ATR (Ataxia telangiectasia and Rad3 related), inducing expression of p21, which inhibits the 

CDK2 (cyclin-dependent kinase)-cyclin E complex (Shackelford et al., 1999). If not inhibited, 

activity of the CDK2-cyclin E complex leads to transition of G1 to S phase by activating 

transcription of histones. In addition, activity of CDK2-cyclin E complex results in dissociation 

of centrosome-covering proteins NPM (nucleophosmin)/B23 and CP110 (centrosomal protein 

of 110 kDa) to enable duplication of the centrosomes (Suryadinata et al., 2010). By activating 

the G1/S checkpoint, the cell gets time to repair DNA lesion before replication starts. 

In S and G2 phase cells, ATR phosphorylates and thereby activates checkpoint kinase 1 

(Chk1), which targets CDC25A (cell division cycle 25A), CDC25B and CDC25C for 

degradation. Under normal conditions, CDC25A activates CDK2 in S phase, which is essential 

for replication origin firing. Hence, CDC25A degradation leads to a persistence in S phase. In 

G2 phase, however, CDC25 phosphatases activate CDK1-cyclin B by dephosphorylation of 

CDK1. The activity of CDK1-cyclin B is essential for mitotic entry. Degradation of CDC25 in G2 

phase therefore results in an inhibition of the CDK complex and cell cycle arrest before mitosis 

(Shackelford et al., 1999). 

If chromosomes are not properly attached to the mitotic spindle, APC/CCDC20 (anaphase-

promoting complex) is inhibited until the arrangement is correct. This spindle assembly 

checkpoint ensures that the chromosomes are properly separated into the two daughter cells 

during mitosis (Musacchio, 2015). 

1.1.1 DNA double-strand break repair by non-homologous end-joining 

For repair of a DNA double-strand break (DSB) by non-homologous end-joining (NHEJ), the 

Ku heterodimer, consisting of Ku70 and Ku80, binds the open DNA ends and recruits the 

needed NHEJ components (Lieber, 2008). Both subunits contain a ring-like structure with a 

2 nm groove, which can be flipped over a double-stranded DNA end. The affinity for open DNA 

ends is very high (KD ≈ 2 nM) (Blier et al., 1993), which leads in combination with the high 

cellular concentration of Ku to open DNA ends being covered by Ku in an extremely short time. 

Additionally, yeast data reveals that modification with SUMO (small ubiquitin-like modifier) at 
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the C-terminus of yKu70 enhances the binding affinity of Ku to DNA (Hang et al., 2014). 

Although both Ku subunits have similar domains for DNA binding, dimerization and interaction 

with the stabilizing protein XLF (XRCC4-like factor), their C- and N-terminal domains have 

distinct functions. The C-terminus of Ku70 contains an additional DNA binding site, while the 

N-terminus has an enzymatic activity for removal of abasic sites near the 5’ end of the DNA 

break. In contrast, the termini of Ku80 mediate the interaction with the polynucleotide kinase / 

phosphatase APLF (aprataxin and PNK-like factor) and the catalytic subunit (cs) of the DNA 

dependent protein kinase (DNA-PK) (Waters et al., 2014). DNA-PKcs has a 100 times higher 

affinity for DNA ends if Ku is already present (West et al., 1998). Together with Ku, DNA-PKcs 

forms the DNA protein kinase (DNA-PK), which can auto-phosphorylate its own catalytic 

subunit (cis) (Chan et al., 2002) and also the catalytic subunit of another DNA-PK complex 

(trans) (Meek et al., 2007). The phosphorylation of DNA-PKcs is essential for a conformational 

change, which allows binding of other NHEJ components, e.g. end processing enzymes. Apart 

from itself, DNA-PK phosphorylates almost all other NHEJ factors, but only phosphorylation of 

the nuclease WRN (Werner syndrome ATP-dependent helicase) has been shown to be 

required for successful repair (Davis et al., 2014). Also the AAA-ATPase p97 was reported to 

be phosphorylated at DSBs by DNA-PK (Livingstone et al., 2005), but also for this modification, 

the function remains to be investigated. If the breaks are modified with phospho-tyrosine 

intermediates as a result of blocked topoisomerases, tyrosyl-DNA phospho-diesterases (Tdp1 

and Tdp2) can remove theses special modifications (Waters et al., 2014). Several nucleases 

like Artemis, Metnase, WRN and the MRN (Mre11, Rad50, Nbs1) complex have also been 

associated with NEHJ (Mohapatra et al., 2013; Waters et al., 2014). Their endo- or 

exonuclease activities with different specializations, combined with helicase or histone-methyl-

transferase activities result in great flexibility in dealing with DSB ends. Aprataxin and APLF 

are two more end processing enzymes with kinase and phosphatase activities that can process 

the ends for ligation. To prevent shortening of the DNA during NHEJ caused by end 

processing, the polymerases µ and λ work synergistically to add nucleotides to the DNA ends, 

each of them showing different activities depending on the DNA substrate (Pryor et al., 2015). 

The ligation of the two DNA ends together with the newly added nucleotides is performed by 

ligase IV (figure 1.2), which is stabilized by XRCC4 (X-ray repair cross-complementing protein 

4). XLF, XRCC4 and PAXX (paralog of XRCC4 and XLF) promote the ligation by binding the 

Ku molecules located at the two DNA ends, bridging the break and holding the ends together 

(Brouwer et al., 2016; Ochi et al., 2015). 
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Figure 1.2: The non-homologous end-joining 

DNA DSB ends are bound by the Ku heterodimer, which recruits all other NHEJ factors. If 

necessary, the ends can be cleaved by end processing enzymes like MRN complex and 

Artemis, before ligation of the break by ligase IV (Dueva & Iliakis, 2013). 

Removal of the Ku70/Ku80 heterodimer from the DNA 

The Ku heterodimer can move only in one direction on the DNA helix, due to the one-directional 

shape of its DNA binding groove, preventing its passive dissociation from the DNA. Since Ku 

was reported to block end resection in vitro (Sun et al., 2012), it is thought that Ku needs to be 

removed actively from the DNA to allow HRR. Furthermore, remaining Ku on the DNA after 
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successful NHEJ would probably interfere with transcription and replication, thus it appears 

that there is also a mechanism to remove Ku from re-ligated DNA (Postow, 2011). Therefore, 

there might be two independent mechanisms to remove Ku from the DNA: one acting before 

HRR to enable end resection, and the second one after NHEJ to restore the DNA integrity. 

Recently, there have been several studies suggesting different modes of Ku removal from 

DNA, but most of them did not differentiate between open breaks and ligated DNA ends. 

In a model system consisting of Xenopus laevis egg extracts it has been shown that 

ubiquitination of Ku80 is essential for its removal from DNA (Postow et al., 2008). Further 

studies revealed that in frog egg extracts, upon binding to DNA, Ku80 is ubiquitinated by the 

Skp1- (S-phase kinase-associated protein 1) Cul1- (cullin-1) F-box (SCF) E3 ubiquitin ligase 

complex with FBXL12 (F-box/LRR-repeat protein 12) as F-box protein (Postow & Funabiki, 

2013). Although FBXL12 exists also in human, its depletion had no impact on Ku80 

ubiquitination after chemical induction of double-ended DSBs in human cells (Ismail et al., 

2015). In contrast, depletion of RNF8 (RING finger protein 8) in G1 phase cells abolished Ku80 

ubiquitination, while RNF138 was reported to be essential for Ku80 ubiquitination in G2 phase 

cells (Feng & Chen, 2012; Ismail et al., 2015). Furthermore, RNF126 was proposed to 

ubiquitinate Ku80 upon IR (Ishida et al., 2017). It was also claimed that ubiquitination of Ku80 

and its removal from DNA after DNA damage was dependent on NEDDylation, suggesting an 

involvement of NEDD8- (neural precursor cell expressed, developmentally down-regulated 8) 

activated cullin-RING ubiquitin ligases (Brown et al., 2015). 

Two models were proposed for Ku removal from the DNA explicitly at open breaks: In S phase 

cells, phosphorylation of Ku70 was suggested to lead to a conformational change, which 

results in dissociation of the Ku complex from the DNA. A phospho-mimic mutant showed a 

lower binding affinity in vitro and a stimulation of HRR in mouse embryonic fibroblasts (Lee et 

al., 2015). A completely different model for Ku removal was suggested for repair of single-

ended DSBs: The nucleases Mre11 (meiotic recombination 11) and CtIP were hypothesized 

to enable HRR by clipping off the DNA end, which is still encircled by Ku. The generated 

overhang would prevent re-binding of Ku to the break (Chanut et al., 2016). 

1.1.2 DNA double-strand break repair by homologous recombination repair 

While NHEJ is a fast repair pathway, which requires only few proteins, the homologous 

recombination repair (HRR) is a slower and more complex mechanism. Since it is dependent 

on the presence of the homologous sister chromatid, it can only take place after the DNA has 

been duplicated. Therefore, the HRR pathway is restricted to late S and G2 phase of the cell 

cycle. To ensure the successful termination once started, this pathway is strictly regulated. 
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Since NHEJ cannot take over repair after HRR has started by end resection, the decision how 

a break is repaired must be reached before. 

One of the first key players of HRR sensing a DSB is the MRN complex, consisting of Mre11, 

Rad50 (radiation sensitive 50) and Nbs1 (Nijmegen breakage syndrome 1). Rad50 and Mre11 

mediate the binding of the complex to DNA (Liu & Huang, 2016). Nbs1 is ubiquitinated in 

response to DSBs by the SCFSkp2 complex, resulting in an activation of ATM (Wu et al., 2012). 

The nuclease Mre11 contains a single-stranded DNA (ssDNA) endonuclease activity as well 

as a 3’ to 5’ exonuclease activity. Since for HRR 3’ overhangs are needed, it was suggested 

that Mre11 uses the endonuclease activity to create a single-strand break, followed by 

exonuclease clipping towards the DSB (Liu & Huang, 2016).  

The MRN complex activates the kinase ATM, which in turn phosphorylates and thereby 

activates all three MRN subunits. The HRR components CtIP, BRCA1 and 53BP1, as well as 

the histone variant H2AX are also substrates of ATM and are phosphorylated at early steps of 

repair (Krajewska et al., 2015; Nakada, 2016). CtIP is an endonuclease and interaction partner 

of the MRN complex. While the presence of CtIP is essential for HRR in all types of DSBs, its 

activity is only needed in complex DSBs, produced e.g. by IR or CPT, but not for simple breaks 

created e.g. by restriction enzymes (Liu & Huang, 2016). The end resection by the MRN 

complex and CtIP at the 5’ end is stimulated by CDK-mediated phosphorylation of CtIP and 

Nbs1, and ubiquitination of CtIP by BRCA1/BARD1 (BRCA1-associated RING domain protein 

1) and RNF138, albeit the effect of the latter might be indirect (Himmels & Sartori, 2016; 

Schmidt et al., 2015). The resulting ssDNA, which is covered by RPA (replication protein A), 

leads to an activation of ATR, which hyper-phosphorylates CtIP, thus promoting accumulation 

of CtIP and extension of the end resection. (Krajewska et al., 2015). MRN and CtIP recruit 

Exo1 (exonuclease 1) to the 50 to 100 base pair resected DSBs, a nuclease reported to 

perform the extensive end resection of thousands of nucleotides needed for HRR. Exo1 

contains a 5’ to 3’ exonuclease activity as well as an endonuclease activity, preferring double-

stranded DNA (dsDNA) with a shortened 5’ end (Liu & Huang, 2016). The helicase BLM (bloom 

syndrome protein) increases the affinity of Exo1 for DNA ends, while MRN increases its 

efficiency. However, BLM can also form an alternative complex together with DNA2 (DNA 

replication helicase / nuclease 2), resecting the ends in an Exo1-independent dependent 

manner. In contrast to the function in Exo1 mediated resection, BLM uses its helicase function 

to allow the nuclease activity of DNA2. RPA is needed to force the bidirectional nuclease to 

resect in 5’ to 3’ direction (Nimonkar et al., 2011). 

The ssDNA binding protein RPA consists of three subunits, RPA-70, RPA-32 and RPA-14, the 

numbers reflecting the size of each subunit. RPA-32 was reported to be phosphorylated by 

ATM, ATR and DNA-PKcs upon RPA binding to DNA after DNA damage. While several 

phosphorylation sites are also modified during replication, phosphorylation of serine 4 and 
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serine 8 by DNA-PKcs occurs only at repair-related ssDNA. Phosphorylation at these residues 

was shown to promote damage-related phosphorylation of Mre11 and TopBP1 (topoisomerase 

II binding protein 1), and therefore suggested to activate the intra S or G2/M checkpoint. 

Persisting γH2AX after damage in cells expressing phospho-mutant RPA (S4A, S8A) 

emphasizes the impact of this phosphorylation on DNA repair (Liu et al., 2012). The RPA 

covering the ssDNA at the resected DNA ends is actively replaced by Rad51 (radiation 

sensitive 51) oligomers. This process is mediated by BRCA2 (breast cancer 2) and Rad51 

paralogs. BRCA2 contains a number of Rad51 binding sites and two DNA binding motifs, one 

for ssDNA and dsDNA respectively, and interacts with both Rad51 and DNA (Heyer et al., 

2010). The interaction with Rad51 is regulated by CDK1-dependent phosphorylation of BRCA2 

(Krajewska et al., 2015). The Rad51 paralogs form three complexes: the BCDX2 complex 

consisting of Rad51B, Rad51C, Rad51D and XRRC2 (X-ray repair cross-complementing 

protein 2), the CX3 complex consisting of Rad51C and XRCC3 and the Shu complex consisting 

of SWSAP1 (SWIM-type zinc finger 7 associated protein 1) and SWS1 (SWIM domain 

containing Srs2 interacting protein 1) (Godin et al., 2016). How RPA is removed from the DNA 

and Rad51 is loaded mechanistically remains to be clarified. 

The Rad51 filaments search for homologous sequences, which are found on the sister 

chromatid during late S and G2 phase of the cell cycle. In yeast, at least 8 nucleotides are 

needed to be recognized as homolog, but up to 15 nucleotides of homology decrease the 

dissociation rate (Godin et al., 2016). The ssDNA strand invades into the dsDNA, forms a D-

loop and Rad54-dependent Rad51 dissociation allows DNA synthesis. There are two 

possibilities to continue: synthesis-dependent strand-annealing (SDSA) uses only one strand 

as template before dissociation of the sister chromatid, while forming a double Holliday junction 

(dHJ) implicates elongation of both 3’ ends in parallel (figure 1.3). The dHJ is resolved by a 

complex of BLM, Topo3α (topoisomerase 3α), RMI1 (RecQ-mediated genome instability 

protein 1) and RMI2 (Godin et al., 2016). 
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Figure 1.3: The homologous recombination repair 

The DNA DSB ends are extensively resected, ssDNA is covered by RPA, which is replaced by 

Rad51. The homologous sister chromatid (red) is used as template, either by synthesis-

dependent strand-annealing (SDSA) without crossover product or double-strand break repair 

(DSBR) with non-crossover or crossover product (Dueva & Iliakis, 2013). 



Introduction 

20 
 

1.2 The ubiquitin-proteasome system 

Protein synthesis and degradation are the basis of constant protein turnover in a cell. 

Furthermore, variations in the regulation of synthesis or degradation of a specific protein result 

in changed protein levels e.g. during the cell cycle progression, for differentiation or upon 

cellular stress. The signal for proteasomal degradation is the linkage of ubiquitin chains on the 

target protein. However, ubiquitination can either lead to proteasomal degradation of the 

protein, or it can be a signal for other cellular processes (Fullbright et al., 2016). The 

ubiquitinated protein is recognized by specific interaction partners, e.g. p97 and its adapter 

proteins. The ATPase activity of p97 can be used to remove the target protein from binding 

partners and mediate the transport to the proteasome for degradation (Forster et al., 2014). 

One prominent example for p97 function is the ER-associated degradation (ERAD). During 

protein synthesis, proteins are folded in the endoplasmic reticulum (ER), before they are 

released to their determined cellular location. But this folding is not free from defects, as 

proteins can be misfolded and therefore be unusable for the cell. Hence, they need to be 

degraded by ERAD. Quality control mechanisms in the ER recognize misfolded proteins, which 

are transported to the cytoplasm, followed by their ubiquitination. Subsequently, the complex 

of p97, Ufd1 (ubiquitin fusion degradation 1) and Npl4 (nuclear protein localization protein 4) 

removes the ubiquitinated protein from the ER and initiates its proteasomal degradation 

(Meusser et al., 2005). A similar mechanism for p97 removing proteins from a membrane to 

allow their proteasomal degradation was suggested for turnover of proteins in the outer 

membrane of mitochondria, like mitofusin-1 (Meyer et al., 2012).  

During the cell cycle and in the DNA damage response, nuclear proteins need to be removed 

from the chromatin and can be degraded. One example is CDT1 (chromatin licensing and DNA 

replication factor 1), whose scheduled degradation in early S phase is essential for successful 

replication. Additionally, it is degraded upon DNA damage induced by UV light. The 

ubiquitination of CDT1 after DNA damage leads to its removal from the chromatin by p97 and 

Ufd1, followed by proteasomal degradation (Raman et al., 2011). 

1.2.1 The ubiquitination cascade 

Ubiquitination of a protein can result in one or more lysines of the protein being modified with 

one or more ubiquitin molecules. Ubiquitin chains in turn can look quite diverse, since they can 

form homotypic chains with K6, K11, K27, K29, K33, K48 or K63 linkage, or mixed chains with 

e.g. K48/K29 forks. Additionally, heterologous chains of ubiquitin and ubiquitin-like modifiers 

(e.g. SUMO) can be formed (Ikeda & Dikic, 2008). Different types of modifications result in 

different outcomes for the protein (figure 1.4), while e.g. K48 chains are recognized by the 
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proteasome as degradation signals, K63 linked ubiquitin chains prevent degradation (Grice & 

Nathan, 2016). Therefore, the ubiquitination process involves a multitude of enzymes, 

regulating the type of modification. For ligation of ubiquitin to target proteins, the ubiquitin 

protein needs to be activated by C-terminal adenylation. For this task, human cells have two 

E1 ubiquitin-activating enzymes, Uba1 (ubiquitin-like modifier-activating enzyme 1) and Uba6. 

After adenylation and covalent binding of one ubiquitin, another ubiquitin can be loaded to the 

E1 and remains non-covalently bound, promoting the transfer of the covalently bound ubiquitin 

from E1 to an E2 conjugating enzyme. While their general mode of action is the same, Uba1 

and Uba6 have distinct E2 ubiquitin conjugating enzymes they collaborate with (Schulman & 

Harper, 2009). After receiving the activated ubiquitin from the E1, E2 enzymes dissociate from 

the E1 to be able to interact with an E3 ubiquitin ligase, which mediates the contact with the 

target protein. Dependent on the E2, the ubiquitin is linked to a lysine residue of the target 

protein or to an already linked ubiquitin. While some of the about 40 E2 enzymes can only 

initiate ubiquitination, other E2s elongate the ubiquitin chains in a specific linkage type. The 

same E3 ligase can interact with different E2s during ubiquitination of one protein (Ye & Rape, 

2009). Hundreds of E3 ubiquitin ligases have been identified, working with specific E2 

enzymes on distinct substrates. The two major E3 families are HECT (homologous to the E6-

AP carboxyl terminus) and RING-finger ubiquitin ligases. While HECT ligases directly bind the 

ubiquitin before transferring it to the target protein, RING-finger ubiquitin ligases only mediate 

the connection of the ubiquitin-bound E2 enzyme with the substrate without direct interaction 

with the ubiquitin itself. A third ubiquitin ligase family containing a U-box motif reveals a similar 

mechanism as RING-finger ligases, however, these ligases can both act as E3 ubiquitin ligase 

or support other E3 ligases as E4 ubiquitin elongating ligase (Ardley & Robinson, 2005). 
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Figure 1.4: The ubiquitination system 

Free ubiquitin (Ub) is covalently bound to an E1 ubiquitin activating enzyme by ATP hydrolysis. 

An E2 conjugating enzyme receives the ubiquitin from the E1 and shuttles it to an E3 ubiquitin 

ligase. HECT ligases directly interact with the ubiquitin, while RING-finger and U-box ligases 

only mediate the connection with the substrate via binding to the E2. Mono-ubiquitination at 

one or several sites of a substrate is mostly a signal for translocation events, ubiquitin chains 

can signal for proteasomal degradation or non-proteolytic events (Zhang et al., 2014). 

RING-finger ubiquitin ligases in cell cycle regulation and DNA damage response 

Various RING-finger ubiquitin ligases are known to act in response to DNA damage or in 

constitutive cell cycle progression. While simple RING-finger ligases like RNF8 consist of only 

one protein that mediates the ubiquitination of a substrate protein, cullin-RING-ligases (CRLs) 

are large protein complexes. They contain a scaffold protein, a RING-finger protein and at least 

one adapter protein, which links the complex to the substrate (Ardley & Robinson, 2005). CRLs 

are activated by modification with NEDD8, a ubiquitin-like modifier (Pan et al., 2004). 

One CRL implicated in both cell cycle regulation and DDR is the SCF-complex, which consists 

of cullin-1 (Cul1) as scaffold protein, the RING-finger protein RBX2 (RING box protein 2) and 

SKP1 as adapter protein for the F-box protein. The F-box protein is responsible for substrate 

recognition. In human, about 70 F-box proteins have been identified, categorized into three 

groups, FBXW (F-box and WD repeat domain-containing), FBXL (F box and leucine-rich 
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repeat) and FBXO (F-box only). With different F-box proteins, the SCF-complex ubiquitinates 

different substrates, e.g. CDT1, Ku80 and CDC25A. During the cell cycle, CDT1 is 

ubiquitinated by an SCF-complex with SKP2 as F-box protein, which belongs to the FBXL 

family, while Ku80 was reported to be ubiquitinated in Xenopus laevis egg extracts by 

SCFFBXL12. However, β-TrCP (β-transducin repeat-containing protein), which belongs to the 

FBXW family, is also involved in DDR by ubiquitinating CDC25A. Another CRL with various 

functions in the cell cycle regulation is the APC/C complex, consisting of the RBX1-related 

RING-finger protein APC11, the Cul1-related scaffold protein APC2, a variable activating 

component and several other components with so far unknown function. The substrate 

recognition is mediated by the activating component, comparable to F-box proteins (Nakayama 

& Nakayama, 2006).  

Also the simpler RING-finger ubiquitin ligases function in cell cycle regulation and DDR, RNF8, 

RNF126 and RNF138 were already mentioned above to ubiquitinate Ku80 in response to DNA 

DSBs. Furthermore, RNF8 ubiquitinates histone H1 with K63 ubiquitin chains in response to 

DNA DSBs, to allow recruitment of repair factors. Subsequently, RNF168 ubiquitinates histone 

H2A for recruitment of 53BP1 to DSB sites. To sustain 53BP1, L3MBTL1 (Lethal(3)malignant 

brain tumor-like protein), JMJD2A (Jumonji domain 2A) and JMJD2B need to be ubiquitinated 

by RNF8 and RNF168 and removed by p97 to unmask the di-methylated histone H4, which is 

subsequently bound by 53BP1. Interestingly, the functions of RNF8 and RNF168 are 

counteracted by the de-ubiquitinating enzyme (DUB) OTUB2 (ovarian tumor B2), balancing 

the ubiquitination in DDR (Nakada, 2016). 

1.2.2 The p97 cofactor system 

The AAA+ (extended family of ATPases associated with various cellular activities) ATPase 

p97, also called valosin-containing protein (VCP), is a homo-hexamer, which is highly 

abundant in cells. Every protomer consists of three domains: The N domain, which provides a 

binding site for interaction partners, and two ATPase domains D1 and D2. While D1 mediates 

the formation of the hexamer, D2 provides the energy for ATP-dependent functions of p97. C-

terminal of the D2 domain, there is a short tail providing an additional binding site for interaction 

partners. The ATPase domains of one p97 hexamer form two rings, sitting on top of each other. 

The N domains are linked to the D1 domains and can flip from an up-conformation, where they 

are located on top of the D1 ring, to a down-conformation, where they are located around the 

D1 ring. Besides the conformational changes within each ATPase domain during ATP 

hydrolysis, the two ATPase rings can also rotate against each other, resulting in opening or 

closure of the central pore (Xia et al., 2016). 
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The interaction of p97 with its ubiquitinated target proteins is regulated by about 30 adapter 

proteins, which contain a p97 binding domain, and several of them also a ubiquitin binding 

domain. Most of them bind to the N domain, only few can interact with the C-terminal tail. The 

adapter proteins can be grouped by their p97 binding domains, the largest group being the 13 

UBX (ubiquitin-like) domain containing proteins. Except for UBXD1, all proteins of this group 

bind to p97 with their UBX domain. A subset of this group contains an additional conserved 

UBA (ubiquitin-associated) domain for binding to ubiquitin, e.g. UBXD7 and FAF1. The related 

UBXL (UBX-like) domain has been found in only few p97 adapter proteins, among these is 

Npl4. Another p97-binding motif is the SHP (Src homology region 2 domain-containing 

phosphatase) box, which also interacts with the N domain of p97. This motif is present in Ufd1 

as well as in DVC1 (DNA damage protein targeting VCP) and some other p97 cofactors. Also 

the VIM (VCP-interacting motif) and the VBM (VCP-binding motif) bind to the N domain of p97, 

while the PUB (PNGase/UBA or UBX containing proteins) and PUL (PLAP, Ufd3p, and Lub1p) 

domains bind to the C-terminus of p97. 

For some p97 functions, it has been found to interact with more than one cofactor on one 

hexamer. However, considering that also the adapter proteins can form multimers, it appears 

clear that some cofactors bind mutually exclusive. Furthermore, some adapter proteins contain 

more than one p97 binding domain. For example, UBXD1 contains three functional p97 binding 

domains (PUB, VIM and the N-terminus), binding the N domain and the C-terminus of one p97 

protomer (Buchberger et al., 2015; Trusch et al., 2015). UBXD1 binds p97 as a trimer, 

occupying every second p97 protomer (Buchberger et al., 2015). Therefore, three N domains 

and three C-terminal tails remain free for interaction with other adapters, as shown for the 

complex of p97 together with UBXD1, PLAA and YOD1 (Papadopoulos et al., 2016). In 

contrast, the heterodimer Ufd1-Npl4 exhibits in total two p97 binding domains, resulting in 

binding of two adjacent p97 N domains and four free N domains. FAF1 (Fas-associated factor 

1), UBXD7, UBXD8 and SAKS1 (SAPK substrate protein 1) were each shown to bind a p97 

hexamer together with Ufd1-Npl4 (Buchberger et al., 2015). For the complex p97-Ufd1-Npl4-

FAF1 it was shown that one Ufd1-Npl4 heterodimer and one FAF1 protein bind to one p97 

hexamer (Hänzelmann et al., 2011). 

By forming complexes with different adapter proteins, p97 uses its ATPase activity to modify 

ubiquitinated substrate proteins in various pathways (figure 1.5). If in a complex with UBXD1, 

PLAA and YOD1, p97 can clear ruptured, ubiquitinated lysosomes (Papadopoulos et al., 

2016). In contrast, the interaction with Ufd1-Npl4 and UBXD7 can result in direct interaction 

with CRLs, leading to ubiquitination of the substrates and subsequent removal from chromatin 

(Meyer et al., 2012). The heterodimer Ufd-Npl4 has been implicated in various p97 mediated 

processes, e.g. ERAD (Meusser et al., 2005) or cell cycle checkpoint regulation (Riemer et al., 

2014), suggesting that additional adapters function in these pathways in the complex of p97 
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and Ufd1-Npl4, regulating their specificity. Apart from their function in linking p97 to substrate 

proteins or promoting its activity, some of the here called adapter proteins seem to have also 

cellular functions independent of p97, e.g. DVC1 (Vaz et al., 2016). 

 

Figure 1.5: p97 functions in the cell 

p97 has various proteasome-associated functions, e.g. removal of proteins from membranes 

during mitochondria-associated degradation and ER-associated degradation, but acts also in 

lysosomal degradation like during autophagy. In the nucleus, p97 can remove several 

substrates from the chromatin during DNA repair and replication processes (Meyer, 2012). 

In several solid tumors, genes associated with unfolded protein response (UPR) and ERAD, 

exhibit increased expression levels. Especially these tumor cells were found to be sensitive to 

treatment with the p97 inhibitor CB5083. Therefore, this inhibitor is tested in the clinic for 

cancer treatment. CB5083 binds the D2 domain of p97 and does not affect all p97 mediated 

cellular functions (Anderson et al., 2015). So far, other inhibitors were used as research tool 

to further study the functions of p97. The allosteric inhibitor NMS-873 binds to the linker domain 

between the D1 and D2 domain, thereby inhibiting both ATPase activities (Vekaria et al., 2016). 

While inhibition of p97 is suggested as cancer treatment, mutation in the p97 gene have been 

associated with different severe diseases. Multisystem proteinopathy (MSP), also called 

IBMPFD (inclusion bodies myopathy with Paget’s disease of bone and frontotemporal 

dementia) is an autosomal dominant disease with late onset. Muscle weakness, abnormal 

bone formation and dementia are typical symptoms. In patients, more than 20 mutations in the 

p97 gene have been associated with the disease, all located in the N or D1 domain of the 
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protein. Another disease, which can be caused by mutations in p97 is ALS (amyotrophic lateral 

sclerosis), resulting in cell death of brain and spinal cord neuronal cells and thereby loss of 

muscle control, terminating in death. Both diseases are a result of abnormal cell death in 

different tissues (Tang & Di Xia, 2016). Impaired p97 functionality can result in increased stress 

levels in the cells, which can finally lead to apoptosis. Although p97 has so abundant functions, 

these diseases occur mostly late in human life. However, more severe impairment of p97 

activity leads to apoptosis in cultured cells (Magnaghi et al., 2013), suggesting embryonic 

lethality in organisms. 

The Ufd1-Npl4 heterodimer 

One of the best studied p97 adapter proteins is the Ufd1-Npl4 heterodimer that binds in a 1:1 

stoichiometry to p97 hexamers (Pye et al., 2007) and forms multiple higher order complexes 

with p97 and other adapter proteins (Buchberger et al., 2015). While both Ufd1 and Npl4 can 

bind to p97, only Npl4 provides the ability to bind ubiquitin or ubiquitinated proteins (Meyer, 

2002). The first reported function of Ufd1-Npl4 was in the export of ER membrane-bound 

proteins into the cytosol (Ye et al., 2001). Furthermore it was suggested to regulate the cell 

cycle arrest in response to ER stress by regulating the SCFSkp2 complex (Chen et al., 2011). 

In general, Ufd1-Npl4 appears to be the major adapter for chromatin-related p97 functions. It 

was found to regulate chromosome segregation by antagonizing Aurora B (Dobrynin et al., 

2011) and to activate the G2/M checkpoint in response to DNA damage by CDC25A 

degradation (Riemer et al., 2014). Additionally, the complex of p97, Ufd1 and Npl4 was shown 

to directly act at DNA DSB sites, removing K48-ubiquitinated substrates and thereby promoting 

DSB repair (Meerang et al., 2011). In yeast, however, Ufd1 was shown to bind SUMOylated 

Rad52, counteracting its interaction with Rad51 and thereby regulating Rad51 filament 

formation (Bergink et al., 2013). Since yeast-Ufd1 reveals a SUMO-interacting motif (SIM), it 

was found to bind also other SUMOylated proteins as well as SUMO-targeting ubiquitin ligases 

(STUbLs) (Nie et al., 2012; Køhler et al., 2013). However, the C-terminus of Ufd1 that contains 

the SIM is not conserved in mammals, therefore it remains uncertain, if similar interactions 

exist in mammalian cells. If mammalian p97-Ufd1-Npl4 can interact with SUMOylated proteins, 

an additional adapter could be involved. Immunoprecipitation experiments revealed that 

UBXD7, UBXD8 and FAF1 form complexes with Ufd1 and Npl4 in cells (Alexandru et al., 2008), 

but so far, no SUMO interaction function has been described for any of these proteins. 
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UBXD7 

The UBA-UBX p97 adapter UBXD7, also called UBXN7, has been associated with different 

stress response pathways. A mass spectrometry approach revealed that UBXD7 binds several 

ubiquitin ligases, mostly CRLs. In absence of p97 activity, an increased binding of cullin-2 

(Cul2) – von-Hippel-Lindau (VHL) E3 complex as well as its substrate HIF1α (hypoxia-inducible 

factor 1α) was observed, indicating that UBXD7 actively binds the ligase-substrate complex to 

recruit p97-Ufd1-Npl4 complex for proteasomal degradation (Alexandru et al., 2008). Further 

studies revealed that UBXD7 can bind NEDDylated and thereby activated cullin complexes via 

its UIM (ubiquitin-interacting motif) (Bandau et al., 2012; den Besten et al., 2012). 

Another pathway, in which UBXD7 has been implicated is the nucleotide excision repair (NER). 

Exposure to UV light results in cyclobutane pyrimidine dimers (CPDs) and (6-4) pyrimidine–

pyrimidone photoproducts (6-4PPs). These DNA lesions are repaired by two different subtypes 

of NER, the transcription-coupled NER or the global-genome NER. The transcription-coupled 

NER is initiated by RNA polymerase II (POLII), which recognizes the lesion during 

transcription. CSA (cockayne syndrome group A) and CSB (cockayne syndrome group B) are 

required for removal of POLII, to allow NER. A more general lesion recognition occurs by DDB2 

(damaged DNA-binding 2) and XPC (xeroderma pigmentosum group C) and initiates the 

global-genome NER. At the DNA damage site, the DNA strands are separated by helicases 

and RPA covers the ssDNA regions. The damaged nucleotides are removed by 

endonucleases and replaced by replication factors (de Laat et al., 1999). For successful repair, 

the initial sensor proteins need to be removed from the DNA. Upon ubiquitination by CRLs, 

POLII, CSB, DDB2 and XPC are removed from the DNA damage site and degraded by a p97 

complex containing Ufd1 and UBXD7 (He et al., 2016a; He et al., 2016b; Puumalainen et al., 

2014).  

Very recently, UBXD7 has been reported to regulate activity of NRF2 (nuclear factor (erythroid-

derived 2) - like 2), initiator of oxidative stress response. Upon oxidative stress, NRF2 

translocates into the nucleus and activates expression of stress genes. To prevent permanent 

stress response, NRF2 is constitutively ubiquitinated by KEAP1 (Kelch-like ECH-associated 

protein 1) – cullin-3 (Cul3) E3 complex and degraded by p97, Ufd1-Npl4 and UBXD7 (Tao et 

al., 2017). 

FAF1 

Fas-associated factor 1 (FAF1) was first identified as pro-apoptotic factor interacting with Fas. 

Further research revealed a multitude of cellular functions in combination with different 

interaction partners. Phosphorylation of FAF1 by casein kinase 2 (CK2) or Aurora A seems to 
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regulate its functions during cell cycle and apoptosis (Menges et al., 2009). The pro-apoptotic 

function of FAF1 is counteracted by heat-shock protein 70 (HSP70), which binds to FAF1 and 

thereby inhibits its apoptosis-inducing interaction with Fas (Gao et al., 2015). Another function 

of FAF1 is its regulation of the Wnt (wingless-related integration site) signaling pathway. By 

promoting its degradation, FAF1 counteracts β-catenin, which otherwise activates the Wnt 

pathway (Zhang et al., 2011). Investigation of patient material revealed a correlation of FAF1 

expression levels with Parkinson’s disease (PD). Further experiments demonstrated that PD-

related stresses like mitochondrial complex I inhibition or oxidative stress increase the 

endogenous FAF1 levels, while increased FAF1 levels potentiated the toxic effects of these 

stresses, resulting in apoptosis (Betarbet et al., 2008). In contrast, various cancers exhibit 

reduced level of FAF1, resulting in better survival of tumor cells (Menges et al., 2009). 

As mentioned above, FAF1 has also been identified as p97 adapter protein, belonging to the 

UBA-UBX family. Together with p97 and Ufd1-Npl4, FAF1 has been implicated in ERAD (Lee 

et al., 2013), but the data on the binding to p97 being direct or indirect via Ufd1-Npl4 have 

been controversial (Lee et al., 2013; Ewens et al., 2014). However, FAF1 was implicated in 

p97 functions during replication. The licensing factor CDT1 was reported to be ubiquitinated 

and subsequently bound by FAF1, resulting in recruitment of p97, which removes CDT1 from 

the chromatin to allow correct DNA replication (Franz et al., 2016). 

1.3 p97 in DNA double-strand break repair 

The first hint that p97 might be involved in DNA repair was the observation, that upon DNA 

damage induction by ionizing radiation or UV light, p97 is phosphorylated at serine 784 by 

DNA-PKcs. Furthermore, this phosphorylated p97 specifically localizes to DSB sites after IR 

(Livingstone et al., 2005). In glioblastoma cells, p97 was found to bind ubiquitinated DNA-PKcs 

and to regulate its proteasomal degradation (Jiang et al., 2013). 

Another study revealed that K48-linked ubiquitinated substrates, modified by RNF8, are 

essential for recruitment of p97, Ufd1 and Npl4 to DSB sites. Moreover, foci formation of the 

repair factors 53BP1, BRCA1 and Rad51 was dependent on p97. Pathway specific reporter 

assays implicated p97 in both NHEJ and HRR (Meerang et al., 2011). 

The impaired 53BP1 foci formation upon p97 depletion was explained by other studies, which 

clarified the mechanism of 53BP1 recruitment to sites of DSBs: In unperturbed cells, 

methylated histones are covered by three proteins: L3MBTL1, JMJD2A and JMJD2B (Min et 

al., 2007; Mallette et al., 2012). During DNA DSB repair, 53BP1 binds di-methylated histone 

H4 (H4K20me2) at sites of DSBs (Botuyan et al., 2006). To allow binding of 53BP1, L3MBTL1 

and JMJD2A are ubiquitinated by RNF8 and RNF168 (Mallette et al., 2012; Acs et al., 2011). 
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For JMJD2A, subsequent degradation was reported (Mallette et al., 2012). Removal of 

L3MBTL1 from the histone is promoted by p97 and Npl4 in a RNF8 and RNF168 dependent 

manner. Hence, defective ATPase activity of p97 results in L3MBTL1 persistence on DSB sites 

and impaired 53BP1 recruitment. In contrast to the previously described study, BRCA1 

recruitment to laser lines was not dependent on p97 activity (Acs et al., 2011). 

In yeast, the p97 orthologue Cdc48 was reported to directly mediate Rad51 filament formation. 

The interaction of Saccharomyces cerevisiae Rad51 with its main loader Rad52 is regulated 

by SUMOylation of Rad52 and recognition by a SUMO-interacting motif (SIM) in Rad51 

(Bergink et al., 2013). The orthologue of Ufd1 as well as Cdc48 contain also a SIM (Hannich 

et al., 2005), so that the Cdc48-Ufd1 complex can bind SUMOylated Rad52 and thereby 

negatively regulate Rad51 loading onto the DNA. Hence, disruption of the interaction of Cdc48-

Ufd1 with Rad52 led to an abnormal Rad51 assembly on the DNA (Bergink et al., 2013). So 

far, no direct SUMO binding of mammalian p97 or Ufd1 has been reported. Therefore, it 

remains to be elucidated, whether this mechanism is conserved from yeast to human cells. 
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1.4 Aim of the thesis 

Induction of DNA DSBs by ionizing radiation or camptothecin are established treatments in 

cancer therapy. Therefore, it is of great interest to investigate how cells deal with these lesions 

at the molecular level. Previous research identified the AAA-ATPase p97 to be involved in the 

repair of DNA DSBs, but the underlying mechanisms remained unknown so far. 

To elucidate the function of p97 in the different DSB repair pathways, the first aim of this thesis 

was to identify the target proteins that are recognized and processed by p97. This study 

contributed to the establishment of Ku80 as target of p97 after successful DSB repair by NHEJ. 

Since p97 was implicated in both NHEJ and HRR, the second and major aim was to elucidate 

if this function of p97 in Ku removal from the DNA is also relevant for HRR, or if p97 has another 

target in this pathway. Furthermore, IR and CPT induce different types of DSBs that can be 

repaired by HRR. Therefore, we wanted to clarify, if the impact of p97 on HRR is influenced by 

the type of DSB. 

The third aim of this thesis was to identify the relevant cofactors that act together with p97 in 

the DSB repair pathways. In general, p97 functions together with different cofactors, which 

mediate the interaction of p97 with the substrate. Furthermore, p97 recognizes preferentially 

ubiquitinated substrates and is known to act together with ubiquitin ligases. Therefore, also the 

impact of the ubiquitin ligases RNF8 and RNF138 on DSB repair was investigated, to elucidate 

if they label their target proteins as p97 substrates. 
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2 Material and methods 

2.1 Cell cultivation 

U2OS cells and HEK-293T cells were kept in DMEM (Sigma) supplemented with 10 % fetal 

bovine serum (Gibco) and 1 % Penicillin / Streptomycin (PAA). For U2OS-DR-GFP reporter 

cells (kind gift from George Iliakis), 2 µg/ml Puromycin (Merck Millipore) were added to the 

medium. For passaging or seeding, cells were washed with PBS (PAA) and detached from the 

plate using Trypsin / EDTA (PAA). 

2.2 Transfection 

For depletion experiments, U2OS cells were treated with 12 nM siRNA (or 24 nM for co-

depletion) and 0.15 % Lipofectamine RNA iMAX (Life technologies) by reverse transfection. If 

not stated otherwise, the cells were left in presence of the reagents for 2 days, before further 

treatment. The used siRNA oligonucleotides are listed in table 2.1. 

Table 2.1: siRNA oligonucleotides used in this study 

Name Sequence Reference 
MeyerOligos 
database 
no. 

ctrl UUCUCCGAACGUGUCACGUTT 
(Dobrynin et al., 

2011) 
714 

FAF1 S1 CCACCUUCAUCAUCUAGUCTT (Park et al., 2007) 888 

FAF1 S7 AAACAUUGACGAAGCUAUUTT Dharmacon library 1288 

Ku80 S1 GGAUGGAGUUACUCUGAUUTT (Ma et al., 2012) 1485 

Ku80 S2 GAAGUUCUGUCACAGCUGATT  1486 

Ku80 S3 CAGAGAAGAUUCUUCAUGGGTT 
(Rampakakis et al., 

2008) 
1487 

luc CGUACGCGGAAUACUUCGATT  748 

Npl4 S1 CGUGGUGGAGGAUGAGUUTT 
(Dobrynin et al., 

2011) 
737 

Npl4 S6 CGGAAGGUUGGCUGGAUAUUUTT  1264 
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p97 S2 AACAGCCAUUCTCAAACAGAATT 
(Raman et al., 

2011) 
709 

p97 S3 AAGUAGGGUAUGAUGACAUUGTT 
(Wojcik et al., 

2004) 
740 

p97 S7 CAAUAAACGUUGGGUCAAATT (Zhou et al., 2013) 1389 

Rad51 S1 GGGAAUUAGUGAAGCCAAATT 
(Meerang et al., 

2011) 
1168 

RNF8 S1 GGACAAUUAUGGACAACAATT 
(Meerang et al., 

2011) 
1484 

RNF138 S1 CCUGUGUCAAGAAUCAAAUTT (Ismail et al., 2015) 1355 

RNF138 S2 UAGAUAAAGAAACCCAAUATT (Ismail et al., 2015) 1356 

UBXD7 S1 CAGCUUGAAAGGAGUGUUUTT Dharmacon library 890 

UBXD7 S2 CAGCAGGUGCAUAUUCAUUTT Dharmacon library 1197 

UBXD7 S3 AGCUGGUCAAUAAUCAUGUTT Dharmacon library 1198 

Ufd1 S1 GGGCTACAAAGAACCCGAATT 
(Dobrynin et al., 

2011) 
733 

Ufd1 S2 GUGGCCACCUACUCCAAAUTT 
(Dobrynin et al., 

2011) 
594 

 

U2OS cells were transfected with DNA 1 day after seeding using 10 nM PEI and 1 µg/ml DNA. 

Medium was changed after 4 hours, further treatment 24 hours later. 

U2OS-DR-GFP reporter cells were transfected with 0.5 µg/ml DNA and 1.8 µl/ml Lipofectamine 

2000 (Life technologies), followed by medium change after 4 hours. 

DNA transfection in HEK-293T cells was performed using 1 µg/ml DNA and 2 µl/ml jetPRIME 

(Polyplus). After 4 hours, medium was changed and cells left for 24 hours before further 

treatment. 

2.3 Immunofluorescence staining 

For microscopy, 70,000 U2OS cells were seeded on glass coverslips (12 mm diameter) in 12-

well plates. Medium was removed and cells were briefly washed with PBS. For staining of 

Ku80 or RPA, cells were pre-extracted with CSK buffer (10 mM PIPES, pH 7.0, 100 mM NaCl, 

300 mM sucrose, 3 mM MgCl2, 0.7 % Triton X-100) and freshly added RNase A (0.3 mg/ml) 

(Sigma) for 3 minutes at room temperature. After removal, fresh CSK buffer with RNase was 
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added and again incubated for 3 minutes. After a brief washing step with PBS, fresh PBS was 

added and incubated for 10 minutes. Then, cells were fixed for 20 minutes with 4 % PFA, 

before repetition of PBS washing steps. For staining of Rad51 or pRPA (if not co-stained with 

RPA), cells were washed briefly with PBS and directly fixed with 4 % PFA for 20 minutes. 

Permeabilisation was performed using 0.2 % Triton X-100 for 10 minutes, followed by PBS 

washing. For blocking, cells were incubated in blocking solution (PBS with 0.2 % gelatin and 

0.5 % BSA) at 4 °C overnight. Primary antibodies were diluted in blocking solution as indicated 

in table 2.2 and spotted onto Parafilm-covered wet chambers. The coverslips were placed with 

the cells facing the antibody drops and incubated for 2 (Rad51, RPA and pRPA) or 4 (Ku80) 

hours at room temperature. Cells were washed 3 times for 10 minutes with PBS. The 

secondary antibodies were diluted in blocking solution supplemented with DAPI (1 µg/ml). The 

cells were incubated in antibody solution on Parafilm for 1 hour (Ku80 staining: 2 hours) and 

again washed with PBS twice. To fix the antibodies, the cells were incubated in 2 % PFA for 

10 minutes, washed once with PBS and mounted in Mowiol. Before microscopy, samples were 

left at least overnight at room temperature for drying, afterwards, samples were stored at 4 °C. 

Table 2.2: Primary antibodies used for immunofluorescence staining 

Target Species Dilution Source 

Ku80 mouse 1:100 Thermo Scientific, clone 111 

Rad51 mouse 1:1,000 Abcam, 14B4 

RPA32 mouse 1:300 Abcam, 9H8 

pRPA32 (S4/S8) rabbit 1:1,000 Bethyl 

Table 2.3: Secondary antibodies used for immunofluorescence staining 

Target Species Dilution Source 

Mouse (AF488) goat 1:600 Life technologies 

Mouse (AF561) goat 1:600 Life technologies 

Rabbit (AF488) goat 1:600 Life technologies 

Rabbit (AF568) goat 1:600 Life technologies 
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2.4 Microscopy and image analysis 

Microscopic images of Rad51 and Ku80 stained cells were taken either at a Nikon Eclipse Ti-E 

with confocal spinning disc unit using 100x oil objective. The same settings were used for 

visualization of RPA foci (low dose). For RPA / pRPA dose response, CPT treated cells and 

pRPA staining, a 20x air objective at the spinning disc microscope or at Leica SP8 confocal 

microscope was used, and at least 200 cells were analyzed automatically with Cellprofiler. For 

foci quantification and Ku80 signals quantification, at least 50 cells per condition were 

analyzed. To this end, the DAPI signal was used to define the nuclei, in which Rad51 or RPA 

foci were counted or the intensity of the Ku80, RPA or pRPA signal was quantified. Data were 

analyzed in Microsoft Excel and graphs created in GraphPad Prism. Statistical analysis was 

performed in GraphPad Prism, two-way Anova grouped test was used for calculation of p-

values. Exemplary pictures were generated using ImageJ or Fiji. 

2.5 Western blot 

For Western blotting, cells were lysed in extraction buffer (150 mM KCl, 25 mM Tris pH 7.4, 

5 mM MgCl2, 5 % glycerol, 1 % Triton X-100 and 2 mM β-Mercaptoethanol) supplemented with 

complete protease inhibitor (Roche). For measurement of protein concentrations, BCA assays 

were performed. Proteins were denatured by Laemmli sample buffer and boiling for 5 minutes 

at 95 °C. Afterwards, proteins were separated by standard SDS-PAGE at 20 mA and blotted 

on nitrocellulose membrane (0.45 µm, Hybond-C super, Amersham Biosciences) by semi-dry 

Trans-Blot SD transfer cell (Bio-Rad) at 120 mA for 1 hour. For staining of ubiquitinated 

proteins, wet blot was performed. The membrane was blocked using 5 % non-fat dried milk 

powder in PBS-T (PBS supplemented with 0.05 % Tween 20 (Fluka)). Washing steps were 

performed using PBS-T, antibodies were diluted in 3 % BSA in PBS-T. In primary antibody 

solution, the membrane was incubated at 4 °C overnight. After washing, the membrane was 

incubated with HRP-coupled secondary antibodies for 1 hour at room temperature. The 

membrane was again washed and signals were visualized by using SuperSignal west pico 

(Thermo Scientific) and X-ray films. 

Table 2.4: Primary antibodies used for Western blotting 

Target Species Dilution Source 

FAF1 rabbit 1:200 Eurogenetec 

GAPDH mouse 1:10,000 Sigma-Aldrich 

Ku80 rabbit 1:800 Antikoerper-online.de 
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Npl4 rabbit 1:500 H. Meyer, HME16 

p97 rabbit 1:2,000 H. Meyer, HME08 

Rad51 mouse 1:5,000 Abcam, 14B4 

RNF138 rabbit 1:1,000 Abcam 

RNF8 goat 1:1,000 Abcam 

α-Tubulin mouse 1:10,000 Sigma 

Ubiquitin mouse 1:1,000 Millipore, FK2 

UBXD7 sheep 1:5,000 MRC-PPU Reagents, S409D 

Ufd1 mouse 1:1,000 C: Brasseur, 5E2 

Ufd1 rabbit 1:1,000 H. Meyer, HME14 

Table 2.5: Secondary antibodies used for Western blotting 

Target Species Dilution Source 

Mouse (HRP) goat 1:10,000 BioRad 

Rabbit (HRP) goat 1:10,000 BioRad 

Sheep (HRP) rabbit 1:5,000 Pierce 

2.6 Cloning and purification of recombinant UBXD7 

For bacterial expression of His-tagged UBXD7 (MeyerClones-database number 686), the 

UBXD7 gene was amplified from a pCMV-FLAG plasmid (MeyerClones-database number 649) 

by PCR, thereby introducing restriction sites XhoI and BamHI. After digestion, the gene was 

cloned into a pET15b vector (MeyerClones-database number 693), containing an N-terminal 

His-tag. The His-UBXD7 protein was expressed in SoluBL21 bacteria in 2 x YT medium (16 g/L 

tryptone, 10 g/L yeast extract, 5 g/L NaCl, pH7), expression was induced by addition of 0.5 mM 

IPTG at an OD600 of 0.8 and performed at 18 °C overnight. Recombinant proteins were purified 

using Nickel-NTA-beads, followed by size-exclusion chromatography. 

GST-tagged UBXD7 (MeyerClones-database number 687) was generated using PCR-

introduced ApaI and BamHI restriction, followed by ligation in pET41_Pre vector 

(MeyerClones-data base number 690). Expression was performed as for His-UBXD7, but at 

32 °C for 5 hours, purification by size-exclusion chromatography. 
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2.7 In vitro pulldown 

For in vitro interaction studies, recombinant p97 (1 µg) and the other proteins (0.4 µg each) 

were mixed in a volume of 200 µl. His-tagged proteins were incubated in pulldown buffer (150 

mM KCl, 50 mM HEPES, pH 7.3, 2.5 mM MgCl2, 5 % glycerol, 2 mM β-mercaptoethanol, 0.1 % 

Triton X-100, 1 mg/ml trypsin inhibitor) for 30 minutes on ice. GST-tagged proteins were added 

and the samples were again incubated for 30 minutes on ice. The indicated amounts of protein 

mixture were taken as input samples, supplemented with Laemmli sample buffer and boiled 

for 5 minutes at 95 °C. Glutathione-sepharose-beads were washed with pulldown buffer and 

added to the proteins, followed by 1 hour incubation on roller at 4 °C. Unbound proteins were 

washed off and bound proteins eluted in Laemmli sample buffer. After boiling, input and elution 

samples were subjected to SDS PAGE and Western blot. 

2.8 Pulldown of cell lysates 

For investigation of UBXD7 binding partners in cells, pcDNA5-UBXD7 (MeyerClones-database 

number 806) was used as UBXD7wt and also as template for QuickChange PCR to generate 

the P459G point mutant (MeyerClones-database number 946). The following primer pair was 

used: 

Fw: CGTTTTGAACTTCTCACCAACTTTGGTCGAAGGAAATTATCTCATCTGG 

Rv: CCAGATGAGATAATTTCCTTCGACCAAAGTTGGTGAGAAGTTCAAAACG 

HEK293T cells were transfected with an empty plasmid (MeyerClones-database number 614), 

UBXD7wt or the mutant UBXD7 and left for expression for 24 hours. Cells were lysed using IP 

HEPES buffer (50 mM HEPES / KOH pH 7.2, 5 mM Mg(OAc)2, 70 mM KOAc, 0.2 % Triton 

X-100, 10 % glycerol, 0.2 mM EDTA (Alexandru et al., 2008)) supplemented with complete 

protease inhibitor. Protein concentrations were measured by BCA assay and 0.5 mg lysate per 

condition used for the pulldown experiment. The indicated amount of lysate was taken as input 

sample. Per sample, 50 µl StrepTactin sepharose (IBA) was washed with buffer and added to 

the lysates. After incubation of 2 hours at 4 °C on roller, unbound proteins were washed off 

and bound proteins were eluted with Laemmli sample buffer. After boiling, input and elution 

samples were applied to SDS PAGE and Western blot. 

2.9 FACS analysis of DR-GFP reporter 

U2OS cells with stably integrated DR-GFP reporter construct were a kind gift from George 

Iliakis.  
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The reporter construct consists of two parts: The first is a non-functional GFP gene, which is 

interrupted by an I-SceI restriction site. The second part is a truncated GFP fragment (iGFP), 

which is homologous to the sequence which is interrupted in the complete GFP cassette and 

can therefore be used as template for HRR (figure 2.1) (Gunn et al., 2011). 

 

Figure 2.1: Scheme of I-SceI-GFP plasmid for HRR measurement 

Restriction enzyme I-SceI can cut the plasmid at I-SceI restriction site in the interrupted GFP 

gene. If the GFP fragment (iGFP) is used as template for HRR, a functional GFP protein can 

be expressed (Gunn et al., 2011). 

In unperturbed cells, no GFP expression takes place. Upon transfection of a plasmid containing 

the I-SceI gene, the restriction enzyme can cut the GFP cassette. If repaired by HRR using the 

iGFP as template, GFP is expressed. 

Cells were cultured with 4 µg/ml Puromycin to maintain the stable integration of the plasmid. 

The antibiotic was deprived during the treatment. The cells were treated with siRNA by reverse 

depletion and transfected with I-SceI-plasmid after 24 hours. After 3 days, GFP signal was 

measured by flow cytometry using a FACScalibur (BD) and analyzed with Kaluza. The non-

depleted sample was used for normalization. 
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3 Results 

3.1 p97 actively removes Ku80 from DNA after successful non-homologous end-

joining 

The AAA+-ATPase p97 is involved in DNA double-strand break repair by non-homologous 

end-joining (NHEJ) (Meerang et al., 2011), but the substrate protein remains unknown so far. 

We hypothesized that p97 removes Ku from the DNA after NHEJ. The first hint for this 

hypothesis was the increased binding of Ku to the DNA if p97 activity was impaired, which was 

measured by mass spectrometry (van den Boom et al., 2016). The second indication was the 

modification of Ku80 with K48 ubiquitin chains upon binding to DNA (Postow et al., 2008), a 

typical modification of p97 substrates (Meyer et al., 2012). The third hint was the ability of p97 

to actively remove substrate proteins from binding partners (Meyer et al., 2012). Since Ku fully 

encircles the DNA and becomes trapped during repair, it needs to be actively removed. 

3.1.1 Active p97 is required for Ku80 removal from DNA after ionizing radiation 

To investigate if Ku80 removal from the DNA after IR depends on p97 activity, the kinetics of 

DNA-bound Ku80 after IR were monitored with and without p97 inhibition. 

Upon induction of DNA damage by ionizing radiation (IR), the Ku heterodimer covers the open 

DNA ends arising at sites of DNA double-strand breaks (DSBs). To visualize the DNA-bound 

Ku by microscopy, the cell membrane was permeabilized (pre-extraction), followed by washing 

steps. Thereby, proteins that were not bound to structures like DNA or membranes were 

removed, and only proteins immobilized on remaining cellular components were fixed and 

stained afterwards. Since most Ku80 is bound to RNA (Ting et al., 2005), addition of RNase 

was required to visualize DNA-bound Ku80 (Britton et al., 2013). 

To follow the kinetics of Ku80 at DSBs, the amount of DNA-bound Ku80 was monitored over 

time after ionizing radiation. For this, U2OS cells were irradiated with 10 Gy and pre-extracted 

after different recovery times. The samples taken 5 minutes after IR showed high levels of 

DNA-bound Ku80 in comparison to non-irradiated control cells (0 Gy, figure 3.1 A, upper 

panel). With increasing time after irradiation, less Ku was detectable on the DNA in DMSO 

treated cells. During the observed time period of 120 minutes, the amount of DNA-bound Ku80 

dropped to almost background level, seen in non-irradiated control cells.  
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Figure 3.1: Inhibition of p97 activity stabilizes Ku80 on DNA after ionizing radiation 

(A) U2OS cells were treated with 5 µM NMS-873 or DMSO 15 minutes before exposure to 

ionizing radiation (10 Gy) and during recovery time. Cells were pre-extracted and fixed at the 

indicated time points after irradiation. Non-irradiated control (0 Gy) was treated with the 

inhibitor or vehicle for 120 minutes. The DNA was stained with DAPI, DNA-bound Ku80 was 

visualized with antibodies and imaged by confocal microscopy. DAPI signal was used to 

identify nuclei (white line). Exemplary pictures. Scale bar: 10 µm. (B) Quantification of A. 

Analysis was performed using CellProfiler, nuclei were automatically defined by DAPI signal 

and mean intensity of Ku80 signal in the nuclei was measured. More than 50 cells per condition 

were analyzed in each experiment. N = 3 independent experiments. Values were normalized 

to the 5 minutes time point, error bars denote SD. p-values were calculated using Anova 

(* p<0.05, ** p<0.01, compared to corresponding DMSO value). Grey area indicates the time 

of irradiation. 

The treatment with NMS-873 specifically blocks the activity of p97 in cells (Magnaghi et al., 

2013). For investigation of the impact of p97 activity on the Ku80 kinetics following IR, cells 

were treated 15 minutes before irradiation with 5 µM NMS-873 and also left for repair in 

presence of the inhibitor (figure 3.1 A, lower panel). Without irradiation (0 Gy), cells treated 

with NMS-873 for 120 minutes showed no difference in Ku80 binding to DNA in comparison to 

DMSO treated cells. Upon irradiation, Ku80 bound the DNA independently of p97 activity. 

However, in contrast to DMSO treated control cells, the amount of DNA-bound Ku80 in 

NMS-873 treated cells peaked at the 30 minutes time point. Afterwards, the signal decreased 
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slowly, even at the last observed time point 120 minutes after IR, there was still more Ku80 

bound to the DNA than in DMSO treated control cells or in non-irradiated samples. Notably, 

the quantification confirmed that the amount of DNA-bound Ku80 was significantly higher in 

NMS-873 treated cells in comparison to control cells (figure 3.1 B). 

3.1.2 p97 cooperates with Ufd1 to remove Ku80 from DNA 

For its functions in the different cellular processes, p97 acts together with various adapter 

proteins, mediating the interaction of p97 with the ubiquitinated substrate (Meyer et al., 2012). 

The most prominent p97 adapter protein in chromatin related processes is the heterodimer 

Ufd1-Npl4. To investigate if Ufd1 is also involved in Ku80 removal from DNA after IR, siRNA 

targeting Ufd1 or p97, as control, was used for depletion of the protein in U2OS cells. The 

efficient reduction of p97 and Ufd1 protein levels was confirmed by Western blot of cell lysates 

after siRNA treatment (figure 3.2 C). 

The siRNA was applied 48 hours before IR by reverse transfection. As negative control, a non-

targeting siRNA (sictrl) was used. As in the previous experiment, the cells were irradiated with 

10 Gy, pre-extracted and fixed at different time points after irradiation. The DNA-bound Ku80 

was again stained with antibodies. 

In non-irradiated control cells, the Ku80 level on the DNA raised upon IR and decreased in the 

following two hours (figure 3.2 A, upper panel), comparable to the DMSO control in figure 3.1. 

Treatment with siRNA targeting p97 resulted in a stabilization of Ku80 on DNA after IR. Over 

the first 30 minutes its level remained almost constant and the release was delayed compared 

to the control (figure 3.2 A, middle panel). Remarkably, also treatment with siRNA targeting 

the adapter protein Ufd1 led to slower removal of Ku80 from the DNA (figure 3.2 A, lower 

panel). The effects observed for the siRNA treated cells were not as strong as those measured 

for cells inhibited with the p97 inhibitor NMS-873, but the statistical analysis using two-way 

Anova group test revealed that the delay in Ku80 removal from DNA after IR upon depletion 

of either p97 or Ufd1 was significant (figure 3.2 B). 
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Figure 3.2: Ku80 release from DNA is impaired by depletion of p97 or Ufd1 

(A) Exemplary pictures of U2OS cells treated with 12 nM siRNA for 48 hours. Cells were pre-

extracted and fixed at the indicated time points after ionizing radiation (10 Gy), followed by 

staining with DAPI and Ku80 antibodies. Scale bar: 10 µm. (B) Quantification of A. Ku80 signal 

intensity in the nuclei was measured with CellProfiler. N = 3 independent experiments with 

more than 50 cells per experiment. Mean +/- SD, normalized to 5 minutes time point. ** p<0.01, 

compared to corresponding sictrl value. The grey area depicts the time of irradiation. (C) 

Western blot showing siRNA depletion efficiencies. Proteins were detected using the indicated 

antibodies. 

To test if the observed effect was a specific result of p97 depletion, two additional siRNAs 

targeting p97, which were established in the lab before, were tested in this assay (figure 3.3 A 

and B). Treatment with each of these siRNAs resulted in more Ku80 remaining on the DNA 60 

minutes after IR in comparison to control treated cells (sictrl). Visualization of p97 protein level 

in the three samples by Western blotting revealed different amounts of remaining protein for 
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the two used siRNAs targeting p97 (figure 3.3 C). Consistently, the p97 depletion efficiencies 

of S3 and S7 correlate with the impairment of Ku80 removal (figure 3.3 A, B and C). 

 

Figure 3.3: Ku80 removal from DNA is slowed down by different siRNAs targeting p97 

or Ufd1 and can be rescued 

(A) U2OS cells were treated with indicated siRNAs (12 nM) for 48 hours. Irradiation with 10 Gy 

followed by different incubation times before pre-extraction and fixation. DAPI and Ku80 

antibodies were used for staining. Scale bar: 10 µm. (B) Quantification of A. Automated 

analysis by CellProfiler, Ku80 intensity in nuclei was measured and normalized to 5 minutes 

time point. N = 3 independent experiments with at least 50 cells per condition, mean +/- SD. 

(C) Western blot showing depletion efficiencies of the p97 siRNAs. (D) U2OS cells were treated 

with 12 nM siRNA for 24 hours, transfected or not with 1 µg/ml reUfd1-GFP plasmid for 

additional 24 hours. Cells were pre-extracted and fixed at the indicated time points after 

ionizing radiation (10 Gy). Scale bar: 10 µm. (E) Quantification of D. Analysis was performed 

as in B. * p<0.05, compared to corresponding sictrl value. (F) Western blot showing depletion 

efficiency of the Ufd1 siRNA on endogenous Ufd1 level (end.) and expression level of the 

overexpressed siRNA resistant form of Ufd1 (reUfd1-GFP). 
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To investigate if also the effect observed for Ufd1 depleted cells in figure 3.2 was caused by 

the reduction in Ufd1 protein levels, another siRNA targeting Ufd1 (siUfd1 S1) was tested in 

this assay. Furthermore, a restoration experiment using an siRNA resistant Ufd1 construct with 

an N-terminally fused GFP-tag (reUfd1-GFP) was performed. The siRNA was applied by 

reverse transfection, followed by plasmid transfection 24 hours later. After another 24 hours, 

the cells were irradiated and pre-extracted. The efficient reduction in protein levels of the 

endogenous Ufd1 by siRNA treatment and expression of the GFP-tagged Ufd1 in the 

transfected cells was confirmed by Western blot (figure 3.3 F). This second siRNA targeting 

Ufd1 (siUfd1 S1) also delayed Ku80 removal from DNA after IR in comparison to control cells. 

Importantly, additional overexpression of the siRNA resistant Ufd1 construct rescued this effect 

(figure 3.3 D and E). 

Taken together, depletion of either p97 or Ufd1 clearly delays Ku80 removal from DNA after 

IR, indicating that Ufd1 might be an adapter linking p97 to this process. 

3.1.3 DNA-associated p97 adapter UBXD7 directly binds to p97 and forms a 

complex with p97, Ufd1 and Npl4 

In many pathways, p97 cooperates not only together with one adapter but in larger complexes 

(Hänzelmann et al., 2011). The adapter that was found to mediate DNA repair by nucleotide 

excision repair together with p97, Ufd1 and Npl4 is the UBA-UBX protein UBXD7 (Puumalainen 

et al., 2014). To investigate if and how UBXD7 could be involved in Ku80 removal from DNA, 

the complex of p97, Ufd1-Npl4 and UBXD7 was analyzed. 

The human UBXD7 gene was cloned into a pET41 vector to produce recombinant UBXD7 

protein C-terminally fused to a GST-tag. The protein was expressed in E. coli strain SoluBL21 

and purified by glutathione affinity purification. The p97 binding domain of p47 fused to GST 

(GST-UBX) was used as positive control, GST alone served as negative control. His-tagged 

proteins were incubated in different combinations with GST-tagged proteins and pulled down 

with glutathione sepharose beads.  
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Figure 3.4: UBXD7 associates with p97-Ufd1-Npl4 complex in vitro and in vivo via p97-

binding 

(A) Purified recombinant proteins (p97: 1 µg, all other proteins: 0.4 µg, in 200 µl) were 

incubated in different combinations and pulled down with Glutathione sepharose beads. 

Proteins in the input samples and eluted proteins (GST-PD) were separated by SDS-PAGE, 

blotted and visualized by staining with indicated antibodies. GST serves as control for 

unspecific binding to GST and beads, The UBX domain of p47 (GST-UBX) was used as control 

for efficient pulldown of p97. M: protein size marker. Note that Ufd1 is only pulled down in 

presence of p97. (B) HEK293T cells were transiently transfected with indicated plasmids. Wt: 

wild type, P459G: point mutation in the UBX domain of UBXD7. After incubation for 24 hours, 

cells were lysed and Strep-tagged UBXD7 proteins were immobilized on StrepTactin 

Sepharose (Strep-PD). Unbound proteins were removed (flow through, FT). After elution, 

proteins were separated by SDS-PAGE, blotted and visualized with indicated antibodies. s.e. 

short exposure, l.e. long exposure. Note that interaction with Ufd1 is abolished in p97-binding 

deficient mutant of UBXD7.  
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When incubated with GST alone, none of the His-tagged proteins bound to the beads (figure 

3.4 A, lane 8). As positive control, the GST-tagged UBX domain of p47 was incubated with 

p97, resulting in a strong p97 co-precipitation (lane 14). His-tagged p47 or Ufd1 was not 

detected after pulldown of GST-UBXD7 (lane 9 and 10), suggesting no direct binding of Ufd1 

or p47 to UBXD7. However, p97 bound to UBXD7 and was pulled down with GST-UBXD7 

(lane 11). The combination of p97 and Ufd1-Npl4 added to GST-UBXD7 led to co-precipitation 

of Ufd1 and notably also increased co-precipitation of p97 (lane 12) compared to p97 without 

Ufd1. This demonstrates that UBXD7 and Ufd1 can bind to the same p97 hexamer at the same 

time. In contrast, the combination of p97 and p47 added to GST-UBXD7 prevented p97 binding 

to UBXD7 (lane 13), suggesting that UBXD7 cannot bind a complex of p97 and p47.  

In this in vitro pulldown, the interaction of Ufd1 and UBXD7 was dependent on the presence 

of p97, which shows that they can be components of the same p97 complex, but do not bind 

each other directly. To investigate if this indirect interaction is also observable in cells, a 

pcDNA5 plasmid with Strep-tagged UBXD7 produced by Julia Hülsmann was used. A 

construct containing a point mutation in the UBX domain, which was shown to abrogate p97 

binding (Bandau et al., 2012) was generated using Quick Change PCR. An empty vector, the 

plasmid containing wild type UBXD7 (UBXD7wt) or mutant UBXD7 (UBXD7P459G) were 

transferred into HEK293T cells and expressed for 24 hours. After lysis of the cells, StrepTactin 

beads were used to pull down the Strep-tagged UBXD7 proteins. After elution, the samples 

were analyzed by Western blot (figure 3.4 B). 

The input samples (lane 1 – 3) indicated no change in p97 or Ufd1 expression in the UBXD7 

transfected cells, the expression of the mutant UBXD7 was slightly higher than the wild type 

protein. In the empty vector control, no proteins were found after the pulldown (lane 4). In 

contrast, both p97 and Ufd1 bound to UBXD7wt (lane 5), but not to the mutant UBXD7 (lane 

6). Since the mutation was located in the UBX domain, which is known to mediate the direct 

interaction of UBA-UBX proteins with p97, a potential direct binding of Ufd1 to UBXD7 would 

not be disrupted by a point mutation in this domain. Loss of the Ufd1-UBXD7 interaction by 

this point mutation indicates that also in cells, the two proteins interact indirectly via p97. 

3.1.4 Ubiquitin binding of UBXD7 depends on the presence of Ufd1 

Target proteins of p97 are modified with ubiquitin as recognition signal for p97. Although p97 

has ubiquitin binding affinity, in complexes the adapter proteins were reported to bind the 

ubiquitinated substrate proteins (Meyer, 2002). To investigate the binding of the p97-Ufd1-

UBXD7 complex to ubiquitin, a His-tagged UBXD7 protein was produced. The UBXD7 gene 

was cloned into a pET15b vector and the fusion protein was expressed in SoluBL21 bacteria. 

The recombinant protein was purified by size exclusion chromatography and affinity 
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purification. GST-tagged ubiquitin or GST alone were incubated with different combinations of 

His-tagged proteins and pulled down with glutathione sepharose beads. 

 

Figure 3.5: UBXD7 associates with ubiquitin-bound p97-Ufd1-Npl4 complex in vitro 

Purified recombinant proteins were incubated in different combinations in equimolar ratios and 

pulled down with Glutathione sepharose beads. Proteins in the input samples and eluted 

proteins were visualized by Western blotting. GST serves as negative control. The same 

exposure time is shown for each staining. 

The pulldown of GST alone exhibited no detectable unspecific binding of any protein to the 

beads (figure 3.5, lane 10 and 11). If added to GST-ubiquitin separately, neither Ufd1-Npl4 nor 

UBXD7 could be detected in the pulldown (lane 12 and 14). For p97, a weak band was visible 

(lane 15), reflecting the weak direct binding to ubiquitin. In combination with Ufd1-Npl4, higher 

amounts of p97 were co-precipitated and, notably, also Ufd1 was detectable in the pulldown 

(lane 16), demonstrating the robust interaction of the p97-Ufd1-Npl4 complex with ubiquitin. In 

contrast, the addition of UBXD7 to p97 and ubiquitin did not change the amount of precipitated 

p97, and no UBXD7 could be detected on the beads (lane 17). Remarkably, if in addition Ufd1-

Npl4 was present, UBXD7 was pulled down with ubiquitin (lane 18), suggesting that UBXD7 

does not bind directly to ubiquitin. 

Although UBXD7 contains a UBA domain reported to bind ubiquitin, in this setting Ufd1-Npl4 

provides the ubiquitin binding site for the complex of p97, Ufd1-Npl4 and UBXD7. 

3.1.5 Depletion of FAF1 and Npl4, but not of UBXD7 affects Ku80 removal from 

the DNA 

Ufd1 was found to assist p97 in Ku80 removal from the DNA. Since Ufd1 forms a heterodimer 

with Npl4, and both interact with UBXD7 in DNA-related p97 functions, the involvement of Npl4 
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and UBXD7 in Ku80 removal from DNA was investigated. Furthermore, the p97 adapter FAF1 

was tested in this assay. FAF1 was found together with Ufd1 and Npl4 in the formerly 

mentioned mass spectrometry screen to be involved in p97-mediated turnover at DSBs (van 

den Boom et al., 2016). For each protein two different siRNAs were used. The efficient 

depletion of the siRNA targeted proteins was confirmed by Western blot (figure 3.6 C). 

 

Figure 3.6: Depletion of FAF1 and Npl4, but not UBXD7 impairs Ku80 release from DNA 

(A) U2OS cells were treated with 12 nM siRNA for 48 hours, pre-extracted and fixed at the 

indicated time points after ionizing radiation (10 Gy). The DNA was stained with DAPI, Ku80 

was visualized by antibody staining. Scale bar: 10 µm. (B) Quantification of A. Analysis was 

performed using CellProfiler, nuclei were defined by DAPI signal and intensity of Ku80 signal 

in the nuclei was measured. More than 50 cells per condition were analyzed in each 

experiment. N = 3 independent experiments. Values were normalized to the 5 minutes time 

point, error bars denote SD. Grey area indicates the time of irradiation. The same control (sictrl) 

was used for all three graphs. (C) Western blot showing siRNA depletion efficiencies. 
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In all samples, the amount of DNA-bound Ku80 raised upon IR (figure 3.6 A). In control 

depleted cells, the Ku80 is removed from the DNA within 60 minutes. Depletion of UBXD7 had 

no effect in this assay, but for Npl4 and FAF1, treatment with each one of the two tested siRNAs 

respectively, impaired the Ku80 removal from DNA after IR. 

The mean intensities of the Ku80 signal for the different conditions were normalized to the 5 

minutes time point of each treatment. 60 minutes after IR, cells treated with siFAF1 S7 or 

siNpl4 S1 exhibit still more Ku80 bound to the DNA than control depleted cells (figure 3.6 B). 

Npl4 forms a stable heterodimer with Ufd1. Therefore, an involvement of Ufd1 in Ku80 removal 

from DNA implicates also an involvement of Npl4. However, in this assay, the effect of Npl4 

depletion was not as clear as seen for Ufd1 depletion (compare figures 3.2 and 3.3). Also for 

FAF1, the two siRNAs showed different results, which might be due to different depletion 

efficiencies. However, treatment with two siRNAs against UBXD7 revealed no effect, allowing 

no conclusion about implication of UBXD7 in this process. 

3.1.6 Depletion of Ufd1 and FAF1 delays Ku80 removal from DNA synergistically 

The involvement of FAF1 in Ku80 removal from DNA after IR was uncertain due to the varying 

results in siRNA treated cells. Therefore, it was supposed that Ufd1 might compensate for 

depleted FAF1 in this assay. Hence, cells with individual depletions of FAF1 or Ufd1 were 

compared to cells with combined depletion of FAF1 and Ufd1 in their ability to remove Ku80 

from the DNA. 

 

Figure 3.7: Ku80 removal from DNA is delayed if Ufd1 and FAF1 are co-depleted 

(A) U2OS cells were treated with 24 nM siRNA (12 nM of each siRNA) for 48 hours. Cells were 

pre-extracted and fixed at the indicated time points after ionizing radiation (10 Gy), followed by 

staining with DAPI and Ku80 antibodies. Scale bar: 10 µm. (B) Quantification of A. Ku80 signal 
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intensity in the nuclei was measured with CellProfiler. Mean +/- SD, n = 3 independent 

experiments with more than 50 cells per condition. 

The increased amount of control siRNA led to a slightly decelerated Ku80 removal, visible at 

the 60 minutes time point in control cells, but the overall kinetics for DNA-bound Ku80 upon IR 

was still observable. The amount of DNA-bound Ku80 raised upon irradiation and decreased 

over time (figure 3.7). As in the previous experiment, depletion of FAF1 with siFAF1 S1 did not 

delay the Ku80 kinetics, while Ufd1 depletion resulted in more Ku80 remaining on the DNA 60 

minutes after IR in comparison to control cells. Notably, the combination of these two siRNAs 

strongly impaired Ku80 removal from DNA in comparison to the single depletions. 

3.2 p97 mediates Rad51 filament formation in homologous recombination repair 

Besides the non-homologous end-joining (NHEJ), cells can repair DNA double-strand breaks 

by another repair mechanism, the homologous recombination repair (HRR). Also in this repair 

pathway, p97 has been implicated (Meerang et al., 2011). While yeast data revealed a direct 

function of p97 in Rad51 filament formation (Bergink et al., 2013), no distinct function has been 

described for mammalian cells so far. However, it is thought that Ku needs to be removed from 

open break ends to enable end resection and HRR (Ismail et al., 2015; Sun et al., 2012). 

Therefore, it needs to be clarified if the impairment of HRR by p97 depletion in mammalian 

cells is an indirect effect of compromised Ku removal or if p97 has an additional direct role in 

HRR. 

3.2.1 p97 and Ufd1 both function in HRR 

For investigation of the involvement of p97 and Ufd1 in HRR, U2OS cells containing a stably 

integrated DR-GFP reporter construct (Gunn et al., 2011) were used. This construct contains 

an interrupted GFP gene with a recognition site for the restriction enzyme I-SceI, and another 

incomplete GFP gene, which can be used as template for HRR, resulting in a complete GFP 

gene. Thus, successful DNA repair by HRR generates GFP fluorescence that can be used as 

readout. An I-SceI plasmid was transfected 3 days before FACS analysis of the GFP signal. 

The apoptotic cells were excluded from the measurement and the amount of GFP positive cells 

was analyzed. 
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Figure 3.8: Depletion of p97 or Ufd1 impairs HRR in DR-GFP reporter assay 

(A) Exemplary dot plots and histograms of U2OS-DR-GFP cells transfected or not with the 

I-SceI restriction enzyme plasmid, measured by FACS analysis. Events were gated for living 

cells (red and blue) to exclude apoptotic cells from the analysis. Histograms display GFP 

expression in living cells, GFP positive cells are displayed in blue in the left plot. (B) 

Quantification of cells depleted with indicated siRNAs and transfected with I-SceI plasmid. The 

amount of GFP positive cells was normalized to the negative control without siRNA (+ I-SceI), 

Rad51 depletion served as positive control. Means +/- SD, n = 3 independent experiments. 

** p<0.01, *** p<0.005, compared to sictrl. 

If left untreated (- I-SceI), the cells express almost no GFP (figure 3.8 A, upper panel). Upon 

transfection with the I-SceI plasmid, the cells express the restriction enzyme, which creates a 
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DSB in the reporter construct. The subsequent GFP expression (figure 3.8 A, lower panel) 

indicates successful HRR. 

To test the effect of depletion of either p97 or Ufd1 on this assay, the cells were treated with 

siRNAs for 24 hours before transfection with the I-SceI plasmid. After FACS analysis, the 

number of GFP positive cells in the siRNA treated samples was normalized to the untreated 

control (+ I-SceI). Treatment with control siRNA (sictrl) did not impair the HRR efficiency (figure 

3.8 B), while depletion of the essential HRR protein Rad51 abolished HRR, as expected. Upon 

p97 depletion, the HRR efficiency dropped to about 60 % of the control, as published (Meerang 

et al., 2011). Interestingly, depletion of the p97 adapter Ufd1 resulted in even stronger 

impairment, compared to p97 depletion, yielding only 30 % HRR efficiency. 

In this assay, the p97 involvement in HRR could be confirmed, and furthermore, also Ufd1 

could be implicated in this repair pathway. 

3.2.2 Rad51 filament formation after IR requires p97 activity 

The DR-GFP reporter assay can be used to measure the number of cells repairing a DSB by 

HRR. If the HRR pathway is impaired, there is no information on the specific step that does 

not work properly. To get a more detailed view into functionality of HRR upon IR, Rad51 as a 

major component at a late step of the HRR pathway was visualized by antibody staining 

followed by microscopy. Since Rad51 proteins form long filament at sites of DSBs, the number 

of DSBs repaired by HRR can be analyzed automatically by counting individual Rad51 foci. 

 

Figure 3.9: p97 inhibition reduces Rad51 foci formation after IR 

(A) U2OS cells were treated with 5 µM NMS-873 or DMSO 15 minutes before ionizing radiation 

(2 Gy) and during recovery (8h). Cells were fixed and the DNA was stained with DAPI, Rad51 

was visualized with antibodies. Scale bar: 10 µm. (B) Quantification of A. Analysis was 

performed using CellProfiler, Nuclei were defined by DAPI signal and nuclear Rad51 foci were 

counted automatically. More than 50 cells per condition were analyzed in each experiment, n 

= 3 independent experiments, error bars denote SD. ** p<0.01, compared to DMSO 2 Gy value.  
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In control treated cells (DMSO, 0 Gy), very few Rad51 foci were detectable in the nuclei (figure 

3.9 A). Irradiation with 2 Gy led to the appearance of Rad51 foci, monitored 8 hours after 

irradiation. Treatment with the p97 inhibitor NMS-873 (5 µM) for 8 hours did not change the 

Rad51 foci number in non-irradiated cells, in contrast, the increase upon IR was significantly 

reduced by the inhibitor (figure 3.9). 

To investigate if also depletion of p97 impairs Rad51 foci formation, cells were treated with two 

siRNAs targeting p97 for 48 hours before IR. Cells treated with non-targeting control siRNA 

(sictrl) showed an increase in Rad51 foci number upon irradiation (figure 3.10), as seen for 

DMSO treated cells (figure 3.9). Consistent with the effect of the p97 inhibitor, treatment with 

siRNA targeting p97 led to less Rad51 foci upon IR in comparison to the control (figure 3.10). 

 

Figure 3.10: Depletion of p97 reduced Rad51 foci number after IR 

(A) U2OS cells were treated with 12 nM siRNA for 48 hours before ionizing radiation (2 Gy) 

and fixed after 8 hours, stained with DAPI and Rad51 antibodies. Scale bar: 10 µm. (B) 

Quantification of A. Automated analysis by CellProfiler, Rad51 foci per nucleus were counted. 

Mean +/- SD, n = 3 independent experiments. * p<0.05, ** p<0.01, compared to sictrl 2 Gy 

value. 

Rad51 filament formation, which appears as Rad51 foci in microscopic images, is an essential 

step in HRR (see also siRad51 sample in figure 3.8 B). The lower number of Rad51 foci after 

irradiation in p97 inhibited or depleted cells reflects p97 being required for correct Rad51 

filament formation. This result demonstrates that p97 acts in HRR at an early step, before or 

during Rad51 filaments formation. 
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3.2.3 Evidence for involvement of UBXD7 and FAF1 in Rad51 filament formation 

after IR 

For its cellular functions, p97 acts together with different adapter proteins. During Ku80 

removal from the DNA, Ufd1 and FAF1 were described to work with p97. If the impairment of 

HRR by inhibition of p97 is due to its function in Ku removal from the DNA, the same adapter 

proteins should be involved in HRR. Therefore, FAF1 or UBXD7 were depleted and Rad51 foci 

analyzed, to test if the effects on Rad51 foci formation reflect the effects observed for Ku 

removal. 

 

Figure 3.11: Effect of depletions of p97 adapter proteins on Rad51 foci after IR 

(A) siRNA-treated U2OS cells (12 nM, 48 hours) were irradiated with 2 Gy and incubated for 8 

hours. After fixation, DNA was stained with DAPI, Rad51 was visualized using specific 

antibodies. Scale bar: 10 µm. (B) Quantification of A. Analysis was performed using 

CellProfiler, Nuclei were defined by DAPI signal and Rad51 foci were counted automatically. 

More than 50 cells per condition were analyzed in each experiment. N = 3 independent 

experiments, mean +/- SD. * p<0.05, compared to sictrl 2 Gy value. 

Notably, one siRNA against UBXD7 and FAF1 respectively decreased the Rad51 foci number 

after IR (figure 3.11). Interestingly, the siRNAs targeting FAF1 mirrored the effect seen on 

Ku80 removal from DNA (figure 3.6): siFAF1 S1 led neither to impairment of Ku80 removal nor 
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to reduction of Rad51 filaments, while siFAF1 S7 had an impact on both assays. This was 

consistent with the better depletion efficiency of siFAF1 S7, seen in the Western blot (figure 

3.6 C). In contrast, one siRNA targeting UBXD7 lowers the number of Rad51 filaments formed 

upon IR that had no effect on Ku80 removal. This might indicate a p97 complex acting in HRR 

which is distinct from the one which removes Ku80 from the DNA. 

3.2.4 RNF8 but not RNF138 promotes Rad51 filament formation after IR 

If the removal of Ku80 from open break ends is essential for HRR, depletion of the ubiquitin 

ligase that ubiquitinates Ku80 in the G2 phase of the cell cycle should result in reduced Rad51 

filament formation. RNF138 was described to be required for modification of Ku80 with 

ubiquitin in G2 phase, while RNF8 was essential for ubiquitination of Ku80 in G1 phase of the 

cell cycle (Ismail et al., 2015). 

The Rad51 foci quantification after IR revealed that depletion of Ku80 itself had no effect on 

Rad51 foci formation (figure 3.12 A and B). One siRNA targeting RNF138 (siRNF138 S1) also 

showed no change, while the other one (siRNF138 S2) led to an increase in Rad51 foci 

number. In contrast, RNF8 depletion reduced the Rad51 foci number significantly. The 

depletion efficiency of Ku80 siRNA was tested by Western blotting (figure 3.12 C), showing 

that treatment with siKu80 S1 led to reduced, but still detectable protein levels of Ku80 as well 

as Ku70. 

Depletion of Ku80 showed no significant reduction in Rad51 filament formation, indicating that 

either the remaining Ku80 was sufficient to fulfill its function or that Ku presence is not required 

for successful HRR. Assuming that RNF138 ubiquitinates Ku80 in G2 phase to enable HRR 

(Ismail et al., 2015), depletion of RNF138 should compromise Rad51 foci formation. In contrast 

to this hypothesis, in this study, RNF138 depletion led rather to an increase in Rad51 foci 

number than to a decrease. However, RNF8 depletion reduced Rad51 filament formation. 

Since RNF8 was shown to ubiquitinate Ku80 in G1, but not in G2 (Ismail et al., 2015), this 

reduction appears to be no effect of compromised Ku80 ubiquitination but rather of another 

RNF8 function in HRR. 
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Figure 3.12: Effect of depletion of Ku80 or its ubiquitin ligases on Rad51 foci formation 

after IR 

(A) U2OS cells were depleted with indicated siRNAs for 48 hours followed by ionizing radiation 

(2 Gy). Cells were fixed after 8 hours and the DNA was stained with DAPI, Rad51 was 

visualized with antibodies. The same control samples as for figure 3.11 were used. Scale bar: 

10 µm. (B) Quantification of A. Analysis was performed using CellProfiler. Nuclei were defined 

by DAPI signal and Rad51 foci were counted automatically. Mean +/- SD, n = 3 independent 

experiments. * p<0.05, ** p<0.01, compared to sictrl 2 Gy value. (C) Western blot showing 

depletion efficiency of the used Ku80 siRNA. Proteins were detected using the indicated 

antibodies. Note that Ku70 is co-depleted with Ku80 siRNA. 

3.2.5 DSB ends are resected in absence of p97 activity after IR 

To point out at which step in HRR p97 is involved, the single-stranded DNA (ssDNA) marker 

RPA was monitored. An early step in HRR is the end resection resulting in long ssDNA 

overhangs, which are covered by RPA filaments. For visualization of DNA-bound RPA, cells 

were irradiated and, after 4 hours recovery, pre-extracted and fixed. Staining with antibodies 

against RPA32 resulted in distinct foci, reflecting the ssDNA during replication and HRR (figure 

3.13 A). 
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Figure 3.13: p97 inhibition has no effect on RPA foci formation after IR 

(A) U2OS cells were treated with 5 µM NMS-873, 1 µM CB5083 or DMSO 15 minutes before 

ionizing radiation (2 Gy) and during recovery (4 h). Cells were pre-extracted, fixed and the 

DNA was stained with DAPI, RPA32 was visualized with antibodies. Scale bar: 10 µm. (B) 

Quantification of A. Automated image analysis with CellProfiler, DAPI signal was used to define 

the nucleus, RPA foci were counted automatically. N = 3 independent experiments, more than 

50 cells per condition in each experiment. Mean +/- SD. (C) Western blot of cells treated with 

DMSO, NMS-873 or CB5083. Ubiquitination was visualized using specific antibodies and 

confirms functionality of the inhibitors. The same exposure time is shown for each staining. 

In control treated cells, a low number of RPA foci was observed (DMSO, 0 Gy) that increased 

upon irradiation (2 Gy). Two p97 inhibitors, NMS-873 and CB5083 were used to test the impact 

of p97 activity on RPA foci formation. Of note, none of them showed any effect in this assay 

(figure 3.13 A and B). The functionality of the inhibitors at the used concentrations was verified 

by Western blotting and staining for ubiquitin (figure 3.13 C). Since p97 is essential for 
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degradation and recycling of ubiquitinated proteins, its inactivation leads to an accumulation 

of ubiquitinated proteins in the cell. 

 

Figure 3.14: Depletion of CtIP and Mre11 but not p97 or Ufd1 significantly reduces RPA 

foci after IR 

(A) siRNA treated U2OS cells were irradiated with 2 Gy. 4 hours after IR, cells were pre-

extracted, fixed and the DNA was stained with DAPI, RPA was stained with antibodies. 

Depletion of CtIP and MRE11 served as positive controls. Exemplary pictures. Scale bar: 

10 µm. (B) Quantification of A. Analysis was performed using CellProfiler, nuclei were defined 

by DAPI signal and RPA foci were counted automatically. More than 50 cells per condition 

were analyzed in each experiment. N = 3 independent experiments, error bars denote SD. ** 

p<0.01, *** p<0.005, compared to sictrl 2 Gy value. 
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To further investigate the involvement of p97 in RPA foci formation, the assay was performed 

using siRNAs targeting p97 and Ufd1 (figure 3.14). In addition, siRNAs targeting end resection 

proteins CtIP and MRE11 were used as controls. As expected, the increase in RPA foci 

observed in control depleted cells upon irradiation was mostly absent in cells depleted for CtIP 

or MRE11. In contrast, depletion of p97 or Ufd1 had no significant effect on RPA filament 

formation induced by IR. 

3.2.6 No effect on end resection by depleting Ku or its ubiquitin ligases after IR 

Cells depleted of RNF138 showed more Rad51 foci after IR in comparison to control cells, 

while RNF8 depletion resulted in less foci. To gain insight if the effects are based on Ku80 

ubiquitination or other substrate proteins, the end resection was monitored by RPA staining 

after depletion of either Ku80 or its ubiquitinating enzymes. 

Treatment with siRNAs targeting Ku80 revealed no effect on RPA filament formation upon IR 

(figure 3.15). However, one siRNA targeting RNF138 (siRNF138 S2) led to a higher number 

of RPA foci in comparison to control depleted cells, consistent with the higher number of Rad51 

foci observed after treatment with the same siRNA. In contrast, depletion of RNF8 had no 

effect on RPA foci, albeit a reduction of Rad51 foci was observed for treatment with this siRNA. 
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Figure 3.15: Effect of depletion of Ku80 or its ubiquitin ligases on RPA foci formation 

after IR 

(A) U2OS cells were treated with 12 nM siRNA for 48 hours before ionizing radiation (2 Gy). 4 

hours after IR, cells were pre-extracted, fixed and the DNA was stained with DAPI, RPA was 

visualized with antibodies. Scale bar: 10 µm. (B) Quantification of A. Automated image analysis 

with CellProfiler, nuclei were defined by DAPI signal and RPA foci were counted. Mean +/- SD, 

n = 3 independent experiments with at least 50 cells per condition. 
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3.2.7 Repair specific RPA phosphorylation requires a certain threshold of DNA 

damage 

RPA binds to ssDNA in an unspecific manner, but at extensively resected break ends, DNA-

PKcs can phosphorylate RPA32 at serines 4 and 8 (Liu et al., 2012). This phosphorylation is 

therefore specific for HRR and occurs after RPA binding to chromatin and not on RPA in 

solution. 

 

Figure 3.16: RPA phosphorylation at S4/S8 occurs only at high doses of IR 

(A) U2OS cells were irradiated with 10 Gy, pre-extracted and fixed 4 hours after irradiation. 

For staining of the DNA, RedDot1 was added to the cells 10 minutes before pre-extraction. 

RPA and pRPA (S2/S8) were visualized using specific antibodies. Exemplary pictures. Scale 

bar: 10 µm. (B) U2OS cells were irradiated with different doses and treated as in A. Scale bar: 
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50 µm. (C) Quantification of B. Analysis was performed using CellProfiler, nuclei were defined 

by RedDot signal, RPA and pRPA signals were measured. Threshold for positive cells was set 

manually. More than 200 cells per condition were analyzed. 

For establishing the pRPA (S4/S8) staining, cells were irradiated with 10 Gy, pre-extracted 

after 4 hours and co-stained for RPA and pRPA with specific antibodies. Only in cells which 

exhibited high amounts of DNA-bound RPA, the RPA was phosphorylated at serines 4 and 8 

(figure 3.16 A). In cells with no or low amounts of DNA-bound RPA, this specific RPA 

phosphorylation could not be detected. Therefore, cells were irradiated with different doses 

and the number of RPA and pRPA positive cells was quantified (figure 3.16 B and C). As 

observed before, low amounts of DNA-bound RPA could be detected already in untreated cells 

(0 Gy). With increasing dose, the intensity and also the number of cells with DNA-bound RPA 

increases. In contrast, pRPA was detected only after irradiation with high doses. While after 

IR with 6 Gy about 40 % of the cells were classified as RPA positive, less than 10 % were 

positive for pRPA. However, upon IR with 10 Gy, about 50 % of the cells were RPA positive 

and more than 40 % were pRPA positive. 

3.2.8 RPA phosphorylation at S4/S8 is independent of p97 activity 

Since the repair specific phosphorylation of RPA was most prominent at high doses of 

irradiation, the following experiments were performed using 10 Gy. To investigate if the direct 

involvement of p97 in HRR takes place before or after RPA phosphorylation, cells were treated 

with 5 µM NMS-873 or DMSO, irradiated and fixed 4 or 8 hours after irradiation. 

 

Figure 3.17: Inhibition of p97 does not impair RPA phosphorylation at S4/S8 after IR 

(A) U2OS cells were treated with 5 µM NMS-873 or DMSO for 15 min, irradiated with 10 Gy 

and incubated with NMS-873 or DMSO for 4 hours before pre-extraction. DNA was stained 
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with DAPI, pRPA (S2/S8) was visualized using specific antibodies. Scale bar: 50 µm. (B) 

Quantification of A. Nuclei were defined by DAPI signal, pRPA signal was measured in 

CellProfiler. Threshold for positive cells was set manually. More than 200 cells per condition 

were analyzed in each experiment. N = 2 independent experiments, mean +/- range of values. 

Without irradiation, only very few cells exhibited phosphorylated RPA, independently of 

treatment with p97 inhibitor (figure 3.17). Upon IR, in control-treated samples, the number of 

pRPA positive cells increased within 4 hours and raised further in the following 4 hours. 

However, after treatment with NMS-873, irradiation resulted in an even higher amount of pRPA 

positive cells in comparison to control cells. In turn, RPA phosphorylation after IR was not 

impaired by p97 inhibition in this assay. 

3.2.9 RNF8 is essential for RPA phosphorylation at S4/S8 

To clarify at what step RNF8 is involved in HRR, cells were treated with siRNAs for 48 hours, 

irradiated with 10 Gy and fixed 4 hours later, followed by staining of pRPA (S4/S8). 

In control depleted cells, the number of pRPA positive cells increases upon irradiation (figure 

3.18). Interestingly, RNF8 depleted cells show almost no pRPA signal, even after IR. In 

contrast, depletion of Ku80 or RNF138 had no effect on RPA phosphorylation in comparison 

to control cells, consistent with the unaffected foci formation of RPA and Rad51 foci. 

Since RNF8 depletion had no impact on RPA signal but severely impairs the pRPA signal, this 

ubiquitin ligase appears to be directly involved in stimulation of RPA phosphorylation at the 

break-specific phosphorylation sites at serine 4 and serine 8. 
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Figure 3.18: Depletion of RNF8 prevents RPA phosphorylation after IR 

(A) U2OS cells were treated with indicated siRNAs for 48 hours before ionizing radiation 

(10 Gy). Cells were fixed after 4 hours and the DNA was stained with DAPI, pRPA was 

visualized with antibodies. Scale bar: 50 µm. (B) Quantification of A. pRPA signal in the nuclei 

was measured by CellProfiler. Threshold for positive cells was set manually. More than 200 

cells per condition were analyzed in each experiment. Mean +/- SD, n = 3 independent 

experiments. ** p<0.01, compared to sictrl 10 Gy value. 
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3.3 p97 promotes HRR at early steps during repair of single-ended DSBs 

The double-strand breaks (DSBs) induced by ionizing radiation are mostly double-ended DSBs 

(deDSBs), like the breaks induced by restriction enzymes. In contrast, single-ended DSBs can 

be created e.g. by camptothecin (CPT), a topoisomerase I (TOPO I) inhibitor (Hsiang et al., 

1985). During replication, one strand of the supercoiled DNA is cut to relax the DNA. If TOPO I 

is inhibited, the cut is not sealed after relaxation and remains as single-strand break with 

TOPO I covalently bound to one DNA end. The arriving replication fork runs into the break and 

the result is a single-ended double-strand break (seDSB) (Pommier et al., 2006). Because 

there is no other end to be ligated with, the seDSB can only be repaired by HRR (Sakasai & 

Iwabuchi, 2016). 

To investigate if the described function of p97 in HRR observed after IR is a general mode of 

action, breaks induced by CPT were analyzed for repair efficiency in p97-compromised 

backgrounds. 

3.3.1 p97 and its adapter proteins facilitate end resection on seDSBs 

After creation of deDSBs by ionizing radiation, inhibition of p97 by NMS-873 had no effect on 

DNA-bound RPA. To test if p97 impairs the end resection and RPA binding after induction of 

seDSBs, cells were treated with p97 inhibitors (5 µM NMS-873 or 1 µM CB5083) for 15 minutes 

before addition of 1 µM CPT. After 1 hour, the CPT was washed out and the cells left with p97 

inhibitors for 2 hours for repair. The cells were pre-extracted, fixed and stained for RPA. 

Because 1 hour CPT treatment can result in hundreds of breaks in one cell, the overall intensity 

was measured in each nucleus instead of foci quantification and cells were categorized as 

RPA positive or negative. 

In control cells (DMSO, figure 3.19 A, left panel), addition of CPT led to a strong increase in 

RPA positive cells. The p97 inhibitors had no effect on undamaged cells (DMSO, upper panel), 

but upon CPT treatment, conversely, less cells were RPA positive compared to the control 

(lower panel). 
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Figure 3.19: p97 inhibition reduces RPA accumulation on DNA after camptothecin 

treatment 

(A) U2OS cells were treated with 5 µM NMS-873, 1 µM CB5083 or DMSO 15 minutes before 

and during treatment with camptothecin (CPT, 1µM, 1 hour) as well as during recovery time (2 

hours). For staining of the DNA, RedDot1 was added to the cells 10 minutes before pre-

extraction, RPA was visualized with antibodies. Scale bar: 50 µm. (B) Quantification of A. 

Analysis was performed using CellProfiler, Nuclei were defined by RedDot signal and RPA 

signal was measured, threshold for positive cells was set manually. More than 200 cells per 

condition were analyzed in each experiment. N = 3 independent experiments, error bars 

denote SD. * p<0.05, compared to DMSO + CPT value. 

To verify this result, the experiment was performed using siRNA treated cells (figure 3.20). 

Control cells again showed a strong increase in RPA positive cells upon CPT treatment, which 

was reduced in p97 depleted cells. Furthermore, depletion of Ufd1, UBXD7 and FAF1 resulted 

in a reduced number of RPA positive cells for one siRNA respectively, after CPT treatment in 

comparison to the control. 
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Figure 3.20: Effect of depletion of p97 adapters on DNA-bound RPA after camptothecin 

treatment 

(A) U2OS cells were treated with 12 nM siRNA for 48 hours before treatment with camptothecin 

(CPT, 1µM, 1 hour), followed by 2 hours release. RedDot1 was added to the cells 10 minutes 

before pre-extraction for DNA staining, RPA was stained with antibodies. Scale bar: 50 µm. 

(B) Quantification of A. RPA signal in the nuclei was measured by CellProfiler. Threshold for 

positive cells was set manually. Mean +/- SD, n = 3 independent experiment with at least 200 

cells per condition in each experiment. * p<0.05, compared to sictrl + CPT value. 
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Taken together, these results reveal a function of p97 and its adapter proteins in repair of CPT-

induced seDSBs upstream of end resection. 

3.3.2 Repair-specific phosphorylation of RPA after CPT treatment is abolished in 

the absence of p97 activity 

For investigation if also the phosphorylation of RPA is impaired by p97 inhibition, cells were 

again treated with NMS-873 and CPT. After 1 hour of treatment, the cells were fixed and 

stained with the pRPA (S4/S8) specific antibody. 

 

Figure 3.21: Inhibition of p97 prevents RPA phosphorylation after camptothecin 

treatment 

(A) U2OS cells were treated with 5 µM NMS-873 or DMSO 15 minutes before and during 

treatment with camptothecin (CPT, 1 µM, 1 hour). Staining with DAPI and pRPA antibodies. 

Scale bar: 50 µm. (B) Quantification of A. Analysis was performed using CellProfiler, Nuclei 

were defined by DAPI signal and pRPA signal was measured, threshold for positive cells was 

set manually. Mean +/- SD, n = 3 independent experiments with more than 200 cells per 

condition in each experiment. *** p<0.005. 

In DMSO treated control cells, the number of pRPA positive cells raised upon CPT treatment 

(figure 3.21). In contrast, RPA phosphorylation was completely abolished by treatment with 

NMS-873. 

Interestingly, inhibition of p97 by NMS-873 resulted in reduced end resection after CPT 

treatment (figure 3.19), but the observed effect on pRPA was much stronger than the effect on 

overall DNA-bound RPA. 
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3.3.3 p97 and its adapters are required for RPA phosphorylation after CPT 

treatment 

It was reported, that loss of Ku80 ubiquitination by RNF138 blocks HRR after induction of 

seDSBs (Ismail et al., 2015). To compare this effect with the impairment observed for p97 

inhibition, siRNA mediated depletions were performed 48 hours before CPT treatment for 

1 hour.  

 

Figure 3.22: Depletion of p97 or adapter proteins almost abrogates RPA 

phosphorylation after camptothecin treatment 

(A) siRNA treated cells were exposed for 1 hour to 1 µM camptothecin (CPT). DNA was stained 

with DAPI, pRPA was stained with antibodies. siRNA targeting RNF138 served as positive 

control. Scale bar: 50 µm. (B) Quantification of A. pRPA signal in nuclei was measured in 

CellProfiler. Threshold for positive cells was set manually. More than 200 cells per condition 

were analyzed in each experiment. N = 3 independent experiments, error bars denote SD. *** 

p<0.005, compared to sictrl + CPT value. 
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Depletion of p97 or its adapters Ufd1, Npl4, UBXD7 or FAF1 resulted in a massive loss of RPA 

phosphorylation upon CPT treatment (figure 3.22). Also depletion of the positive control 

RNF138 clearly decreased the amount of pRPA positive cells. In contrast, depletion of Ku80 

did not affect the pRPA signal. 

Taken together, depletion of p97 or its here tested adapter proteins strongly impaired RPA 

phosphorylation after CPT treatment. This effect was comparable to the outcome of treatment 

with siRNA targeting RNF138. 
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4 Discussion 

In this study, evidence for at least three independent functions of p97 in DNA DSB repair was 

found: The first function is the removal of Ku from the DNA after successful NHEJ. Since every 

subunit of the Ku heterodimer fully encircles the DNA, it becomes trapped after re-ligation of 

the break and needs to be removed actively by p97. The second function is at the step of 

Rad51 filament formation during HRR. The ssDNA binding protein RPA is removed and 

replaced by Rad51 filaments, which is facilitated by p97 activity. The third function of p97 is at 

repair of seDSBs upstream of end resection. In this pathway, p97 promotes repair probably by 

removing proteins from the DNA which perturb end processing at the break site (figure 4.1). 

Since the subsequent repair happens via the HRR pathway, p97 probably acts a second time 

in this repair process by promoting Rad51 filament formation. 

Since p97 targets are typically modified with ubiquitin, also the published Ku80-ubiquitinating 

E3 ligases RNF8 and RNF138 were investigated in this study. Thereby, RNF8 was found to 

promote both RPA phosphorylation at high doses of IR and Rad51 filament formation at low 

doses. In contrast, for RNF138, no functional relevance in DSB repair by HRR upon IR could 

be found. However, the published involvement of RNF138 in early steps of DSB repair after 

CPT treatment could be confirmed in this study (figure 4.2). 

4.1 p97 removes Ku from the DNA after successful NHEJ 

During repair of DSBs by NHEJ, the Ku molecules are trapped on the DNA. Unlike other DNA-

binding proteins, Ku cannot be removed from the DNA by small conformational changes or 

dissociation of the complex, because every subunit fully encircles the DNA. Therefore, Ku 

needs to be completely unfolded for removal from the DNA after ligation of DSBs. This study, 

together with our published data (van den Boom et al., 2016), provides clear evidence that p97 

delivers the required energy to remove Ku from the DNA (figure 4.1). 

Upon DSB induction, the heterodimer Ku binds to the open DNA ends and is removed from 

the DNA over time. The microscopy-based analysis of Ku kinetics on the DNA after IR 

demonstrates that p97 activity promotes Ku removal from the DNA (figures 3.1 and 3.2). These 

results are in line with in vitro data produced in our lab, which show that p97 directly interacts 

with Ku80 and that p97 activity facilitates Ku80 removal from the DNA in Xenopus laevis egg 

extract (van den Boom et al., 2016). 

Previous publications showed impaired repair by NHEJ in p97 depleted cells by using a FACS 

reporter assay for measurement of NHEJ (Meerang et al., 2011). In contrast, the ligation 

efficiency, measured by pulsed-field gel-electrophoresis (PFGE) in collaboration with George 

Iliakis’ lab, was not impaired by p97 inhibition (van den Boom et al., 2016). Notably, upon p97 
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inhibition, significantly more Ku80 was bound to the DNA 1 hour after IR (figure 3.1), while at 

the same time the amount of remaining breaks was equal to control cells (van den Boom et 

al., 2016). This demonstrates that p97 actively removes Ku from the DNA after successful 

ligation of the breaks. In the NHEJ reporter assay, successful repair by NHEJ is monitored by 

measurement of GFP expression. Loss of GFP signal upon p97 inhibition was interpreted as 

impaired NHEJ (Meerang et al., 2011). However, combined with the data presented in this 

study and in our publication (van den Boom et al., 2016), it appears more likely, that the 

measured effect was a consequence of impaired GFP transcription due to persisting Ku on the 

DNA after successful repair. This, in turn, underlines the importance of Ku removal from the 

DNA after repair: If Ku is not removed, transcription fails and probably also replication is 

impaired by persisting Ku on the repaired DNA. 

Upon inhibition of p97 activity, all components of the Ku-containing DNA-PK complex were 

found enriched on the DNA by label-free quantitative mass spectrometry (LFQ-MS) analysis, 

performed in collaboration with Markus Kaiser’s lab. In addition, p97 and its adapter proteins 

Ufd1, Npl4 and FAF1 were enriched on the DNA if p97 activity was compromised (van den 

Boom et al., 2016). Consistently, in vitro data implicated the adapter complex Ufd1-Npl4 in Ku 

removal from DNA (van den Boom et al., 2016). This correlates with the cell experiments 

described in this study, demonstrating a role of Ufd1 in this process (figures 3.2 and 3.3). 

These results are in line with former studies establishing Ufd1 as p97-adapter in chromatin 

related processes (Meyer & Popp, 2008). However, most studies describe Ufd1 to act as 

heterodimer with Npl4, but in this study, the effect observed for Npl4 depletion on Ku removal 

from the DNA was much weaker than for Ufd1 (figure 3.6). One explanation could be a weaker 

depletion efficiency of siRNAs targeting Npl4. Contrariwise, it is known from the literature that 

siRNA mediated depletion of Ufd1 or Npl4 can lead to effects of different intensities (Riemer 

et al., 2014), although they are thought to work as dimer. 

A similar weak effect as described for Npl4 depletion was observed for cells treated with siRNA 

targeting FAF1 (figure 3.6), the p97 adapter protein found as hit in the mass spectrometry 

approach together with Ufd1 and Npl4. Since published data about FAF1 binding alone to p97 

was controversial (Lee et al., 2013; Ewens et al., 2014), the question appeared if FAF1 could 

act in Ku removal in a complex with p97 and Ufd1-Npl4 or in an alternative complex with p97 

independently of Ufd1. The co-depletion of Ufd1 and FAF1 resulted in a synergistic effect, 

compared to the single depletions (figure 3.7). This is in line with two distinct p97 complexes 

functioning in parallel on Ku removal from DNA during DSB repair. But the results are also in 

line with one complex of p97, Ufd1 and FAF1 that functions less efficiently if Ufd1 or FAF1 is 

missing, but keeps activity in Ku removal as long as one of these cofactors is present. 

Interestingly, inhibition of p97 activity in cells did not only stabilize the DNA-bound Ku80, but it 

even increased the amount of Ku80 on the DNA and shifted the peak to later time points (figure 
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3.1). This observation indicates that under normal conditions, not all open DNA ends are 

covered by Ku at the peak time of 5 minutes after IR. However, further binding events might 

be masked by bound Ku being removed from the DNA, decreasing the overall amount of DNA-

bound Ku. If Ku removal from the DNA is delayed, the later binding events can become visible 

by further signal increase. 

Ku80 forms a stable heterodimer with Ku70, which encircles the DNA in a similar way to Ku80 

(Lieber, 2008). Therefore, the question remains, how Ku70 is removed from the DNA after 

NHEJ. In S phase cells, Ku70 phosphorylation was suggested to enable Ku removal from the 

DNA to allow HRR (Lee et al., 2015). This mechanism of Ku removal from the DNA was 

suggested for open DNA ends. It appears unlikely, that a small conformational change in Ku70 

caused by phosphorylation could lead to dissociation of the trapped protein after ligation of the 

break. Typically, p97 substrates are modified with K48 ubiquitin chains. In contrast to Ku80, 

Ku70 is not modified with ubiquitin chains (Postow et al., 2008), and therefore it lacks the 

characteristics of typical p97 substrates. However, since the Ku monomers seem to be 

unstable if not in a complex, removal of Ku80 could also destabilize Ku70. As p97 extracts 

misfolded proteins from the ER (Meusser et al., 2005), it might be possible, that p97 removes 

Ku70 from the DNA upon its destabilization by Ku80 removal. Nevertheless, there is no 

indication that p97 is required for Ku70 removal from the DNA, therefore, also a mechanism 

independently of p97 could lead to removal of Ku70 from the DNA after repair. 

4.2 p97 regulates Rad51 filament formation during HRR upon IR 

If a DSB induced by IR is repaired by homologous recombination repair (HRR), the 5’ ends get 

extensively resected and the resulting ssDNA overhangs are covered by RPA (San Filippo et 

al., 2008). In highly damaged cells, the DNA-bound RPA can be phosphorylated at serines 4 

and 8 by DNA-PKcs (Liu et al., 2012). The RPA is replaced by Rad51 filaments to enable the 

search for the homologous sequence on the sister chromatid, a prerequisite for template-

based repair (San Filippo et al., 2008). Previous research (Meerang et al., 2011) and the data 

of this study (figure 3.8) demonstrate that p97 is required for successful DSB repair by HRR. 

More precisely, p97 inhibition or depletion resulted in compromised formation of Rad51 

filaments (figures 3.9 and 3.10). In contrast, the preceding steps of RPA filament formation or 

phosphorylation were not impaired (figures 3.13, 3.14 and 3.17). This suggests a role of p97 

exactly at the step of replacement of RPA by Rad51 (figure 4.1). 

It was claimed that Ku needs to be removed from open DNA ends to enable HRR. Since p97 

was found to remove Ku from the DNA after successful repair by NHEJ (see section 4.1), it 

appears possible that p97 could be required for Ku removal from open DNA ends as well. If 

p97 would have to remove Ku from the ends for proper end resection, inhibition or depletion 
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of p97 would impair RPA filament formation. In contrast, the RPA filament formation was not 

reduced upon p97 inhibition or depletion (figures 3.13 and 3.14), therefore, Ku removal from 

the DNA by p97 seems to be no prerequisite for end resection. 

In yeast, Rad51 is loaded onto the DNA by Rad52. The interaction of Rad51 and Rad52 is 

regulated by SUMOylation of Rad52 and binding of Rad51 via its SUMO-interacting motif 

(SIM). Recently, it was reported that Cdc48, the yeast orthologue of p97, together with Ufd1 

binds the SUMOylated Rad52 via the SIM in Ufd1, and thereby curbs the interaction with 

Rad51. This revealed a negative regulation of Rad51 filament formation by Cdc48 and Ufd1 

(Bergink et al., 2013). However, in mammalian cells, not Rad52 but BRCA2 is the main loader 

of Rad51 onto the DNA (Heyer et al., 2010). Another difference in this process between yeast 

and mammals is the Ufd1 protein: the C-terminus, which contains the SIM in the yeast protein, 

is not conserved in mammals and so far, no SUMO binding ability for mammalian Ufd1 has 

been reported. Interestingly, this study revealed that also in mammalian cells, p97 acts exactly 

at the step of Rad51 filament formation. If the mammalian Rad51-loader BRCA2 could get 

SUMOylated, like the yeast Rad52, the mechanism of p97 interacting with the SUMOylated 

Rad51 loader might be conserved from yeast to mammals. If this is the case, the SIM 

containing mammalian p97 adapter still needs to be found. In this study, for UBXD7 and FAF1 

one siRNA, respectively, compromised Rad51 foci formation. So far, neither UBXD7 nor FAF1 

has been described to interact with SUMOylated proteins. Therefore, it still needs to be 

investigated, if BRCA2 is really the target protein of p97 in Rad51 filament formation and if the 

interaction, as in yeast, is regulated by SUMO. 

Since p97 is known to remove target proteins from binding partners and also from DNA 

(Dantuma et al., 2014), p97 could also act in a completely different way on regulation of Rad51 

filament formation. It is well established that for Rad51 filament formation, RPA needs to be 

removed from the DNA. It was reported that RPA is ubiquitinated, but mainly upon replication 

stress (Elia et al., 2015). Therefore, it remains to be investigated, if RPA could be removed 

from the DNA by p97, which would be a prerequisite for Rad51 filament formation. 

In addition to the role of p97 on Rad51 filament formation described in this study, p97 was also 

shown to mediate foci formation of 53BP1 and BRCA1 (Meerang et al., 2011), which both act 

upstream of end resection. 53BP1 promotes NHEJ (Panier & Boulton, 2014) and is 

counteracted by BRCA1 (Bunting et al., 2010). For 53BP1, the recruitment to DSBs has been 

shown to depend on removal of histone-binding proteins by p97 (Acs et al., 2011). How BRCA1 

is recruited to DSBs is not fully understood yet. However, it is known that recruitment of both 

53BP1 and BRCA1 to DSBs depends on RNF8 and RNF168 (Meerang et al., 2011). It appears 

contradictory, that localization of both 53BP1 and BRCA1 is impaired by p97 depletion, but 

end resection is not. However, while loss of BRCA1 prevents HRR, additional loss of 53BP1 

can restore the HRR ability in cells (Bunting et al., 2010). Based on this observation, it seems 
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to be possible that also mislocalization of both 53BP1 and BRCA1 does not prevent end 

resection, which would explain the unaffected end resection after p97 inhibition observed in 

this study. 

In summary, the step on which p97 promotes HRR is similar in yeast and mammalian cells. 

However, the target protein and the regulation seem to differ. In mammals, it appears likely, 

that p97 mediates either RPA removal from the DNA or Rad51 loading onto the DNA (figure 

4.1), but further research is needed to clarify the substrate and the signal for p97 activity in this 

process. 

4.3 p97 acts upstream of excessive end resection at seDSBs 

In contrast to double-ended DSBs induced by IR, single-ended DSBs (seDSBs) induced by 

CPT treatment can only be repaired by HRR. It was claimed, that Ku80 needs to be removed 

from the DNA at seDSBs to enable HRR (Ismail et al., 2015; Chanut et al., 2016). The data 

presented in this study suggests that upon induction of seDSBs, p97 acts upstream of RPA 

filament formation (figures 3.19 and 3.20). This points to an involvement of p97 in an early step 

of the repair of CPT-induced seDSBs, e.g. Ku removal (figure 4.1). In addition, the damage-

related RPA phosphorylation after CPT treatment was completely abolished upon p97 

inhibition (figures 3.21 and 3.22). Since the regulation and function of this modification is not 

fully understood yet, it remains to be investigated if the observed effects on DNA-bound RPA 

and RPA phosphorylation are based on the same p97 function or not (further discussed in 

section 4.4). 

For Ku removal from seDSBs, it was proposed that the DNA end is clipped off by Mre11 and 

CtIP, with Ku still bound to the DNA end (Chanut et al., 2016). Another study claimed that in S 

phase cells, phosphorylation of Ku70 regulates dissociation of Ku from open DNA ends to 

allow HRR. Mechanistically, phosphorylation of Ku70 was suggested to induce conformational 

changes, leading to a widening of the DNA-encircling ring (Lee et al., 2015). Since p97 

removes Ku80 from the DNA after successful NHEJ (van den Boom et al., 2016), it is 

tantalizing to speculate that p97 could also remove Ku80 from open ends. In line with this 

hypothesis, depletion of the ubiquitin ligase RNF138, which was suggested to ubiquitinate 

Ku80 in response to seDSBs, resulted in reduced levels of pRPA, comparable to the effect 

observed for p97 depletion (figure 3.22). In contrast to this hypothesis, after induction of 

deDSBs by IR, p97 is not needed for end resection (see section 4.2), although also these ends 

are thought to be bound by Ku. It appears counterintuitive that p97 has to remove Ku from 

open DNA ends at seDSB to enable HRR, but not at deDSBs. Therefore, it appears more 

likely, that p97 has a different target protein in the early steps of seDSBs. 
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Figure 4.1: Model for p97 involvement in DNA DSB repair processes 

After successful repair of deDSBs by NHEJ, p97 removes Ku from the DNA. During HRR, p97 

mediates Rad51 filament formation. At seDSBs, p97 acts upstream of end resection in 

promoting HRR. 

Upon Topo I inhibition by CPT, the enzyme cannot ligate the nick it has created in one strand 

of the DNA helix, resulting in a single-strand break (SSB) with Topo I crosslinked with the 3’ 

end of the DNA. During replication, the replisome collides with the lesion and the leading strand 

ends in a single-ended DSB (seDSB). For restoration of the DNA integrity, the Topo I-DNA-

complex needs to be cleaved (Pommier et al., 2006) and probably also the replisome is 

removed to enable HRR, before the replication is restarted. 

Different mechanisms have been described to cleave Topo I-DNA-complexes in yeast, and at 

least one of them seems to be conserved in mammalian cells: Tdp1 (Tyrosyl-DNA-

phoshodiesterase-1) was reported to promote repair of lesions induced by Topo I poisons in 

human cells (Ashour et al., 2015). Furthermore, in a recent publication, the protease Dvc1 

(DNA damage protein targeting VCP) was described to act on the Topo I-DNA-crosslink 

upstream of other repair mechanisms (Vaz et al., 2016). While Dvc1 can in general function 

together with p97 (Davis et al., 2012), it remains to be clarified if it functions in DNA-protein-

crosslink proteolysis independently of or together with p97. An involvement of p97 in the 

clearance of Topo I-DNA crosslinks would be a plausible hypothesis to explain the observed 

reduction in end resection upon p97 inhibition. 
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Another promising p97 target candidate at seDSBs is the replisome. The replisome consists 

of several proteins, which function in a large complex for DNA unwinding and synthesis. The 

CMG helicase consists of CDC45 (cell division cycle 45), MCM (mini-chromosome 

maintenance) and GINS (go-ichi-ni-san). The MCM component is a hetero-hexameric AAA-

ATPase, which contains the subunits MCM2-7 (Pellegrini & Costa, 2016). At the end of 

replication, MCM7 is ubiquitinated, in Xenopus laevis egg extracts by CRL2Lrr1 (Dewar et al., 

2017), resulting in removal of the whole helicase complex from the DNA by p97 (Moreno et al., 

2014; Maric et al., 2014). Also for interstrand-crosslink repair, p97 has been reported to remove 

the helicase machinery upon K48 ubiquitination of MCM7 (Fullbright et al., 2016). Therefore, 

it is reasonable to speculate that p97 removes the replisome or components of the replisome 

at CPT-induced seDSBs and thereby enables subsequent end resection and repair by HRR. 

Depletion of the here investigated p97 adapter proteins, Ufd1, Npl4, UBXD7 and FAF1, 

massively impaired the phosphorylation of RPA (figure 3.22). So far, UBXD7 and FAF1 have 

not been found to function in one complex, which gives rise to the idea that there might be 

more than one p97 complex acting in this process. Since depletion of one of the adapter 

proteins results in almost complete loss of this RPA phosphorylation, these hypothetical 

complexes could not act in parallel, but would have distinct functions in the response to 

seDSBs. 

Taken together, the data presented in this study clearly reveal an involvement of p97 in early 

steps of seDSB repair (see model figure 4.1). The top candidates for p97 targets are the 

Topo I-DNA complex and the replisome. However, to identify the p97 target in this process, 

further research on the molecular level of seDSB repair is needed. 

4.4 RPA phosphorylation at serines 4 and 8 as potential checkpoint signal 

The initial step of homologous recombination repair is the resection of DNA ends. The resulting 

ssDNA overhangs are covered by RPA filaments to prevent formation of secondary structures 

(San Filippo et al., 2008). While RPA filaments are formed at every break repaired by HRR, 

the break-specific phosphorylation at serines 4 and 8 occurs only at high amounts of DNA 

damage (figure 3.16). In addition, cells exhibited either no or hundreds of pRPA foci, leading 

to the assumption that this phosphorylation occurs only if a cell is damaged above a certain 

threshold. This hypothesis is consistent with a proposed function of pRPA (S4/S8) in cell cycle 

checkpoint activation (Liu et al., 2012). In that publication, Liu and colleagues demonstrate that 

DNA-PKcs phosphorylates RPA at serines 4 and 8. This phosphorylation promotes 

phosphorylation of TopBP1, which subsequently binds and thereby activates ATR (Kumagai 

et al., 2006). ATR activity in turn is essential for checkpoint activation in S and G2 phase of the 

cell cycle via phosphorylation of Chk1 (Zhao & Piwnica-Worms, 2001). Consequently, a 
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phospho-mutant of RPA exhibited defects in checkpoint response and in resolution of γH2AX 

foci after damage induction by etoposide treatment (Liu et al., 2012). However, the regulation 

of this phosphorylation has not been reported yet. Since that phosphorylation occurs only at 

high amounts of DNA damage (figure 3.16), a damage-sensing mechanism can be imagined, 

which activates the described RPA phosphorylation by DNA-PKcs, if a certain threshold of 

damage is exceeded. In line with this idea, it was demonstrated that the G2/M checkpoint is 

only activated if a cell contains more than 10-20 DSBs (Deckbar et al., 2007). In this 

publication, a dose of 0.6 Gy was sufficient to fully activate the checkpoint, in contrast, in this 

study, RPA phosphorylation occurred only above 6 Gy (figure 3.16). This is contradictory to 

the suggested role of RPA phosphorylation in checkpoint activation (Liu et al., 2012). It rather 

suggests that RPA phosphorylation might intensify the checkpoint, maybe to prolong the cell 

cycle arrest in highly damaged cells. Termination of the G2/M checkpoint has been correlated 

with dephosphorylation or degradation of pChk1 (Calonge & O'Connell, 2008). If RPA 

phosphorylation by DNA-PKcs could influence pChk1 dephosphorylation or degradation needs 

to be investigated. 

RPA binding to DNA was reported to be a signal for checkpoint activation in Saccharomyces 

cerevisiae (Longhese, 1996). Also in human cells, RPA was shown to recruit the ATR-ATRIP 

complex to sites of DNA damage (Zou & Elledge, 2003). In a model system using Xenopus 

laevis egg extracts, the MCM helicase was reported to continue unwinding of the DNA, even 

if the polymerase has stopped at DNA lesions, leading to long ssDNA strands, which are bound 

by RPA. This process led to Chk1 phosphorylation and checkpoint activation (Byun et al., 

2005). All these data shed some light onto the mechanism of checkpoint activation, but it still 

remains to be investigated, how the observed thresholds for checkpoint activation and RPA 

phosphorylation are measured.  

Inhibition of p97 in CPT-treated cells reduced the number of RPA positive cells to about 50 % 

of control-treated cells (figure 3.19), but RPA phosphorylation was completely abolished (figure 

3.21). Also depletion of p97 or its adapter proteins led to stronger impairment of RPA 

phosphorylation than of end resection (figures 3.20 and 3.21). This indicates, that p97 might 

be either directly involved in the checkpoint signaling cascade or that the damage sensing is 

impaired in absence of p97 activity. However, upon irradiation, p97 inhibition did not impair 

RPA phosphorylation (figure 3.17). In line with this, upon depletion of Ufd1 or Npl4, the 

subsequent step of Chk1 phosphorylation after IR is not impaired (Riemer et al., 2014). This 

argues against a direct function of p97 in the checkpoint signaling cascade upstream of RPA 

phosphorylation. It rather supports the hypothesis that at CPT-induced seDSBs, p97 inhibition 

prevents early DDR events, which are involved in damage sensing and checkpoint signaling. 

The reported function of p97 in CDC25A degradation links p97 to the G2/M checkpoint (Riemer 

et al., 2014), but cannot explain the defect in RPA phosphorylation upon p97 inhibition in CTP-
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treated cells, because RPA phosphorylation is no downstream effect of CDC25A degradation 

(Zhao & Piwnica-Worms, 2001; Kumagai et al., 2006) 

Another explanation would be a different regulation of RPA phosphorylation, dependent on the 

type of DNA damage. It has been proposed that the mechanism of pChk1 inactivation and 

thereby checkpoint termination depends on the type of DNA damage (Calonge & O'Connell, 

2008), therefore, it is tantalizing to speculate that also checkpoint activation could be regulated 

differently upon induction of seDSBs or deDSBs. Furthermore, the cell cycle phase could 

influence this regulation, since CPT induces seDSBs exclusively in S phase, but HRR upon IR 

can also take place in G2 phase of the cell cycle. 

It is still controversial, if Ku needs to be removed from the DNA ends to allow HRR or if it can 

also promote this pathway. On the one hand, in vitro data showed that Ku can block end 

resection by Mre11 (Sun et al., 2012). This implicates that Ku has to be removed from the DNA 

ends to enable end resection. On the other hand, RPA was reported to be phosphorylated by 

DNA-PK in cells (Liu et al., 2012). DNA-PK consists of DNA-PKcs and the Ku heterodimer, 

and is only active if Ku is bound to the DNA (Davis et al., 2014). Therefore, it appears intuitive 

that Ku is still bound to the DNA when RPA is phosphorylated, which means that end resection 

would take place while Ku is still bound to the DNA.  

The described function in RPA phosphorylation during HRR for DNA-PKcs, which is recruited 

to DSB sites by Ku, points towards a function of Ku in HRR, at least in checkpoint signaling 

(see model 4.2). Furthermore, the in vitro data showing blocked end resection at Ku-bound 

DNA was generated by using a short forked DNA substrate and purified proteins, so that Ku 

could only bind to the end and not move on the DNA, and further potentially needed proteins 

were not present (Sun et al., 2012).  

However, in this study, siRNA mediated depletion of Ku80 did not impair RPA phosphorylation 

(figures 3.18 and 3.22), which might be explained by technical limitations of siRNA mediated 

depletion experiments. Another possibility would be that DNA-PKcs could phosphorylate RPA 

independently of Ku binding to DNA. This idea appears unlikely, because the DNA-PKcs was 

shown to be activated by binding to Ku and that formation of this complex depends on Ku 

binding to DNA (Davis et al., 2014). Given that one Ku molecule per DNA end would be 

sufficient to recruit DNA-PKcs, only small amounts of Ku protein are probably sufficient to 

recruit DNA-PKcs to the breaks repaired by HRR. However, depletion of Ku cannot fully abolish 

the protein, as residual amounts of protein are an inherent issue of siRNA mediated depletion. 

Hence, this method is not suitable to investigate the involvement of Ku in HRR and checkpoint 

signaling. Assuming that Ku remains bound to the DNA during end resection to recruit DNA-

PKcs, it would be expected that also 2 hours after IR, Ku would still be bound to the DNA. 

Indeed, when Ku80 kinetics was observed over time after IR, also in control-treated cells, the 
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amount of DNA-bound Ku did not reach the background level within the observed 2 hours 

(figures 3.1-3.3 and 3.6-3.7). 

However, whether Ku could only promote checkpoint signaling or also DNA repair by HRR 

needs to be further investigated. Since the RPA phosphorylation occurs only at high doses of 

DNA damage, while HRR also takes place at low doses, this modification appears not to be 

essential for repair itself but only for checkpoint response. For Ku and DNA-PK, no other 

functions in HRR have been proposed so far. Therefore it could be possible that also Ku is 

only involved in checkpoint signaling at high doses, but not in DNA repair by HRR at low doses 

of DNA damage. 

4.5 The ubiquitin ligases RNF8 and RNF138 in DNA DSB repair 

The two RING-finger ubiquitin ligases RNF8 and RNF138 were reported to modify Ku80 with 

ubiquitin. While ubiquitination of Ku80 upon IR in G1 phase cells was demonstrated to depend 

on RNF8, RNF138 was shown to be required for Ku80 ubiquitination in G2 phase. Besides this 

function, RNF138 has been implicated in Rad51 filament formation (Han et al., 2016), while 

RNF8 is well established to prime ubiquitination of histones at sites of DNA damage (Bekker-

Jensen & Mailand, 2011; Thorslund et al., 2015). Thereby, RNF8 is essential for proper 

recruitment of HRR factors to DNA DSB sites, like BRCA1 and 53BP1 (Mallette et al., 2012; 

Hodge et al., 2016). Furthermore, also recruitment of p97 and its cofactor complex Ufd1-Npl4 

to DSB sites is dependent on RNF8 activity (Meerang et al., 2011). This study revealed that 

upon ionizing radiation with low doses (2 Gy), Rad51 filament formation, but not end resection 

is impaired by depletion of RNF8 (figures 3.12 and 3.15). At high doses, RPA phosphorylation 

at serines 4 and 8 is dependent on RNF8 (figure 3.18), revealing functions of RNF8 at two 

steps downstream of end resection: At the damage specific RPA phosphorylation, which 

occurs only at high doses of IR, and at Rad51 filament formation at low doses. For RNF138, 

the reported effect on RPA phosphorylation after CPT treatment (Ismail et al., 2015) could be 

confirmed (figure 3.22). In contrast, after induction of DSBs by ionizing radiation, depletion of 

RNF138 caused no reduction in RPA, pRPA or Rad51 foci formation (figures 3.12, 3.15 and 

3.18). 

At the first glance, it appears contradictory that RNF8 is needed for recruitment of the HRR 

factors 53BP1 and BRCA1 upstream of end resection (Mallette et al., 2012; Hodge et al., 

2016), but depletion of RNF8 does not impair end resection (figure 3.15). As discussed above 

(section 4.2), BRCA1 and 53BP1 counteract each other at DSB sites. Therefore, loss of both 

does not impair HRR (Bunting et al., 2010), which could explain the proper end resection in 

RNF8-depleted cells observed in this study. 
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Since depletion of RNF8 impairs RPA phosphorylation (figure 3.18), but not RPA filament 

formation (figure 3.15), RNF8 seems to be involved in the mechanism of damage sensing or 

signaling. As mentioned above, the signal for RPA phosphorylation at serines 4 and 8 remains 

unknown so far. Whether the impaired RPA phosphorylation upon RNF8 depletion is based on 

its role in histone ubiquitination or if RNF8 has an additional role in that signaling cascade 

remains to be investigated. 

Nevertheless, the impaired Rad51 filament formation in cells depleted of RNF8 (figure 3.12) 

after proper end resection at low doses cannot be explained by compromised RPA 

phosphorylation, because this modification does not occur at low doses. Therefore, RNF8 

seems to have another function at the step of Rad51 filament formation (figure 4.2). To load 

Rad51 onto the DNA, RPA needs to be removed. RNF8 could either regulate RPA removal or 

Rad51 loading by ubiquitinating relevant proteins. Since also p97 was shown in this study to 

act exactly at this step, it appears possible, that RNF8 ubiquitinates a target protein, which is 

subsequently recognized by p97. However, the mechanism of RPA removal and Rad51 

loading is not fully understood yet. Another model for RNF8 involvement is that also Rad51 

filament formation requires RNF8-ubiquitinated histones at DSBs. More research is needed to 

clarify if RNF8 has additional target proteins in HRR and checkpoint signaling or if the observed 

effects are based on its function in histone ubiquitination. 

The RING-finger ubiquitin ligase RNF138 was reported to mediate Ku80 ubiquitination in G2 

phase cells after IR and to promote cell survival after both IR and CPT treatment. Furthermore, 

RNF138 was shown to be essential for HRR-related end resection after CPT treatment or DSB 

induction by laser lines. These findings led to the model that RNF138 ubiquitinates Ku80 as a 

prerequisite for its removal from the DNA to allow HRR (Ismail et al., 2015). In this study, 

impaired RPA phosphorylation upon RNF138 depletion was found after CPT treatment, but 

not after IR (figures 3.22 and 3.18). Assuming that the effect on HRR after CPT treatment and 

laser lines by RNF138 depletion is based on its function in Ku80 ubiquitination and removal, 

this process seems to be dispensable for HRR of DSBs induced by IR. 

CPT treatment results in single-ended DSBs (seDSBs) during replication, with Topo I 

crosslinked to the DNA and the replisome colliding with this barrier (Hsiang et al., 1985). In 

contrast, both laser beam and ionizing radiation induce diverse DNA lesion types. In the study 

of Ismail et al., a laser with long wavelength (750 nm) was used to induce DNA damage. For 

this type of lasers, apart from the expected DSB repair markers, 6-4PPs, recruitment of NER 

factors and also recruitment of HRR factors in G1 phase cells were shown (Kong et al., 2009). 

However, although the majority of lesions induced by X-rays are DSBs, also single-strand 

breaks and base lesions were observed (Lomax et al., 2013). Taken together, these data point 

to a variety of DNA lesions induced by different treatments, probably resulting in different 

regulatory mechanisms by the cell, dependent on the type and complexity of the lesion. Since 



Discussion 

81 
 

the described functions of RNF138 were observed after induction of different DNA damage 

types, this could explain the different outcomes. Repair of DSBs by HRR seems to require the 

presence of RNF138 after damage induction by CPT treatment or laser beam, but not after 

ionizing radiation. 

Also p97 was demonstrated to have a function upstream of end resection after CPT treatment, 

but not after IR (see section 4.2 and 4.3). Given that p97 targets are typically ubiquitinated, it 

appears possible that RNF138 could ubiquitinate a subsequent p97 target protein during early 

steps of seDSB repair after CPT treatment. 

After IR, Ku80 ubiquitination was shown to depend on RNF138, specifically in G2 phase cells. 

The proposed model was that RNF138 ubiquitinates Ku80 to enable HRR in G2 phase of the 

cell cycle (Ismail et al., 2015). In contrast, this study demonstrated no reduction in HRR after 

IR by depleting RNF138, which points to a different function of Ku80 ubiquitination in G2 phase 

of the cell cycle. It is still under debate, if Ku needs to be removed from the break to enable 

end resection and HRR or if remains on the DNA during end resection (see section 4.4). If it 

persists, resection could take place behind Ku, as suggested for seDSBs (Chanut et al., 2016), 

or Ku might be pushed further on the DNA, away from the break, and resection would happen 

from the break towards Ku (figure 4.2). Persisting Ku on the DNA could recruit DNA-PKcs, 

which phosphorylates RPA during HRR (see section 4.4). However, at which step Ku might be 

removed from the DNA after end resection is also controversial: At seDSBs, persisting Ku 

correlated with intact end resection but impaired Rad51 filament formation (Chanut et al., 

2016), indicating that Ku removal could take place between these steps of HRR. Assuming 

that RNF138 ubiquitinates Ku80 during HRR as signal for removal from the DNA, the rather 

increased Rad51 foci number after IR upon RNF138 depletion (figure 3.12) would point to Ku 

removal occurring after Rad51 filament formation. In contrast, the majority of breaks induced 

by IR also in G2 phase are repaired by NHEJ. Since ubiquitination of Ku80 in G2 cells was 

completely dependent on RNF138 (Ismail et al., 2015), it appears likely that in G2 phase, 

RNF138 ubiquitinates Ku80 after successful NHEJ (figure 4.2). Therefore, it remains uncertain 

if RNF138 ubiquitinates Ku80 at breaks that are repaired by HRR after IR at all. If Ku removal 

during HRR is independent of RNF138 activity, this study allows no conclusion about the step 

at which Ku is removed from the DNA. Interestingly, it was claimed that upon IR with 8 Gy, 

HeLa cells depleted of RNF138 exhibit less Rad51 foci than control cells (Han et al., 2016). 

For the settings chosen in this study, no reduction in Rad51 foci number was observed upon 

RNF138 depletion. The different outcomes could depend on the different cell lines, siRNA 

sequences and doses that were used. Further research is needed to elucidate the whole 

mechanism of HRR and the involvement of Ku and Ku-ubiquitinating enzymes. 
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Figure 4.2: Model for involvement of RNF8 and RNF138 in DNA DSB repair 

After repair by NHEJ, Ku80 is ubiquitinated by RNF8 in G1 or by RNF138 in G2 as signal for 

removal from the DNA. During HRR, RNF8 promotes directly or indirectly RPA phosphorylation 

at high levels of DNA damage and Rad51 filament formation at low damage levels. RNF138 

ubiquitinates Ku80 after NHEJ in G1 phase cells. Upon CPT treatment, RNF138 has an 

additional function upstream of end resection for HRR. 

Taken together, RNF8 exhibits several functions in DNA DSB repair after IR. Besides 

ubiquitination of Ku80 in G1 phase cells, RNF8 promotes RPA phosphorylation and thereby 

probably the checkpoint signaling. Furthermore, at low doses, RNF8 exhibits a role in HRR by 

stimulation of Rad51 filament formation. Both functions might be direct or indirect via its 

function in early DDR by priming histone ubiquitination. In contrast, for RNF138, no functional 

relevance in DSB repair by HRR upon IR could be found. The reported ubiquitination of Ku80 

in G2 phase cells could take place after successful NHEJ and during later steps of HRR, 

downstream of Rad51 filament formation. However, at DSBs induced by CPT, RNF138 is 

involved in early steps of the repair, which occur upstream of end resection. 
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Abbreviations 

53BP1 p53 binding protein 1 

6-4PP (6-4) pyrimidine–pyrimidone photoproduct 

AAA+ extended family of ATPases associated with various cellular 

activities 

ALS amyotrophic lateral sclerosis 

alt-EJ alternative end-joining 

Anova analysis of variance 

APC anaphase-promoting complex 

APLF aprataxin and PNK-like factor 

ATM ataxia-telangiectasia mutated 

ATR ataxia telangiectasia and Rad3 related 

ATRIP ATR-interacting protein 

BARD1 BRCA1-associated RING domain protein 1 

BCDX2 Rad51B, Rad51C, Rad51D, XRRC2 

BLM bloom syndrome protein 

BRCA1 breast cancer 1 

BSA bovine serum albumin 

CDC cell division cycle 

CDK cyclin-dependent kinase 

CDT1 chromatin licensing and DNA replication factor 1 

Chk1 checkpoint kinase 1 

CK2 casein kinase 2 

CP110 centrosomal protein of 110 kDa 

CPD cyclobutane pyrimidine dimer 

CPT camptothecin 

CRL cullin-RING-ligase 

CSA cockayne syndrome group A 

CSB cockayne syndrome group B 

CtIP CtBP-interacting protein 

Ctrl control 

CX3 Rad51C, XRCC3 

DDB2 damaged DNA-binding 2 

DDR DNA damage response 

deDSB double-ended double-strand break 

dHJ  double Holliday junction 
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DMEM Dulbecco's modified eagle medium 

DMSO dimethylsulfoxid 

DNA deoxyribonucleic acid 

DNA2 DNA replication helicase / nuclease 2 

DNA-PK DNA dependent protein kinase 

DNA-PKcs DNA dependent protein kinase, catalytic subunit 

DSB DNA double-strand break 

dsDNA double-stranded DNA 

DUB de-ubiquitinating enzyme 

DVC1 DNA damage protein targeting VCP 

EDTA ethylenediaminetetraacetic acid 

ER endoplasmic reticulum 

ERAD ER-associated degradation 

Exo1 exonuclease 1 

FACS fluorescence-activated cell sorting 

FAF1 Fas-associated factor 1 

FBXL F-box and leucine-rich repeat protein 

FBXO F-box only 

FBXW F-box and WD repeat domain-containing 

GFP green fluorescent protein 

GINS go-ichi-ni-san 

gp78 glycoprotein 78 

GST glutathione S-transferases 

HECT homologous to the E6-AP carboxyl terminus 

HEK human embryonic kidney cells 

HIF1α hypoxia-inducible factor 1α 

HOIP HOIL-1L interacting protein 

HRP horseradish peroxidase 

HRR homologous recombination repair 

HSP70 heat-shock protein 70 

IBMPFD inclusion bodies myopathy with Paget’s disease of bone and 

frontotemporal dementia 

IR ionizing radiation 

JMJD Jumonji domain 

KEAP1 Kelch-like ECH-associated protein 1 

L3MBTL1 Lethal(3)malignant brain tumor-like protein 
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LFQ-MS label-free quantitative mass spectrometry 

Lrr1 leucine-rich-repeat 1 

MCM mini-chromosome maintenance 

Mre11 meiotic recombination 11 

MRN Mre11, Rad50, Nbs1 

Nbs1 Nijmegen breakage syndrome 1 

NEDD8 neural precursor cell expressed, developmentally down-regulated 8 

NER nucleotide excision repair 

NHEJ non-homologous end-joining 

Npl4 nuclear protein localization protein 4 

NPM nucleophosmin 

NRF2 nuclear factor (erythroid-derived 2) - like 2 

OTUB2 ovarian tumor B2 

PAGE polyacrylamide gel electrophoresis 

PAXX paralog of XRCC4 and XLF 

PBS phosphate buffered saline 

PCR polymerase chain reaction 

PD Parkinson’s disease 

PEI Polyethylenimin 

PIM PUB interacting motif 

PLAA phospholipase A-2 activating protein 

PNGase Peptide:N-glycosidase 

POLII RNA polymerase II 

PUB PNGase/UBA or UBX containing proteins 

PUL PLAP, Ufd3p, and Lub1p 

Rad radiation sensitive 

RBR RING, between RING-fingers, RING 

RBX RING box protein 

RING really interesting new gene 

RMI RecQ-mediated genome instability protein 

RNA ribonucleic acid 

RNF RING finger protein 

RPA replication protein A 

SAKS1 SAPK substrate protein 1 

SCF Skp1, Cul1, F-box protein 

SDS sodium dodecyl sulfate 
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seDSB single-ended double-strand break 

Ser serine 

SHP Src homology region 2 domain-containing phosphatase 

SIM SUMO-interacting motif 

siRNA small interfering RNA 

Skp S-phase kinase-associated protein 

SSB single-strand break 

ssDNA single-stranded DNA 

STUbL SUMO-targeting ubiquitin ligase 

SUMO small ubiquitin-like modifier 

SVIP small VCP-interacting protein 

SWS1 SWIM domain containing Srs2 interacting protein 1 

SWSAP1 SWIM-type zinc finger 7 associated protein 1 

Tdp tyrosyl-DNA phospho-diesterase 

TopBP1 topoisomerase (DNA) II binding protein 1 

Topo topoisomerase 

Uba ubiquitin-like modifier-activating enzyme 

UBA ubiquitin-associated 

Ubc ubiquitin conjugating enzyme 

UBX ubiquitin-like 

UBXL UBX-like 

Ufd1 ubiquitin fusion degradation 1 

UIM ubiquitin interacting motif 

VBM VCP binding motif 

VCP valosin-containing protein 

VHL von-Hippel-Lindau 

VIM VCP-interacting 

Wnt wingless-related integration site 

WRN Werner syndrome ATP-dependent helicase 

wt wild type 

XLF XRCC4-like factor 

XPC xeroderma pigmentosum group C 

XRCC X-ray repair cross-complementing protein 

β-TrCP β-transducin repeat-containing protein 
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