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ABSTRACT 

Ionizing radiation (IR) induced DNA double strand breaks (DSBs) pose a major threat 

to cellular homeostasis, as unrepaired or misrepaired DSBs can lead to 

chromosomal aberrations that threaten genomic stability and cell survival. Higher 

eukaryotes have evolved highly sophisticated DSB repair pathways to mitigate the 

consequences associated with DSBs. Higher eukaryotes repair DSBs predominantly 

by classical DNA-PK dependent non homologous end joining (c-NHEJ), or by 

homologous recombination repair (HRR). While c-NHEJ can be engaged in all cell 

cycle phases, HRR is restricted to the later S- and G2- phase of the cell cycle due to 

its requirement for a sister chromatid. Recently, an alternative (alt-EJ), error prone 

DSB repair pathway operating as a backup for failures in c-NHEJ and HRR was 

shown to function throughout the whole cell cycle with peak activity in the G2-phase 

of the cell cycle. 

Previous experiments in our laboratory suggest a dose dependent choice for the 

engagement of repair pathways in the repair of IR induced DSBs.  

We here investigated the contribution of HRR, c-NHEJ and alt-EJ to the repair of IR 

induced chromatid breaks, as measured by premature chromosome condensation, 

by exposing different wildtype, HRR mutant or c-NHEJ mutant cell lines to a broad 

spectrum of IR doses. Particular focus is placed on the G2-phase of the cell cycle, 

where all three DSB repair pathways can engage. Our results suggest a dose 

dependent repair pathway switch from slow HRR to fast c-NHEJ. Data obtained show 

that HRR is mainly engaged in the processing of CBs after exposure of low doses 

(<2 Gy). C-NHEJ on the other hand gains ground in the repair of IR induced 

chromatid breaks in a dose dependent manner. Moreover, we investigated the 

formation of chromosomal exchanges. We found a clear contribution of c-NHEJ and 

alt-EJ to CE formation at high IR doses (5 Gy), while the contribution of DSB repair 

pathways to CE formation after low doses of IR still need to be clarified.  

Finally yet importantly, we developed a protocol for the premature chromosome 

condensation technique using EdU staining to discriminate between S-phase and G2-

phase PCCs. This technique allows for the first time cell cycle dependent analysis of 

IR induced cytogenetic damage and paves the way to further mechanistic 

investigation.  
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1. INTRODUCTION 

Ionizing Radiation (IR) induced DNA double strand breaks (DSBs) pose a major 

threat to cellular homeostasis, as unrepaired or misrepaired DSBs can lead to 

chromosomal aberrations that threaten genomic stability and can contribute to 

carcinogenesis (Figure 1). 

To ensure genomic integrity higher eukaryotes engage an orchestrated DNA damage 

response (DDR) that is followed by the activation of cell cycle checkpoints and most 

importantly of DNA DSB repair processes (Figure 1). The two main repair 

mechanisms that take care of DSBs in higher eukaryotes include homologous 

recombination repair (HRR) and classical non homologous end joining (c-NHEJ). 

HRR is a slow process with half times over 1 h. Yet, it is the only known pathway 

capable to restore both, the sequence and integrity at the DNA by rejoining the 

correct ends using a homologous sister chromatid, and is therefore, considered to be 

error free. However, the need for sequence homology limits HRR to the late S-phase 

and G2-phase of the cell cycle, where a sister chromatid becomes available. Core 

factors involved in HRR include proteins of the Rad52 epistasis group, with central 

players Rad51 and its paralogues, which aid in homology search and strand invasion 

(Krejci, et al. 2012; Symington and Gautier 2011). 

C-NHEJ contrasts the complexity of HRR and relies on a different set of repair 

proteins. It utilizes the Ku70/80 heterodimer, as well as the catalytic subunit of DNA-

PK, which leads to the recruitment of other crucial molecules that are involved in 

DNA end processing and ligation including DNA Ligase 4 and its cofactor XRCC4. 

Furthermore, as c-NHEJ does not require sequences homology it is not restricted to 

a particular cell cycle phase operating thus throughout the cell cycle. One of its main 

features is speed. C-NHEJ, which is impressively active in higher eukaryotes, acts 

fast and removes DSBs from the genome with half times of 10-30 minutes. Although, 

c-NHEJ restores chromosome continuity, it does not have a proofreading mechanism 

to ensure joining of the correct DSBs. This property renders c-NHEJ an in principle 

error-prone pathway (Davis and Chen 2013; Mahaney, et al. 2009).  

In the last decades, a third pathway often referred to as backup- non homologous 

end joining (B-NHEJ), microhomology mediated end joining (MEEJ), or alternative 

end joining (alt-EJ) came to the front. Alt-EJ drew the attention of scientist in the field, 
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due to its highly error prone nature and frequent implications in the formation of 

recurrent translocations that are diagnostic of many hematological malignancies and 

which are also found in solid tumors. Alt-EJ has three characteristic: First, alt-EJ 

appears to be mainly active when conservative DSB repair pathways fail to engage, 

serving thus as a backup pathway to HRR and c-NHEJ. Second, alt-EJ introduces 

excessive deletions at the break junctions. And third, alt-EJ is less faithful in the 

restoration of the DNA sequence at the junction and is associated with increased 

formation of chromosomal rearrangements. alt-EJ is not restricted to a particular cell 

cycle phase; yet it shows peak activity during the G2-phase of the cell cycle. Up to 

date proteins such as Parp-1, Ligase 3 and Ligase 1, as well as the MRN complex 

and XRCC1, CtIP and polymerase θ have been implicated in the molecular set up of 

alt-EJ (Bunting and Nussenzweig 2013; Chan, et al. 2010; Frit, et al. 2014; Mladenov 

and Iliakis 2011; Paul, et al. 2013; Simsek and Jasin 2010). 

Even though rapid developments in our understanding of DSB repair pathway 

regulation has been achieved, key questions remain unanswered. For example, it is 

still unknown which cellular mechanism and processes determine repair pathway 

choice. This is of particular importance as the above-mentioned DSB repair pathways 

show different fidelities and efficiencies, and their choice will determine genomic 

stability and ultimately the cell’s fate to the inducing insult.  

The present thesis aims to elucidate regulatory mechanisms determining the 

contributions of the different DSB repair pathways to the processing of IR induced 

chromatid breaks.  
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Figure 1: DNA damage induction and its consequences. Exogenous as well as endogenous 
agents are capable of DSB induction. A subset of DSBs is converted to Chromatid breaks. DNA 
damage triggers the DNA Damage Response (DDR), which regulates the cell cycle, as well as the 
activation of DSB repair pathways. If repair pathways fail to engage successfully, repair accidents may 
occur which can lead to cell death. Other cellular consequences of such accidents include the 
formation of chromosomal aberrations that contribute to genomic instability and tumorigenesis.  
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1.1 Ionizing radiation and DNA damage induction 

IR finds application in the clinic for diagnostic therapeutic purposes. IR has also 

gained ground in scientific research due to its property to induce random DSBs. This 

is particularly attractive as it provides a perfect stage to investigate DNA damage 

response mechanisms. 

1.1.1 An excursion to the physics of Ionizing Radiation 

From a physical point of view, IR is defined as energy, deposited to matter that is 

high enough to eject one or more orbital electrons from an atom, leaving an 

electrically charged atom behind. 

Generally, IR can be differentiated into electromagnetic radiation like gamma-rays 

and X-rays and into particulate radiation comprising heavy ions, protons, neutrons or 

α-particles. The focus of the next section is on X-rays, as they are used for the 

experiments in the present thesis. 

X-rays are produced by electrical devices that accelerate electrons to high energy 

levels, which are abruptly stopped in the anode to generate photons. They can be 

considered as waves that fall into the higher segment of the electromagnetic 

spectrum, showing a decreased wavelength, increased frequencies and an increased 

photon energy (Hall and Giaccia 2006).  

The absorption properties of X-rays as they traverse matter depend on the energy of 

photons, as well as composition of targeted matter. For X-rays with high energies the 

Compton process dominates, while for X-rays with low energy levels the so called 

photoelectric process predominates. 

In Compton process, X-rays interact with loosely bound electrons in the outermost 

shell. In this way, part of the photon energy is passed to the electron as kinetic 

energy and the photon continues with reduced speed at a different direction i.e. it 

becomes scattered. The electron proceeds as a fast electron, which is able to ionize 

other atoms, which can generate the breakage of chemical bonds leaving ionized 

atoms behind. 
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In contrast, during the photoelectric process, the photon interacts with a strongly 

bound inner shell electron of the absorbing material. The photon gives up all its 

energy to the electron and releases it from the atom, with the remaining energy 

stored as kinetics energy. The gap left behind in the outer shell must be filled by 

another electron falling in from an outer shell of either the same atom, or by 

conduction of an electron from outside the atom (Hall and Giaccia 2006). 

Ionization events are not randomly distributed in space but rather tend to localize 

along particle tracks. Hence, different types of radiation deposit their energy to the 

material through which they pass, at different rates. The quantity describing the 

density of deposited energy, to material, is called linear energy transfer (LET) 

(Mladenov and Iliakis 2011; Schipler and Iliakis 2013). 

High LET radiation, like some kinds of particulate radiation, is densely ionizing, 

producing more ionization events on tracks. Furthermore, high LET radiation is often 

directly ionizing, meaning that it directly disrupt the atomic structure of the absorbing 

material leading immediately to chemical and biological changes (Lomax 2013). 

In contrast to particulate high LET radiation, low LET radiation like X-rays and 

gamma-rays are indirectly ionizing. They do not cause chemical or biological damage 

themselves but rather give up their energy to produce fast moving secondary 

electrons, which then generate the chemical and biological effects. In both 

processes, damage can be generated directly by targeting molecules (e.g. DNA), or 

through reaction with water molecules, producing thus free radicals. Those free 

radicals are able to diffuse far enough to reach and damage critical targets. The latter 

effect is also known as indirect effect to discriminate from direct effects. 

Since cells consist to 70% of water, it is most likely that radiation interacts with water 

molecules. Upon the interaction of radiation with a water molecule, an electron is 

ejected from the water molecules leaving behind an electrically charged ion radical. 

This radical in turn interacts with another molecule to form highly reactive hydroxyl 

radical. 

H2O  H2O+ + e- 

H2O+ + H2O  H3O+ + OH• 
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It is estimated that hydroxyl radicals‘ account for two thirds of radiation induced DNA 

damage in mammalian cells (Hall and Giaccia 2006).  

As a measure of the absorbed dose the International Standard unit (SI unit) Gray 

(Gy) is used throughout this thesis. The unit Grey describes the radiation energy 

absorbed per unit mass. Consequently, 1 Gy equals 1 Joule per kilogram.  

1.1.2 IR-induced DNA lesions 

Ionizing radiation induces a plethora of DNA damages. Per Gy a cell suffers around 

1300 purine and pyrimidine lesions, 1000 single strand breaks (SSBs) and 20-40 

DSBs (Goodhead 1994; Lomax 2013).  

Most of the IR induced lesions are confined to one DNA strand (base lesions, single 

strand breaks) and can be rapidly excised to restore the DNA strand. Repair 

processes taking care of such lesions include base excision repair (BER), nucleotide 

excision repair (NER) or mismatch repair (MMR) (Iliakis, et al. 2015a). 

More challenging however is the induction of the highly toxic DNA DSB.  

The yield of DSBs increases linearly with IR dose (Barnard, et al. 2013). 

Furthermore, DSBs can be induced either directly by disrupting the sugar phosphate 

backbone at both DNA strands or they can be induced through the generation of two 

SSBs that are in close proximity to each other in the opposite strand. DSBs are 

particularly challenging to cells as they do not leave an intact template in the second 

strand and consequently have special needs for their repair.  

Induction of DSBs by IR is commonly associated with the generation of clustered 

DNA lesions. Such clustered lesions may not only comprise the DSB but also sugar 

and base damages in the vicinity  (Goodhead 1994; O'Neill and Wardman 2009). 

Moreover, it is also important to mention, that a small subset of DSBs (10 – 20%) is 

transformed to chromatid breaks (CBs) which can be visualized via classical 

cytogenetic approaches (Iliakis, et al. 2007).  

Figure 2 summarizes the above outlined effects of ionizing radiation and the 

resulting DNA lesions. 
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Figure 2: An overview of the lesions induced by ionizing radiation. Ionizing radiation produces a 
plethora of different lesions including for example single strand breaks, base- or sugar damages and 
the highly toxic DSB (Figure adapted from (Lomax 2013)). 

 

1.1.3 DNA DSBs and their role in physiological processes 

Despite the fact that DSBs are considered as the most severe DNA lesions that a cell 

can encounter, they do also serve as necessary intermediates in physiological 

processes like V(D)J-recombination and class switch recombination (CSR). Both 

mechanisms are important for the generation and development of T- and B- cells. 

V(D)J-recombination generates a diverse repertoire of antibodies, T-cell receptors 

and immunoglobulins by rearranging pre-existing segments that comprise the 

variable (V) regions, the diversity (D) segment and the joining segment (J). 

Rearrangement occurs through DSB induction by the endonuclease RAG1 and 

RAG2 (Recombination activating gene 1 and 2) and rejoining gives rise to 

immunoglobulins, antibodies and T-cell receptors (Lieber, et al. 2004; Schatz and 

Swanson 2011).  

CSR on the other hand, occurs in antigen-stimulated mature B cells and allows the 

switch from IgM to IgA, IgG or IgE. Also in CSR, DSBs are induced in ways designed 

to alter the heavy chain on immunoglobulins (Stavnezer, et al. 2008).  

However, not the immune system alone benefits from the programmed induction of 

DSBs. Also during meiosis DSBs are produced as essential intermediates. 

Particularly, during the first meiotic division DSBs are needed to promote the pairing 
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interaction between homologous chromosomes and the exchange of genetic material 

between them. These interactions aid in the genetic variation of organisms 

(Murakami and Keeney 2008). 

1.2 DNA damage sensing and cell cycle checkpoint activation in higher 

eukaryotes 

The critical importance of the DNA damage response (DDR) becomes obvious when 

we consider consequences associated with defects in DDR, which can directly 

contribute to ageing, neurodegenerative diseases, developmental defects and 

cancer.  

Activation of DDR starts within seconds after DNA damage induction. As depicted in 

Figure 3, DDR comprises a network of sensors that sense the presence of a DSB 

and transmit the signal to downstream effectors through a transduction cascade. 

Effectors in turn activate mechanisms, which will aid in the coordination of: (1) cell 

cycle checkpoints to avoid replication or segregation of damaged DNA; (2) DNA 

damage repair; (3) apoptotic processes in case the DNA damage cannot be repaired. 

(4) A variety of additional cellular responses (Khanna and Jackson 2001; Sulli, et al. 

2012; Zhou and Elledge 2000). 

Central to the DDR signaling cascade is the activation of the signal transducer Ataxia 

Telangiectasia Mutated (ATM) and Ataxia Telangiectasia and Rad3-Related Protein 

(ATR), both of which belong to the class of phosphoinositide kinase (PIK) - related 

proteins. Direct targets of ATM and ATR are the checkpoint kinases 1 (Chk1) and 

checkpoint kinase 2 (Chk2), which are engaged in spreading the signal throughout 

the nucleus, resulting in the activation of cell cycle checkpoints (Shibata and Jeggo 

2014; Vignard, et al. 2013). 

Downstream of Chk1 and Chk2 are effector molecules such as Breast Cancer 1 

(BRCA1), p53, Nibrin (NBS1) or the E3 ubiquitin-protein kinase (Mdm2) that execute 

functions in DNA repair, transcription regulation and cell cycle control (Vignard, et al. 

2013).  
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Figure 3: An overview of the DNA Damage Response (DDR) as a consequence to DNA double 
strand break induction. Cells activate an orchestrated cascade of DNA damage sensors, mediator 
and effectors. Central to this cascade are ATM and ATR, which regulate molecules involved in the 
activation of cell cycle checkpoints, apoptosis, as well as DNA repair (Figure adapted from (Sulli, et al. 
2012)). 

1.2.1 DNA damage sensing 

It is not yet fully elucidated which molecules are involved in sensing of DNA damage 

and directs the activation of the signal transducer ATM and ATR. However, 

molecules that are able to bind to DNA ends have been implicated in DSB sensing.  

Among others, the MRN complex (Mre11/Rad50/Nbs1) represents one major DSB 

sensor. The binding of the MRN complex to the DSB induces the recruitment of ATM 

to the DSB site via the interaction with the C-terminus of Nbs1. This interaction 

triggers the autophosphorylation of ATM and its conversion into an active monomer. 

The binding of the DSB ends by MRN is further accompanied by several changes in 

chromatin structure. Most prominent in this respect is the phosphorylation of the H2A 

histone variant H2AX on Ser-139 generating γH2AX (Pilch, et al. 2003; Podhorecka, 

et al. 2010). The phosphorylation of H2AX is prerequisite for the recruitment of MDC1 
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(mediator of DNA damage checkpoint protein 1). On the one hand MDC1 interacts 

with Mre11 to tether the MRN complex and ATM to the DSB site, allowing ATM to 

amplify the DDR signal by extending the region of phosphorylated H2AX. On the 

other hand, MDC1 initiates the recruitment of the E3 ubiquitin ligases RNF8 and 

RNF168. RNF8 in turn ubiquitinylates damaged chromatin allowing thereupon the 

recruitment of the p53 binding protein (53BP1), as well as of BRCA1. Both molecules 

assist in the activation of DSB repair pathways (Kinner, et al. 2008; Shibata and 

Jeggo 2014). 

After DSB sensing ATM and ATR trigger further processes like the activation of the 

cell cycle checkpoint discussed in the next section.  

1.2.2 Cell cycle checkpoint activation 

As a consequence to DNA damage, DDR also regulates the activation of cell cycle 

checkpoints, which will prevent the replication of damaged DNA (G1/S-checkpoint), 

halt the firing of origins of replication (intra-S-phase checkpoint), avoid its segregation 

and provide cells with time for repair (G2/M- checkpoint).  

Generally, the cell cycle is controlled by the interplay between cyclins, whose 

concentrations vary throughout the cell cycle and the cyclin dependent protein 

kinases. 

If DNA damage occurs in the G1 phase, cells activate the G1/S – checkpoint. The 

G1/S – checkpoint is regulated by blocking the Cdk2-Cyclin E kinase in an inactive 

state, while at the same time stabilizing the tumor suppressor p53. Specifically, ATM 

activates the serine-threonine kinase Chk2, which phosphorylates Cdc25A at   

Serine-123 leading to ubiquitination of Cdc25A, followed by proteasomal mediated 

degradation. This reduces the abundance of Cdc25A locking CDK1-Clyclin E in an 

inactive state and stopping the progression of cells to the S-phase (Iliakis, et al. 

2003). 

In addition, a second path leading to an arrest of cells in the G1 phase is achieved by 

the stabilization of p53, triggered by an ATM dependent phosphorylation. 

Stabilization of p53 activates the transcription of the CDK inhibitor p21, which binds 
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to the CDK2 – Cyclin E kinase complex, thus halting cells back in G1-phase (Iliakis, et 

al. 2003; Shaltiel, et al. 2015).  

A further level of cell cycle regulation, upon DSB induction, is accomplished by the 

intra S – phase checkpoint, which causes a transient stop in the firing of replicons 

that wait to be replicated. The induced delay in S-phase is short and only targets 

parts of the genome.  

Similar to the G1 arrest, Chk2 targets the degradation of Cdc25A leading to the 

deprivation of cyclin E and cyclin A in association with CDK2. This deprivation 

prevents the loading of Cdc45 initiation factor onto chromatin and in this way 

prevents the firing of the remaining pool of competent replication origins (Iliakis, et al. 

2003).  

Additionally, cells can halt the cell cycle at the G2/M border. Throughout the literature 

it has been suggested that the G2/M – checkpoint not only averts the segregation of 

damaged material, but rather is an active response to IR with a central role in G2 – 

repair (Zhou and Elledge 2000). 

The paramount target in the G2/M – checkpoint is the CDK1 – Cyclin B complex, 

which is essential for the progression towards mitosis. 

The G2/M – checkpoint response is orchestrated through ATM and its 

phosphorylation of the downstream targets Chk1 and Chk2. Furthermore, findings in 

our laboratory suggest absolute requirements of ATR for G2 – checkpoint induction, if 

DSBs are induced in the G2 – phase of the cell cycle (Fan 2009). Redundant 

pathways have been suggested to engage in the G2 – checkpoint activation.  

One of these pathways compromises the inhibitory phosphorylation of CDK1, 

mediated by Chk2, which phosphorylates the phosphatase Cdc25C. Phosphorylation 

of Cdc25C causes its inactivation and binding to the protein 14-3-3, as well as its 

translocation into the cytoplasm. This renders Cdc25C incapable of removing the 

inhibitory phosphate groups on CDK1 and thus stops the transition of the cell to M-

phase (Khanna and Jackson 2001).  

Further, G2 – checkpoint control is attained through regulation of CDK1 activity by 

Wee1, Myt1, as well as the polo-like kinase (PLK) (Khanna and Jackson 2001). Also, 
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p53-dependent transcriptional repression of CDK1 and Cyclin B promoter has been 

implicated in maintaining the G2/M – checkpoint in mammalian cells.  

At last, the activation of cell cycle checkpoints, upon DSB induction, provides the cell 

with time for repair and adds to cellular homeostasis.  

1.3 Repair of IR induced DNA DSBs in higher eukaryotes 

1.3.1 Challenges faced by DSB repair pathways 

To rectify the adverse consequences of DSBs, higher eukaryotes have evolved 

highly sophisticated repair mechanisms. Nevertheless, those repair mechanisms 

have to accomplish two distinct feats. First, it must be ensured that the right DNA 

ends are put back together, and that the ends are not joined with the ends from other 

broken DNA molecules, which can be found in close proximity. As will be outlined 

later, wrongly rejoined DNA ends form translocations.   

The second accomplishment, which must be met by the DNA DSB repair machinery, 

is to restore the sequence around the broken site to prevent mutations.  

In principle, higher eukaryotic cells have developed two distinct DSB repair 

pathways, namely homologous recombination repair and classical-non homologous 

end joining. Their properties differ first: in their molecular set up, in their efficiency to 

process DSBs, in the time required and, last but not least, in their activity throughout 

the cell cycle.  

Next to HRR and c-NHEJ, a third alternative end joining (alt-EJ) pathway must be 

taken into consideration, as it has been described to backup for failures in c-NHEJ, 

as well as HRR at the cost of increased translocation formation. 

Having outlined the challenges DNA DSB repair machineries have to deal with, a 

more detailed look on the mechanism behind each DSB repair pathway follows.  

1.3.2 Homologous Recombination Repair (HRR) 

HRR is an evolutionary old and relatively slow process. It is thought that HRR 

accounts for the repair of 25% of all DSBs in higher eukaryotes. Nonetheless, the 

value of HRR lies in its capability to restore both, the DNA sequence as well as the 
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integrity of the DNA due to its templated nature. Yet, its templated nature limits HRR 

to the late S-phase and G2-phase of the cells cycle, where a sister chromatid 

becomes available (Takata, et al. 1998).  

Steps involved in HRR include the recognition of the DSBs, followed by DNA end 

resection to yield 3’ single stranded overhangs, homology search and strand 

invasion, leading finally to the resolution of the DSB. 

In more detail, DSBs are sensed by the MRN complex, constituting the Mre11 

nuclease, the ATP-binding polypeptide Rad50, and NBS1, a polypeptide bearing 

several protein-protein interaction domains. Together with the resection-promoting 

factor CtIP, MRN re-localizes to the breaks initiating short range resection of DSB 

ends. Long-range resection on the other hand is carried out with the aid of Exo1, 

Dna2 and BLM, generating 3’ ssDNA overhangs. 3’ ssDNA overhangs are rapidly 

coated with the replication protein A (RPA) heterodimer to prevent further nucleolytic 

cleavage, as well as to stabilize the 3’ single stranded overhangs and to avoid 

secondary structures (Figure 4) (Paull and Deshpande 2014; Trujillo, et al. 1998). 

Next, the Rad51 recombinase interacts with the RPA coated ssDNA 3’ overhangs to 

form a nucleoprotein filament, the presynaptic complex. Thereby, Rad51 filament 

assembly is catalyzed by BRCA2 (Figure 4). Additional molecules aiding in the 

formation of the presynaptic complex include Rad52 and the paralogs of Rad51 

comprising, Rad51B, Rad51C, Rad51D, XRCC2 and XRCC3 (Suwaki, et al. 2011). 

Once the presynaptic complex is assembled, a duplex DNA molecule is captured and 

homology search is carried out by the Rad51 nucleoprotein filament, leading to the 

formation of the displacement loop (D-loop). In the following steps DNA synthesis 

and branch-migration is carried out by the chromatin remodeling functions of Rad54, 

while Rad51 is subsequently removed from the DNA (Heyer, et al. 2010; Mazin, et al. 

2010).  
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Figure 4: Processing of DSB ends by HRR. Central steps involved in HRR include the recognition of 
the DSB by the MRN complex followed by DSB end resection conducted by molecules such as CtIP, 
Exo1, BLM, BRCA1 and Dna2, to yield 3’ single stranded overhangs, which are rapidly coated with 
RPA. In the following steps Rad51 engages in homology search and strand invasion with the aid of its 
paralogs. Resolution of the DSB is then either carried out by single strand annealing (SDSA) or double 
strand break repair (DSBR) with the help of resolvases and Rad54 to restore the original sequence of 
DNA molecules (Graphic modified from (Iliakis, et al. 2015a)).  

To finish off HRR, two different processes can be engaged: either synthesis 

dependent strand annealing (SDSA) or double strand break repair (DSBR).  
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In SDSA the D-loop is unwound and one 3’ ssDNA overhang participates in the 

formation of a single Holliday junction with the process being terminated by gap-filling 

DNA synthesis carried out by DNA polymerases. SDSA produces non-crossover 

products. In the second process (DSBR), both 3’ overhangs are engaged to form an 

intermediate harboring two Holliday junctions followed by gap filling DNA synthesis 

and ligation, yielding either crossover or non-crossover products (San Filippo, et al. 

2008). 

The final steps of HRR, like Holliday junction resolution, gap filling and DNA 

synthesis as well as the ligation are carried out by resolvases like GEN1, 

MUS81/EME1, SLX1-SLX4 (Figure 4) (Dueva and Iliakis 2013; Matos and West 

2014; Sarbajna and West 2014). Finally, HRR brings together the right DNA DSB 

ends and the sequence around the break site is restored to its original state (Figure 

4). 

1.3.3 Classical non homologous end joining (c-NHEJ) 

Although, HRR is an error free pathway, it is mainly utilized by prokaryotes as well as 

lower eukaryotes. For the eliminations of DSBs in higher eukaryotes, the evolutionary 

younger c-NHEJ repair pathway is employed. As mentioned above, c-NHEJ relies on 

an entirely different set of proteins, and its beauty as compared to HRR lies in its 

simplicity and speed. 

In contrast to HRR, c-NHEJ does not need sequence homology and is therefore not 

restricted to a specific cell cycle phase. One of its main characteristics is speed, as c-

NHEJ repairs DSBs with half times of 15-30 minutes as it simply rejoins DSB ends to 

restore the integrity in the DNA (DiBiase, et al. 2000; Mladenov and Iliakis 2011). 

As presented in Figure 5 c-NHEJ starts with the binding of the Ku70/80 heterodimer, 

which encircles the DNA and firmly binds to the DSB ends probably to also protect 

them from nucleolytic processing. Lately, it has been shown that also a paralog of 

XRCC4 and XLF called PAXX interacts with the Ku heterodimer for stabilization 

purposes (Ochi, et al. 2015). Once bound to the DSB, the Ku heterodimer changes 

its conformation, stimulating the recruitment of the catalytic subunit DNA-PK, DNA-

PKcs, whose activity increases drastically upon interaction with Ku. The catalytic 

subunit of DNA-PK is especially important for the phosphorylation of substrates that 
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promote DSB end-processing to provide ligatable DSB ends. Specifically, IR-induced 

DSBs are “dirty” in the sense that they often do not have 5’ phosphate and 3’ 

hydroxyl DNA termini that can be directly ligated (Burma, et al. 2006; Deriano and 

Roth 2013; Mahaney, et al. 2009).  

 

Figure 5: DSB processing by classical non-homologous end joining. C-NHEJ comprises a 
relatively small repertoire of molecules. Main steps involved in c-NHEJ include the binding of the 
Ku70/80 heterodimer to the DSB ends, which leads to the recruitment of DNA-PK. End processing 
enzymes help in cleaning up DSB ends to make them ligatable. Ligation is carried out by the 
Lig4/XRCC4/XLF complex. C-NHEJ is potentially error prone (see text) and may therefore, result in 
small scale alterations (Graphic modified from (Iliakis, et al. 2015b)). 

One of the end-processing substrates phosphorylated by DNA-PK is the 

endonuclease Artemis. Artemis has been shown to carry out hairpin opening in order 

to remove ssDNA overhangs containing damaged nucleotides (Lieber 2010a). After 

DSB end “cleaning” the final step of c-NHEJ is the ligation of DSB ends, carried out 

by the coordinated action of the DNA XRCC4 – Lig4 and XLF complex (Figure 5). 
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Although, c-NHEJ restores chromosome continuity, it does not ensure that the 

correct DSB ends are rejoined and that the sequence around the break side is 

reestablished. This renders c-NHEJ a potentially error prone pathway, that can 

contribute to translocation formation. 

1.3.4 Alternative end joining (alt-EJ) 

Alt-EJ has drawn a lot of attention in the scientific field due to its highly error prone 

nature and its frequent implications in recurrent translocations found in many 

hematological diseases. Alt-EJ is considered to be suppressed when HRR and c-

NHEJ are available and thus serves as a last resort when any of the other pathways 

is not able to engage and is therefore, often termed backup- end joining to 

emphasize such putative backup functions (Cho and Greenberg 2015; Mateos-

Gomez, et al. 2015; Soni, et al. 2014). Throughout the literature, alt-EJ is described 

by three main characteristic. First, alt-EJ is less faithful in the restoration of the DNA, 

and is accompanied by high levels of translocations. Second, in comparison to c-

NHEJ, alt-EJ comes with slower kinetics, ranging from 30 minutes to 20 h. Third, alt-

EJ is not limited to a particular cell cycle phase, but a peak activity in the G2-phase 

could be experimentally shown (Wu, et al. 2008). 

Another feature often referred to alt-EJ is the use of microhomologies. Some reports 

suggest that alt-EJ benefits from short patches of microhomology ranging from 5 – 25 

nucleotides distant from the DSB ends. Other reports however speculate that alt-EJ 

does not necessarily require microhomology, but may benefit from it when present. 

Even the presence of two distinct alt-EJ pathways has been suggested. One relaying 

on microhomology and the other acting independently of microhomology (Aparicio, et 

al. 2014; Decottignies 2013; Mansour, et al. 2010; Nussenzweig and Nussenzweig 

2007). 

So far, molecules suggested to participate in alt-EJ include Mre11 and CtIP both 

participating in end resection (Zhang and Jasin 2011). Also Ligase 3 has been 

demonstrated to carry out functions in alt-EJ (Wang, et al. 2005). When Ligase 3 is 

compromised, it was experimentally demonstrated that Ligase 1 can take over Ligase 

3 functions (Soni, et al. 2014). Another important molecule is Parp-1 (Audebert, et al. 

2004). Studies indicated that Parp-1 competes with the Ku70/80 heterodimer for DSB 

ends and in this way sets the stage for repair pathway choice. Recent reports also 
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suggest an involvement of the human polymerase θ, which was indicated to facilitate 

end – joining of DNA ends that contain microhomologies (Chan, et al. 2010; Kent, et 

al. 2015). Moreover, studies applying RNAi screening of known DNA damage 

response molecules identified further genes associated with alt-EJ. Those identified 

genes involve, FAAP24, NTHL1, RAD53B, POLA1, SOD1, RUVBL2, GEN1, TIP60, 

DNA2, SH6, FANCA and PRP19/PS04 (Howard, et al. 2015). 

Figure 6 provides and summarizes a graphical presentation of the steps and 

molecules engaged in alt-EJ.  

 

Figure 6: Repair of DSB breaks by alternative end joining. Alt-EJ engages in the repair of DSBs 
when c-NHEJ or HRR are somehow compromised, but at the price of a large increase in translocation 
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formation due to its highly error prone nature. Molecules identified to engage in alt-EJ include Parp-1, 
which is thought to bind to DSB ends. Alt-EJ seems also to benefit from resection. Hence, Mre11 and 
CtIP have also been shown to play a role. Ligation is carried out by Ligase 3 or Ligase 1 (Graphic 
modified from (Iliakis, et al. 2015b)).  

 

1.4 Contribution of DSB repair pathways to processing errors and 

chromosomal aberration formation 

If cells fail to repair DSBs or repair occurs by rejoining incorrect ends chromosomal 

rearrangements (CRs) occur, which will inevitably contribute to cell killing, genomic 

instability and cancer. 

The ability to faithfully repair DSBs also depends on the inherent propensities for 

errors in the processing of DSBs by the different repair pathways. 

The next section will unravel connections between DSB and CR formation and will 

discuss how DSB repair pathways contribute to CR formation. 

1.4.1 DSBs and the formation of Chromosomal rearrangements (CRs) 

CRs are defined as major changes in the structure of the native chromosome.  

Looking back into ionizing radiation history, it actually was the study of 

microscopically visible chromosome aberrations in eukaryotes that was used to 

investigate the biological consequences of ionizing radiation (Durante, et al. 2013).  

In fact, first correlations between IR and CR formation were reported by Karl Sax 

back in 1938. At that time Karl Sax postulated the so called “breakage and reunion” 

theory, describing the mechanisms of IR induced CRs; in this way he laid the 

foundations for correlations between IR and CR formation (Sax 1940). Yet, Sax’ 

theory was followed by an alternative theory proposed by Revell in the late 1950s 

which he called the “Exchange – theory” (Hlatky, et al. 2002; Revell 1974).  

The “breakage and reunion” theory assumes that through energy loss by IR, breaks 

in the broken chromosome are induced, which Sax named “primary breaks”. This pair 

of broken chromosome ends is thought to freely-move around and is able to 

participate in random rejoining events. Basically, such primary breaks can, according 

to Sax, face three different fates: First, the majority (90%) of such breaks will get 

rejoined, second breaks may remain open and directly lead to terminal deletions, 
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which will become visible as chromatid breaks and third, the broken ends may rejoin 

with ends from other chromosome, forming translocations (Figure 7) (Natarajan 

2002). 

The alternative “Exchange theory” put forward by Revell, assumes that the initial 

damage is an unstable-lesion. Revell hypothesized that such unstable lesions decay 

to a normal state. If however, more unstable-lesions are brought together in pairs, 

they may take part in an exchange process and hence give rise to aberrations that 

can be visualized in metaphase. In this theory, breaks are only secondary and may 

arise when the exchange process fails (Figure 7) (Natarajan 2002). 

 

Figure 7: Models of Sax’ “Breakage and reunion” theory and Revell’s “exchange theory”. In the 
breakage and reunion theory the primary lesion is a break which engages in the formation of CRs. In 
the exchange theory radiation induces two labile lesions, which when they interact lead to aberrations 
(Graphic adapted from (Hlatky, et al. 2002)).  

A lot of effort has been invested by cytogeneticists to elucidate the molecular 

mechanisms of CR formation. Today, most scientists favor the “breakage and 

reunion theory” and it is widely accepted, that DSBs are the primary lesion underlying 

CRs.  

Taking into consideration that each chromatid comprises one continuous DNA 

molecule, unrepaired DSBs will present as chromatid breaks while misrepaired DSBs 

will manifest at times as CRs. Both types of aberrations can be visualized 

microscopically and have been intensively used as validated biomarkers for the 

assessment of cancer risk in humans and after radiation exposure. 

1.4.2 Inherent propensities of DSB repair pathways to the formation of 

chromosomal rearrangements 

Several steps are involved in the formation of CRs, the first being the induction of 

multiple DSBs in the same or different chromosomes. Second, repair mechanisms, 

which become activated upon DSB induction, must fail to correctly eliminate DSBs. 
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Finally, DSB ends must encounter wrong DSB ends for their ligation to give rise to 

the formation of CRs. (Cornforth 2001; Roukos, et al. 2013). 

How do the different DSB processing pathways contribute now to the formation of 

CRs? 

Let’s first have a closer look at HRR and its capacity for CR formation. Even though 

HRR is considered to be error free due to its templated nature, its potential to form 

CRs lies in its requirement for sequence homology. Thus, inappropriate template 

choice can lead to CRs. Since there is a high abundance of repetitive sequences in 

the human genome (e.g. pseudogenes, repeats) invasions of homologous 

sequences on an ectopic chromosome can result in CR formation. CRs formed under 

such conditions are most likely of the exchange-type including for example 

inversions, reciprocal translocations, dicentrics, deletions or insertions (Kasparek and 

Humphrey 2011).  

Moreover, inappropriate template choice can also occur in a sister chromatid and 

thus can give rise to unequal sister chromatid exchanges including duplications or 

deletions. However, several studies claim that HRR is unlikely to produce large 

amounts of CRs and that HRR is very efficient in their suppression. Particularly, 

studies in cell lines bearing mutations in HRR factors like BRCA1, CtIP or Rad51 and 

its paralogues show high levels of CRs (Soni, et al. 2014). Additional evidence that 

HRR is unlikely to induce CRs is given by the fact that translocation junctions often 

fail to show sequence homologies.  

As mentioned previously, c-NHEJ by nature is error prone on two counts. First, it 

does not ensure DNA sequence restoration, and second it does not have a build in 

mechanism to ensure that the correct DSB ends are joined. Consequently, a single 

DSB is enough for c-NHEJ to form intrachromosomal rearrangements like for 

example inversions. Furthermore, c-NHEJ is also capable of forming CRs of the 

exchange type. Formation of such CRs require two DSBs that occur either on the 

same chromosome, or on different chromosomes giving rise to deletions, insertions, 

dicentric chromosomes, acentric fragments or translocations (Ghezraoui, et al. 2014; 

Kasparek and Humphrey 2011). 
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Although, c-NHEJ is error prone by nature many studies also point towards a 

suppressive role of c-NHEJ in CR formation. As described before, one of the most 

important features of c-NHEJ is its speed. Thus, the chance that right DSB ends will 

be rejoined is quite high. In addition, it has been outlined that the Ku70/80 

heterodimer together with DNA-PK holds the DSB ends close together making 

misjoining events unlikely. Moreover, several reports demonstrated that spontaneous 

CRs are more frequent in Ku70-/-, Ku80-/-, Lig4-/-, or XRCC4-/- cells. Also the inhibition 

of DNA-PKcs results in a strong increase in the formation of chromosomal 

translocations hinting towards a suppressive role of c-NHEJ in CR formation (Iliakis, 

et al. 2004; Lieber 2010b).  

As a last resort for failed DSB repair by HRR or c-NHEJ, alt-EJ comes into play. 

Since alt-EJ is a relatively slow process increasing the half-times of DSB ends, DSB 

ends may have more time to encounter each other thereby getting rejoined in a 

wrong way and form CRs of the exchange type. Besides, the prolonged half time of 

DSB ends, they do also bear a high risk for nuclease – mediated degradation and 

recombination, which can end up in deletions and fragments. Moreover, proteins 

implicated in alt-EJ show only weak interactions with the DSB ends leading to 

inefficient synapsis and rendering rejoining less efficient and slow. A translocation, 

frequently implicated to be due to the rejoining by alt-EJ, occurs between breaks in 

the igH locus and breaks in genes such as c-my in another chromosome   

(Saribasak, et al. 2011). This type of translocation is recurrent and often causes 

leukemia. 

Figure 8 gives a schematic overview about the probabilities of the DSB repair 

pathways to contribute to the formation of chromosomal aberrations. 
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Figure 8: Probability of DSB repair pathways to induce chromosomal rearrangements. HRR is 
less likely to contribute to the formation of CRs due to its templated nature. C-NHEJ can theoretically 
cooperate in the formation of translocations as it lacks proofing mechanisms. Its speed however also 
suggests that often the right ends are rejoined. alt-EJ is highly error prone and often leads to the 
formation of translocations (Figure taken from (Schipler and Iliakis 2013)). 

1.5 DSB repair pathway choice 

Probably one of the most controversially discussed topics in the field of DNA repair 

concerns the DSB repair pathway choice. Why should we put efforts in 

understanding such a contested field? First, because the DSB repair pathway choice 

is not among equals and will therefore critically determine a cell’s fate, and second 

because mechanistic insights into DSB repair pathway choice may be translated to 

the clinic to find potentially new therapeutic targets and exploit better strategies for 

chemo- or radiation therapy. 

Components suggested to play a role in the DSB repair pathway selection include 

the cell cycle stage, DSB end resection, radiation dose, the chemical nature and 

complexity of the DSB and the chromatin structure. 

The different requirements of repair by HRR for example restrict HRR to the late S- 

and G2-phase. In contrast, c-NHEJ can be activated throughout the whole cell cycle 

but has been implicated to be more prevalent in G1-phase, as HRR cannot function. 

alt-EJ could also be engaged throughout the whole cell cycle, but has been 

experimentally shown to have a peak activity in G2-phase (Wu, et al. 2008).  
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Moreover, cell cycle dependent regulation of DSB repair pathway choice arises from 

the CDKs. CDK dependent phosphorylation of some components of the HRR 

machinery have been found to be activated at the beginning of the S – phase. Such 

molecules include for example Rad51, BRCA1, BLM and CtIP. Those proteins, or the 

transcripts used for the expression of these proteins, are only present at low levels in 

the G1-phase giving thus way to c-NHEJ. Experiments have indicated that CDKs at 

the onset of S – phase also phosphorylate molecules that are involved in resection 

(CtIP, Exo1, Dna2) and may therefore shunt DSB repair to HRR. On the other hand, 

DSB end resection in G1-phase is influenced by the low activity of the Cdc28/CDK, 

favoring repair by c-NHEJ (Aylon, et al. 2004; Symington and Gautier 2011).  

In fact, DSB end resection seems to play a key role in DSB repair pathway choice. 

Especially, the antagonizing interactions between 53BP1 and BRCA1 have been 

described extensively. While 53BP1 suppresses resection in G1 – phase, thereby 

promoting c-NHEJ, BRCA1 antagonizes this action by removing 53BP1 from the 

DSB site and allowing the stimulation of HRR. The ability of 53BP1 to inhibit 

resection is also due to the replication timing regulator factor 1 (RIF1) by blocking the 

recruitment of BRCA1 in the G1 – phase. In S- and G2 – phase however, BRCA1 and 

CtIP have been shown to antagonize the recruitment of RIF1 to the DSB (Aparicio, et 

al. 2014; Zimmermann, et al. 2013). 

Despite regulatory functions of the cell cycle in the repair pathway choice, also the 

nature of the DSB ends has been suspected in DSB repair pathway decision. DSB 

ends with a 3’ hydroxyl and a 5’ phosphate group could be directly ligated by c-

NHEJ. IR however often induces ‘dirty’ ends, which need processing to render them 

ligatable. Such processing can be carried out by the polynucleotide kinase 3’ 

phosphatase (PNKP), Aprataxin, Ku, or Artemis, which most likely shunt repair to c-

NHEJ. Additionally, DSB ends may be processed by the MRN/CtIP complex and the 

exonuclease WRN. The resulting single stranded DNA overhangs are often too long, 

making c-NHEJ incapable to engage at the ends and depending on the cell cycle 

stage, repair by alt-EJ or HRR may be favored (Aparicio, et al. 2014). 

Additional reports also suggest a role of chromatin in DSB repair pathway choice. 

Legube and Clouaire (Clouaire and Legube 2015) described that DSBs that are 

induced in active genes are channeled to HRR repair. Other scientists state that 
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repair of DSB in heterochromatin and euchromatin respectively, may be repaired by 

different DSB repair pathways. Similarly, chromatin modifications caused upon DSB 

induction may stabilize certain molecules, whereas other molecules may be inhibited 

from assessing the DSB, contributing thus to DSB repair pathway choice.  

1.5.1 Previous work on the relative contributions of DSB repair pathways on 

the processing of IR induced DSBs and chromatid breaks 

Previous experiments in our lab shed light on the contribution of the three DSB repair 

pathways in different cell cycle phases after exposure of different CHO mutants to 

high doses of IR.  

Specifically, wildtype (V79) and cells mutated in components of c-NHEJ like Ku80 

(xrs5) and DNA-PK (XR-C-1-3), as well as cells mutated in the Rad51 paralogues 

XRCC3 (irs1-SF) and XRCC2 (irs1) were exposed to 20 Gy IR. DSB rejoining was 

measured by means of pulsed field gel electrophoresis (PFGE) at different times 

after IR in either asynchronous cells or in cells sorted in the G1- or the G2-phase of 

the cell cycle, to make estimations of the contributions of the different DSB repair 

pathways, in different cell cycle phases.  

V79 (wt) cells, repaired nearly 80% of IR induced DSBs within the first 1 h after 

irradiation when measured in asynchronous cells. Furthermore, similar results were 

obtained for V79 cells sorted in G1- or G2-phase of the cell cycle. Thus, the repair 

capacity of wildtype cells seems similar in these phases of the cell cycle (Figure 9).  

Next, DSB repair capacity was measured in c-NHEJ mutants comprising defects in 

Ku80 (xrs5) or DNA-PK (XR-C-1-3). Asynchronous cells revealed repair deficiencies, 

resulting from mutations in c-NHEJ components. More interesting, however was the 

observation that both c-NHEJ mutant cell lines (xrs5 and XR-C-1-3) showed different 

capabilities of DSB repair when sorted in the G1 – or G2 – phase of the cell cycle. 

While G1 – sorted cells were less efficient in repairing IR induced DSBs, as compared 

to the repair in asynchronous cells, G2 – sorted cells showed better DSB repair at all 

times post IR (Figure 9).  

To investigate whether this observation could be attributed to an enhanced function 

of HRR, which could be expected in the G2-phse of the cell cycle, IR induced DSB 
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repair was measured in cells with mutations in the Rad51 paralogues XRCC2 (irs1) 

and XRCC3 (irs1-SF). Both HRR mutant cell lines demonstrated a rapid repair of 

DSBs regardless of whether rejoining was measured in asynchronous, or in G1 or G2 

sorted cells (Figure 9). These results suggest that HRR has only a minor contribution 

to the repair of IR induced DSBs at high IR doses when measured with PFGE. For 

the c-NHEJ mutants however, results suggest an enhanced function of alt-EJ 

particularly for cells sorted in G2-phase. Furthermore, the results obtained also 

suggest a predominant role of c-NHEJ in the repair of DSBs after exposure of cells to 

high IR doses.  

 

Figure 9: Rejoining of IR induced DSBs in wildtype, c-NHEJ or HRR deficient Chinese hamster 
cell lines measured by pulsed – field gel electrophoresis. Figure adapted from (Wu, et al. 2008).  

Another hint towards a dose dependent repair pathway regulation comes from 

immunofluorescence-based work carried out in our laboratory. Rad51 foci formation 

was measured in the late S- and G2-phase as an estimation of DSBs that are 

repaired by HRR. Observed data revealed that Rad51 foci reach a plateau with 

increasing radiation dose suggesting a saturation of HRR with increasing radiation 

dose (Figure 10). Thus, a dose dependent regulation of repair pathway utilization 

was suggested. 
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Figure 10: Decreasing contribution of HRR with increasing IR dose. Measuring Rad51 foci as a 
parameter for the activity of HRR in G2-phase cells reveals saturation of Rad51 foci with increasing IR 
dose suggesting a saturation of HRR activity (Graphic adapted from (Demond 2016)).  

1.5.1.1 Contributions of DSB repair pathways to the processing of IR induced 

chromatid breaks 

Upon DSB induction, a small subset of DSBs is converted to chromatid breaks (CBs), 

which can be visualized via classical cytogenetic techniques in the following 

metaphase, or in G2 phase of the cell cycle using the premature chromosome 

condensation (PCC) technique. PCC can be chemically induced with Calyculin A and 

leads within minutes to the condensation of G2 chromatin to distinct chromosomes 

without the need to progress to mitosis. This technique avoids analysis limitations 

generated by the IR induced cell cycle checkpoint and allows, cell cycle specific 

chromatid break frequency analysis, even after high IR doses (Shovman, et al. 

2008). Previous experiments carried out in our laboratory were designed to advance 

our understanding regarding the repair pathways involved in CB processing in the G2 

– phase of the cell cycle. This cell cycle phase is particularly interesting as all three 

DSB repair pathways are operational and can engage in DSB processing. 

CB repair was analyzed by exposing asynchronous cells to low IR doses (1 Gy) and 

damage analysis was carried out in the following metaphase. To this end a 

previously developed cytogenetic protocol was used, which allows cell cycle specific 

analysis by using a 1 h colcemid block to accumulate cells at metaphase. To analyze 

CB repair in cells that have been irradiated in the G2 – phase, a colcemid block was 

directly applied after IR as well as 4 h post IR. Accumulating metaphases will 

represent cells that have been at the end of G2 phase during IR (1 h post IR) or at the 

late S – phase/early G2 – phase respectively (4 h post IR). In this way, the protocol 
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allows a cell cycle specific investigation of chromatid break processing, at a 

cytogenetic level.  

With the above-mentioned procedure the interplay of the DSB repair pathways on the 

repair of IR induced CBs was investigated in different CHO wildtype and mutant cell 

lines. 

Wildtype cells showed nearly complete repair of IR induced CBs by 5 h after IR. 

Next, CB repair kinetics was studied in cells with a HRR deficient background. 

Surprisingly, HRR mutants showed a strong deficiency in CB repair. On the other 

hand, cells mutated in components of c-NHEJ did show processing of CBs with 

similar kinetics to wildtype cells, although higher numbers of initial CBs were found 

(Figure 11). 

 

Figure 11: Repair of IR induced chromatid breaks in different CHO cell lines. HRR mutants show 
complete inhibition of CB repair after exposure to 1 Gy IR when analyzed in metaphase. Wildtype and 
c-NHEJ mutant cells lines show normal repair kinetics (Graphic adapted from (Soni 2010)). 

The above-described observations suggested a crucial importance of HRR in 

chromatid break repair after exposure of cells to low doses of IR i.e. 1 Gy.  

While PFGE based experiments suggested a dominant role of c-NHEJ in the removal 

of DSBs in G2 – phase and almost no contribution of HRR after exposure to high IR 

doses, the situation is different after low doses of IR. Data on CB rejoining suggest 

that HRR has a more pronounced role in CB repair after exposure to low IR doses (1 

Gy) going along with a strong repair defect, when compromised. On the other hand, 

deficiency in c-NHEJ does not result in CB repair inhibition after 1 Gy IR, suggesting 

that defects in c-NHEJ can be compensated by HRR.  
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In follow up experiments the contributions of DSB repair pathways to the repair of CB 

was further assessed in Chinese hamster wildtype cells and HRR mutant cells after 

exposure to high IR doses (5 Gy). CB repair was followed in the G2 – phase of the 

cell cycle using the chemically induced PCC technique to avoid complications from 

the activation of the cell cycle checkpoints.  

IR induced CB repair kinetics was analyzed within the first 8 h post IR. To prevent S 

– phase cells from entering G2 – phase a nuclear replication inhibitor (Aphidicolin) 

was used to block cells in S – phase. Wildtype cells (V79) showed rapid repair of IR 

induced G2 PCC breaks both after exposure to 1 Gy and 5 Gy IR (Figure 12). 

 

Figure 12: G2 PCC break repair in V79 (wt) (A) and Irs1 – tor (HRR m) (B) cell lines. Cells were 
exposed to 1 Gy or 5 Gy IR and G2 PCC break repair kinetics were measured till 8 h after IR (Graphic 
adapted from (Siemann 2013)). 

For the HRR mutant cell line (irs1-tor) a strong G2 PCC break repair abrogation was 

visible after exposure to 1 Gy IR, similar to previously obtained results using the 

classical cytogenetic protocol. More interesting however, was the observation that 

HRR mutant cells start to show CB processing when exposed to high IR doses (5 

Gy) resulting in the repair of almost 70% of CBs (Figure 12).  

In conclusion, these preliminary data generate solid foundation that justifies a 

thorough investigation of a possible dose – dependent DSB repair pathway 

regulation.  
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2. THESIS OBJECTIVE 

In present thesis, the above-described findings are taken to the next level of 

investigation. The contributions of the different DSB repair pathways are studied 

primarily in the G2 – phase of the cell cycle, by focusing on the repair of IR induced 

chromatid breaks. For this purpose different cell lines with mutations in key 

components of the different DSB repair pathways, as well as chemical inhibitors are 

employed and are exposed to a broad spectrum of ionizing radiation doses. Ultimate 

goal is to investigate, whether there is an IR dose dependent DSB repair pathway 

switch. To address these questions the experimental setup outlined above is applied, 

which allows to measure the contribution of all three DSB repair pathways in CB 

processing in the G2 – phase. To investigate repair of chromosomal breaks after high 

IR doses and to avoid limitation arising from the G2 checkpoint, the Calyculin A 

induced PCC technique is employed. PCC allows the visualization of interphase 

chromosomes in a condensed form, similar to that present in mitotic chromosomes, 

without the need to progress to mitosis. In this way, analysis of IR induced chromatid 

break repair becomes possible in G2 – phase by collecting cells at fixed time points 

post IR. Assuming duration of 4 h for the G2 – phase, analysis of PCC breaks is 

carried out within the first 4 – 6 h after irradiation to obtain mostly the response of 

cells that have been irradiated in the G2 – phase. However, contaminations from cells 

coming from late S – phase cannot be excluded particularly at the later time points.  

Throughout the thesis, we outline our efforts to develop approaches to improve the 

power of PCC technique in the form of analysis and to validate solutions we 

discovered. Goal is to improve the cell cycle specificity of the analysis.  

In most experiments we chose Chinese hamster cell lines, as a model, since different 

mutants have been generated, allowing us to address DSB repair pathway specific 

questions.  
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3. MATERIALS & METHODS 

3.1 Materials 

3.1.1 Major laboratory apparatuses 

Laboratory apparatus Model Provider 

Cell and Particle Counter Z2 Coulter Counter® Beckman Coulter Inc., 
USA 

Cell culture CO2 
incubators 

MCO-18AV (UV) Sanyo, Japan 

Centrifuge Multifuge ™3S-R Hereaus, Germany 

Confocal laser scanning 
Microscope 

TCS SP5 Leica Microsystem, 
Germany 

Firewire Camera Marlin F-145C2 AVT Allied Vision 
Technologies, Germany 

Flow cytometer Gallios™ Beckman Coulter Inc., 
USA 

Laminar flow cabinet HERAsafe™ Hereaus, Germany 

Leica Inverted Light 
Microscope 

LEITZ DM RBE Leica, Germany 

Metafer Slide Scanning 
Plattform 

MetaSystems MetaSystems, Germany 

pH meter InoLab® WTW GmbH, Germany 

Water bath Waterbath WNB Memmert GmbH + Co. 
KG, Germany 

Weighing Balance Sartorius Sartorius Germany 

X-ray machine, Isovolt 320 
HS 

 General Electric, 
Pantak/Seifert 

3.1.2 Cell culture consumables 

Consumable Provider 

Cell culture dishes (100mm and 60mm) Greiner bio-on 

Fetal bovine Serum (FBS) GIBCO Life Science 

Minimum essential medium (MEM) Sigma-Aldirch 

Non-essential amino acids (NEAA) Merck Millipore 

Penicillin Sigma-Aldrich 

Phosphate-buffered saline (PBS) Roth 

Serological plastic pipettes Sarstedt 

Streptomycin Sigma-Aldrich 

3.1.3 Cytogenetic consumables 

Consumable Provider 

Buffer Tablets “GURR” GIBCO 

Entellan® (mounting medium) Merck 

Giemsa Roth 
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High Precision Microscope Cover 
Glasses 24x60 mm 

Roth 

Immersion oil SIGMA Life Science 

Microscope Slides, 76x26 mm Roth 

3.1.4 Cell lines 

Name Characteristics Cell type and 
biological source 

Growth media 

82-6 hTERT wt Human, fibroblast MEM+ 1% NEAA, 
10% FBS 

CHOK1 wt Ovary from 
Chinese hamster, 
epithelial 

MEM+10% FBS 

V79 wt Lung from Chinese 
hamster, fibroblast 

MEM+10% FBS 

Irs-1 tor XRCC2 m Lung from Chinese  
hamster, fibroblast 

MEM+10% FBS 

Irs-2 tor Rad51b m Lung from Chinese 
hamster, fibroblast 

MEM+10% FBS 

IRS1 SF XRCC3 m Ovary from 
Chinese hamster, 
epithelial 

MEM+10% FBS 

XR-1 XRCC4 m Ovary from 
Chinese hamster, 
epithelial 

MEM+10% FBS 

3.1.5 Software 

Software Provider Application 

Adobe® Creative Suite® 6 Adobe Systems Inc., USA Graphic design 

EndNote® X7 Thomson Reuters, USA Reference management 

Ikaros Karyotyping 
System 

MetaSystems, Gemrany Analysis of Giemsa 
Stained 
Metaphases/PCCs 

Isis Fluorescence Imaging 
Platform 

MetaSystems, Germany Analysis of EdU stained 
PCCs and 
immunofluorescence in 
cytogenetics 

ImageJ Image Processing and 
Analysis in Java, USA 

Analysis for cytogenetics 

SigmaPlot® 12.5 Systat Software Inc., USA Graphical Presentation of 
Data 

Microsoft Office® 2010 Microsoft, USA Word processing (Word), 
Data analysis and 
calculation (Excel) 

Kaluza® 1.2 for Gallios Beckman Coulter Inc., 
USA 
 

Flow cytometry analysis 
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WinCycle AV Phoenix Flow Systems, 
USA 

Cell cycle analysis 

3.1.6 Antibodies for immunofluorescence  

Chemicals Provider 

4'.6-diamidino-2-phenylindole (DAPI) SERVA 

5-bromo-2‘-deoxyuridine (BrdU) SERVA 

5-Ethenyl-2’deoxyuridine (EdU) Santa Cruz 

Acetic Acid Roth 

Ascorbic Acid Roth 

Bovine Serum Albumin (BSA) fraction V Roth 

Calyculin A LC Laboratories 

Click-iT® EdU Alexa Fluor®647 Imaging Kit Life Technologies 

Colcemid Calbiochem, Merck Millipore 

Copper(II) sulfate pentahydrate Sigma-Aldrich 

Crystal Violet Merck 

Cy®5 ThermoFisher Scientific 

Dimethyl sulfoxide (DMSO) Sigma Aldrich 

Ethanol Sigma Aldrich 

Ethylenediaminetetraacetic acid (EDTA) Roth 

Formaldehyde Merck 

KU5593 (ATM inhibitor) Calbiochem 

Methanol J.T. Baker 

NU7441 (DNA-PK inhibitor) Tocri Bioscience 

Olaparib LC Laboratories 

Paraformaldehyde (PFA) Roth 

Pepsin Sigma-Aldirch 

PJ34 (PARP inhibitor) Merck Millipore 

Potassium Chloride, KCl Roth 

PromoFluor Antifade Reagent PromoKine 

Propidium iodide Sigma-Aldrich 

RNase 
 Sodium Chloride Roth 

Sulfo-Cyanine5 azide Lumiprobe 

TRIS PUFFERAN® Roth 

Triton X-100 Roth 

Tween 20 Roth 

3.2 Methods 

3.2.1 General Cell culture 

Cell lines were maintained as exponential cultures, through routine passaging, at 

37°C and 5% CO2 and 95% air. Chinese hamster cells were grown in minimal 
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essential medium (MEM) supplemented with 10% fetal bovine serum (FBS) and 

antibiotics. Human 82-6 hTERT cells were grown in MEM supplemented with 1% 

non-essential amino acids (NEAA) and 10% FBS. Routine passaging was carried out 

by removing the culture medium, washing the cells with 1x PBS, before trypsinization 

with 0.05% trypsin in EDTA. Trypsinization was stopped by adding fresh culture 

medium. Cells were counted with a cell and particle counter (Z2 Coulter Counter, 

Beckman Coulter) and appropriate numbers of cells were plated in fresh medium. 

Frozen cells were thawed and passaged 1 – 2 times before experiments. 

3.2.2 X – ray irradiation 

To induce double strand breaks cells were irradiated at various doses using a X-ray 

unit (Precision X-ray, North Branford, CT) operated at 320 kV, 10 mA with a 1.65 Al 

filter at a distance of either 50 cm (for irradiation of 60 mm dishes) or 100 cm (for 

irradiation of 100 mm dishes), at a dose rate of ~3.7 Gy/min or 1.68 Gy/min 

respectively.  

3.2.3 Inhibitor treatments 

To measure the contribution of different DSB repair pathways cells were treated with 

various inhibitors. Table 1 gives an overview of these inhibitors, their mode of action 

and the protocols of their application in experiments.  

Table 1: List of inhibitors applied in experiments. 

Inhibitors Name Inhibitor 
Description 

Working 
concentration 

Administration 

Calyculin A Inhibitor of 
serine/threonine 
phosphatase PP-1 
and PP-2 

100nM 30 min before time 
point collection 

NU7441 Inhibitor of DNA-
PKcs 

5µM 1h before IR 

Olaparib Inhibitor for Parp1/2 5µM 1h before IR 

PJ34 Inhibitor of Parp1/2 5µM 1h before IR 

3.2.4 Calyculin A induced premature chromosome condensation technique 

Premature chromosome condensation technique refers to the condensation of 

chromosomes outside of mitosis (condensation of interphase cells). Therefore, the 

PCC technique enables to assess IR induced chromatid breaks and aberrations in 
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interphase cells. The technique can further be applied after a broad spectrum of IR 

doses since it circumvents the G2 checkpoint. Premature chromosome condensation 

was chemically induced, using 100 nM Calyculin A given to the cells 30 min before 

the time point of cell collection. Upon treatment with Calyculin A cells round up and 

detach from culture dishes. Cells were collected by centrifugation for 7 minutes at 

1200 rpm at 4°C. Medium was discarded and cells were carefully resuspended. To 

allow visualization of prematurely condensed chromosomes, cells were treated for 10 

min at RT with 10 ml hypotonic solution (75 mM KCl), which was added dropwise to 

the cells. Next, samples were again centrifuged for 7 min at 1200 rpm at 4°C. 

Hypotonic solution was discarded and the pellet was carefully resuspended. To 

preserve cells in their swollen state and to remove cell debris cells were fixed 3 times 

in Methanol-Acetic Acid in a 3:1 ratio. Spreads were prepared by dropping 15 µl of 

fixed cells on clean wetted glass microscope slides, which were then allowed to air 

dry overnight.  

Slides were stained in 5% Giemsa prepared in “GURR” Buffer for 15 min. After 

staining, slides were rinsed with tap water and allowed to air dry before mounting 

them evenly with Entellan. 

Slides were analyzed with an inverted light microscope. Per experiment, 50 – 100 

PCCs were scored for each sample. Most of experiments were analyzed in a coded 

manner to avoid and minimize bias. 

3.2.5 Classical Cytogenetics  

Classical cytogenetics allows to investigate IR induced chromatid breaks and 

translocation for cells reaching metaphase. To prepare metaphase spreads the same 

protocol was followed as described for Calyculin A induced premature chromosome 

condensation, with the difference that metaphases were accumulated by adding 

colcemid 1 h before time point collection at a working concentration of 0.1 µg/ml. 

Cells were collected by trypsinization and processed as described under 3.2.4. 

3.2.6 EdU staining for fixed cytogenetic samples 

In order to discriminate between G2 PCCs coming from cells irradiated in S-phase 

and those of cells irradiated in G2, an EdU pulse labelling was applied. EdU was 

administered to the cells at a working concentration of 10 µM 30 min before IR. After 
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IR, EdU was removed from the cells by aspirating the cell culture medium and 

washing cells 2 times with pre-warmed PBS and supplementing them with fresh pre-

warmed growth medium. Time points were collected and the samples were treated 

as described for Calyculin A induced PCC technique (3.2.4). Spreads were prepared 

as described above. After overnight drying, slides were fixed for 15 min. at RT with 

2% PFA. Next, slides were shortly washed with 1x PBS. Per slide 90 µl Click-iT 

reaction was prepared (Table 2). Slides were incubated with Click-iT reaction cocktail 

on Parafilm for ~1 h in the dark at RT. Afterwards, slides were washed for 5 min in 1x 

PBS and then counterstained with 50 ng/ml DAPI for 10 min in the dark. After DAPI 

staining slides were shortly rinsed with distilled water and allowed to air dry at RT in 

the dark. Slides were mounted with PromoFluor antifade reagent and covered with a 

cover slip. Slides were scanned with a predefined protocol using a MetaSystems 

working station and analysis was carried out with the Isis Fluorescence Imaging 

Platform. 

Table 2: Click-iT reaction cocktail. 

Solutions needed Concentration Click-iT reaction 

1M Tris pH 7.4 100 mM 

1xPBS/MilliQ H2O  

10 mM CuSO4 1.25 mM 

1 mM Azide dye 1.25 mM 

500 mM Ascorbic Acid 1.25 mM 

3.2.7 Flow cytometry 

To assess the cell cycle distribution, cells were stained with propidium iodide (PI), 

which binds to the DNA proportionally to its mass and can be detected by 

fluorescence activated cell sorting. PI fluoresces red and is excited with an Argon 

laser at 488 nm. 

For cell cycle analysis cells were previously harvested and fixed in cold 70% ethanol 

and stored at 4°C (longer storage was at -20°C), till the time of analysis. Before 

analysis, cells were centrifuged at 4°C for 5 min at 1500 rpm. Ethanol was discarded 

and the cell pellet was re-suspended in PI staining solution containing RNAase which 

clears all RNA, for 15 min at 37°C in a water bath. Cells were then subjected to flow 

cytometry. 10 000 – 20 000 events per condition were analyzed. To ensure that the 

cells of interest were measured, gating was monitored based on the side and forward 
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scattering. Cell cycle analysis was carried using Kaluza® Software or WinCycle® 

Software. 

3.2.8 Clonogenic survival assay 

To measure the capacity of cells to produce progeny after exposure to IR, clonogenic 

survival assays were conducted. To allow the formation of colonies from a single cell, 

cells to be tested were plated in low numbers aiming towards 30 – 150 colonies/dish. 

The number of plated cells was adopted according to the IR dose. Before 

experiments cells were plated to obtained exponential cultures. At the day of 

experiment cells were exposed to different IR doses and plated immediately. Cells 

were incubated for ~7 days at a humidified atmosphere at 37°C and 5% CO2. 

Colonies were stained with 1% Crystal Violet in 70% Ethanol and counted. Only 

colonies that comprised 50 or more cells were scored.  

3.2.9 BrdU Assay 

BrdU is a nucleoside analogue, which can be used in order to detect S-phase cells. 

BrdU is incorporated into the DNA during DNA replication instead of thymidine. To 

measure the progression of S-phase cells through the cell cycle the BrdU assay was 

used. Exponentially growing cells were pulse-labelled with 10 µM BrdU 30 min before 

IR. BrdU was washed out directly after IR, using pre-warmed 1x PBS and cells were 

supplemented with fresh pre-warmed growth medium. Time points were collected by 

harvesting of cells and centrifugation for 5 min at 1500 rpm. Medium was discarded 

and cells were fixed in cold 70% ethanol. Samples were stored at -20°C till the time 

of analysis.  

At the time of analysis, samples were centrifuged for 5 min at 1500 rpm and ethanol 

was discarded. Cell pellet was washed with 1 ml NaCl (0.9%) and again centrifuged 

for 5 min at 1500 rpm and NaCl was discarded. Cell pellet was incubated in 1 ml 

Pepsin solution for 10 min in a water bath at 37°C. Another 3 ml of NaCl (0.9%) was 

added and samples were centrifuged for 5 min at 2500 rpm. Solution was discarded, 

pellet was vortexed and 1 ml of 2N HCl was added for 30 min at RT. 3 ml of NaCl 

(0.9%) was added and samples were centrifuged at 2500 rpm for 5 min. Solution was 

discarded and cell pellet was washed with 1 ml PBS-Tween 20 (0.05%) and samples 

were again centrifuged at 2500 rpm for 5 min. Anti-BrdU Antibody as diluted 1:50 in 
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PBS-Tween 20 (0.05%) and added to the cell pellet for 90 min at 4°C. After Antibody 

incubation 1 ml of PBS was added and samples were centrifuged for 5 min at 2500 

rpm. Cell pellet was washed with 1 ml PBS-Tween 20 (0.05%) – BSA (1%) and 

centrifuged for 5 min at 2500 rpm. After centrifugation solution was discarded and 

secondary antibody AF488® was added diluted 1:300 in PBS for 30 min at 4°C, in 

the dark. At last, 3 ml PBS was added and samples were centrifuged for another 5 

min at 1500 rpm. 

Cell pellet was diluted in 1 ml PI solution and incubated for 15 min, at 37°C in a water 

bath and measured in a flow cytometer using appropriate gating to discriminate 

between BrdU positive and negative cells. 

3.2.10 Statistical analysis 

Graphs were created using SigmaPlot 12.5. Mean and standard deviation was 

calculated from results obtained in independent experiments. The statistical 

significance was calculated using two tailed Students t-test. The following asterix 

designation is used:  P <0.001 ***, P<0.01 **, P <0.05 *. 
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4. RESULTS 

PART I: VALIDATION OF PREMATURE CHROMOSOME CONDENSATION 

TECHNQIUE 

4.1 Premature Chromosome Condensation (PCC): Attempts towards Assay 

validation 

Premature chromosome condensation (PCC) is a technique used since the 1970s for 

the analysis of IR induced chromosome damages. Throughout the years, the PCC 

technique was further optimized and today PCCs can be induced chemically by 

Calyculin A (Johnson and Rao 1970; Miura and Blakely 2011).  

Its beauty is that it allows the investigation of IR induced chromatid breaks in 

interphase cells. In this way, cells do not need to progress to metaphase and lack of 

proliferation or G2 – checkpoint issues are circumvented, allowing analysis of more 

cell types even after high IR doses. 

Most of the experiments, described throughout this thesis, employ the PCC 

technique. Our main point of interest is to shed light on the contribution of the 

different DSB repair pathways to the processing of IR induced PCC breaks for cells 

that have been irradiated in the G2-pahse of the cell cycle, where all DSB repair 

pathways can engage. 

For most experiments, we use Chinese hamster cells, as a model to study IR 

induced chromatid break repair. Different Chinese hamster mutant cell lines have 

been generated before, which allows us to address DSB repair pathway specific 

questions. Another advantage of Chinese hamster cells is their karyotype, 

encompassing only 19-22 chromosomes, making the analysis straightforward (Wurm 

and Hacker 2011). 

In Figure 13, examples of the different morphologies of chemically induced PCCs, 

using Calyculin A, are presented. 

It can be clearly differentiated between early-, middle, and late S – phase PCCs 

(Figure 13, A, B, C), which are characterized by their “pulverized” appearance. G2 

PCCs in contrast present as condensed chromatids that lie parallel to each other 

(Figure 13, D). Metaphases (Figure 13, E) can be distinguished from G2 PCCs by 
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their centromeric constriction, which is absent in G2 PCCs. Taken into consideration, 

that each chromatid contains a single DNA molecule, chromatid breaks are thought 

to represents unrepaired DSBs. After IR, a subset of DSBs is converted to chromatid 

breaks, which can be visualized with Giemsa staining. PCC breaks can be scored 

and quantified as shown in Figure 13 F. By definition, a PCC break is a discontinuity 

in the chromatid that is larger than the width between the chromatids (Savage 1975). 

Yet, chromatid exchanges (Figure 13, G) can also be visualized and scored. 

 

Figure 13: Morphology of Calyculin A induced PCCs in Chinese hamster cells. It can be 
distinguished between early-, middle-, and late S-phase PCCs (A, B, C), which are characterized by 
their pulverized appearance. G2 PCCs (D) present as parallel chromatid threads lacking the 
centromeric constriction, which is characteristic for metaphases (E). Upon IR chromatid breaks 
become visible (F) as indicated with the red arrows. In additions, chromatid exchanges (G) can form 
as indicated by the red circle. 

Before progressing to experiments, we need to provide sound validation of the PCC 

technique for the intended type of analysis. 

A question often raised when the PCC technique is used for experiments, is whether 

there is contamination with S-phase cells. At early time points such cells may be 
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mistaken as cells containing CB, whereas at the late time points we will analyze cells 

irradiated in S-phase and therefore possibly showing a different response. Both 

complications will bias the results obtained and may mislead to erroneous 

interpretations.  

Generally, PCC leads to the condensation of cells that are in the G2-phase of the cell 

cycle. Yet, the PCC technique does not exclude, cells which are in the late S-phase 

during the time of irradiation and would arrive in G2-phase at later times and present 

as G2-PCCs, which will be indistinguishable to real G2-PCCs. 

One approach to circumvent this issue of S-phase cells coming to G2 – phase 

includes the addition of DNA-synthesis (S-phase) inhibitors. Previous PCC 

experiments carried out in our lab included therefore aphidicolin, which is a specific 

DNA polymerase inhibitor and blocks S-phase cells from progressing to G2 – phase 

(Siemann 2013).  

Drawback of this approach, however, is that such inhibitors may interfere with normal 

cell cycle progression upon irradiation and greatly influence the experimental 

outcome. Moreover, it is known that aphidicolin increases the number of PCC breaks 

on its own, rendering the addition of aphidicolin less favorable.  

Consequently, we sought new approaches for PCC technique validation. Here we 

describe our attempts towards validation of techniques circumventing the use of S-

phase inhibitors.  

4.1.1 BrdU pulse labelling reveals contaminations of S-phase cells that reach 

G2-phase after IR 

In a first attempt to check, whether S-phase cells reach G2-phase after different 

doses of IR and at different time points, we carried out Bromodeoxyuridine (BrdU) 

staining in Chinese hamster cell lines, V79 (wt) and Irs2 (HRR m). Next, we 

measured the fraction of BrdU positive and negative G2-phase cells, via flow 

cytometry.  

BrdU is a nucleoside analog to thymidine. Thus, BrdU is actively incorporated during 

replication into newly synthesized DNA substituting thymidine and is detectable via 

antibody staining (Duque and Rakic 2011).  
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To stain only those cells, that have been in S-phase during the time of IR, we pulse 

labelled the cells with BrdU around 30 min before IR and washed BrdU out directly 

after IR. Next, samples were processed for the detection of BrdU positive cells via 

flow cytometric analysis. From the results obtained, it was possible to calculate the 

percentage of BrdU negative and positive G2 cells. G2 cells, which are BrdU negative, 

were in G2 at the time of IR, while BrdU positive G2 cells were in S-phase during the 

time of IR and reached G2 phase during the postirradiation incubation period (see 

Figure 14).  

 

Figure 14: Cell cycle progression of BrdU pulse labelled S-phase cells. Cells are irradiated as 
asynchronous cultures. S-phase cells have BrdU incorporated through pulse labelling. Note that with 
time after IR S-phase cells reach to G2-phase. 

Time points were collected 1 h and 4 h post IR. Results obtained are depicted in 

Figure 15 (for flow cytometry histograms refer to Supplementary Figure 4 and 

Supplementary Figure 5). 
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Figure 15: Determination of BrdU positive and negative G2-phase cells in V79 (wt) and irs2 
(HRR m) cells after exposure to different IR doses. (A) V79 (wt) and (B) irs2 (HRR m) cells were 
pulse labelled with BrdU, 30 minutes before exposure to different IR doses. Time points were collected 
1 h and 4 h post IR and the percentage of BrdU negative and positive G2-phase cells was determined 
by flow cytometry measurements. 

Data show, that S-phase cells reach G2-phase already 1 h post IR. For V79 (wt) cells 

flow cytometry analysis measured 60% BrdU positive G2 cells (reflecting cells that 

have been in S-phase during IR) and 80% BrdU positive G2 cells 4 h after BrdU pulse 

labelling. Exposure of V79 (wt) to 2 Gy and 10 Gy IR led to a slight increase in the 

fraction of real (BrdU negative) G2 cells 1 h post IR. The fraction of cells in G2-phase 

(real G2 cells) during IR stayed about the same 4 h post IR. The reason behind the 

slower progression of S-phase cells after exposure to IR is most likely due to the 

activation of the DNA damage checkpoint. 
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Similar results were also obtained for irs2 (HRR m) cells. Here again, the fraction of 

real G2 cells increased with increasing IR dose, both after 1 h and 4 h post IR (Figure 

15, B).  

The above-described results show a contamination of S-phase cells that reach G2-

phase, within the measured timeframe. Yet, the experiment lacks information based 

on the appearance of prematurely condensed chromosomes.  

4.1.2 Development and validation of an EdU staining method to identify S-

phase cells on cytogenetic preparations 

Since antibody staining with BrdU is not compatible with protocols of classical 

cytogenetics, or the PCC technique, we sought new approaches and tested 

combining Click-iT EdU chemistry with a protocol previously described by P. 

Jeppesen (Jeppesen 2000), which allows immunofluorescence detection on non-

denatured cell preparations.  

Testing this approach, we were able to discriminate between EdU positive and EdU 

negative G2 PCCs as presented in Figure 16. However, poor maintenance of PCC 

morphology, the associated difficulty in scoring, as well as the high cost of the 

reagents and the laborious protocol rendered the method impractical. 

 

Figure 16: Click-iT labelling for CHO10B4 (wt) cells to allow discrimination between EdU 
negative and EdU positive G2 PCCs. This preparation uses the protocol described by P. Jeppesen 
(Jeppesen 2000). Note that the spreading as well as the form of PCCs was suboptimal for scoring of 
PCC breaks. 
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To overcome these limitations we adapted click chemistry using commercially 

available reagents and tested it in preparations of PCCs. In this way, PCC 

morphology was maintained and staining with EdU was possible. 

In the developed protocol, exponentially growing cells were pulse labelled for 30 min 

with EdU just before irradiation. Immediately after IR, EdU was washed out and cells 

were supplied with fresh pre-warmed medium. PCC was induced 30 min before 

collection of each time point, and cells were processed according to the conventional 

PCC protocol. Cell spreads on microscope slides were stained with Click- chemistry 

and counterstained with DAPI. EdU was detected using a Metasystem station. In this 

procedure EdU negative PCCs reflect cells that have been irradiated in G2-phase, 

while EdU positive PCCs are from cells that were in S-phase at the time of irradiation 

and have since progressed into G2-phase. Examples for EdU stained PCCs collected 

after different time points are presented in Figure 17. 

 

Figure 17: EdU incorporation in PCCs of V79 (wt) cells. V79 (wt) cells were pulse labelled with 
EdU. PCCs were collected at different time points and samples were processed for EdU staining as 
described in the text. A Metasystem station was used to detect EdU negative and positive PCCs. 

As expected, the fraction of EdU positive PCCs increases with time after EdU 

labelling. Another interesting observation is that the amount of EdU incorporated 

differs, depending on the time point at which PCCs are collected. Thus, cells that 

have been in late S-phase (presented by PCCs at 2 h, 3 h and 4 h), have less EdU 

incorporated, while cells that have been in earlier stages of the S-phase, 

incorporated more EdU (5 h, 7 h and 9 h). This observation is in line with the known 

well-timed replication of the DNA. Furthermore, we could discriminate between the 
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different PCC types as we have described for Giemsa stained preparations in Figure 

13. 

Using this approach we were able to identify PCCs from cells irradiated in the S-

phase and distinguish them from those of cells irradiated in G2–phase (see Figure 

18). 

 

Figure 18: G2 PCCs with DNA replication regions stained with EdU. These cells incorporated EdU 
in S-phase and progressed to G2-phase during the post treatment incubation period. Shown are V79 
(wt) cells.  

Early S-phase PCCs show high amounts of pulverization and EdU foci distributed 

homogenously in those structures. Middle S-phase PCCs show more condensed 

regions and the size of EdU foci is increased, while the number of EdU foci is 

decreased. Late S-phase PCCs show mostly condensed mitotic like chromosomes, 

and less and bigger EdU foci, as well as less pulverization. G2 PCCs appeared as 

EdU negative and are fully condensed. Metaphases are also EdU negative and 

distinguishable from G2 PCCs by their centromeric constriction. Examples are given 

in Figure 18. 

To further validate our newly developed method, we also had to confirm that EdU 

pulse labelling does not exert a toxic effect, which could contribute to chromosomal 

breakage. We chose to test toxicity employing classical cytogenetics. V79 (wt) cells 

were pulse labelled with EdU for 30 min and cells were collected at metaphase using 

a 1 h colcemid block. We collected time points till 12 h post EdU pulse labelling. 
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Without IR, V79 (wt) cells show a fast progression through the cell cycle, reflected by 

a fast increase in the fraction of EdU positive metaphases (see Supplementary 

Figure 6). Scoring of chromatid breaks in metaphases revealed an average number 

of 0.15 chromatid breaks per cell, which is within the range of control, Giemsa-

stained metaphases. Thus, a toxic effect of EdU could be excluded within the 

measured timeframe of 12 h. 

Yet, we had another very interesting observation during the above-described 

metaphase experiment. We detected a frequent appearance of EdU banding 

patterns, meaning that EdU was visible on confined chromosome regions. Examples 

are illustrated in Figure 19.  
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Figure 19: EdU banding patterns observed at different times post EdU pulse labelling in V79 
(wt) cells. V79 (wt) cells showed discrete EdU banding patterns conferred to particular regions of the 
chromosome. The red arrow points toward Chinese hamster Chromosome 1 and its banding pattern 
coincides with G-banded chromosomes (See Figure 20). 

In one case the EdU banding pattern coincided with G-banding regions for Chinese 

hamster chromosome 1 as represented in Figure 20. 



RESULTS 

 

 

50 
 

 

Figure 20: EdU banding pattern coinciding with G-banded regions of Chinese hamster 
Chromosome 1. Illustration of G-banded regions of Chinese hamster Chromosome 1 on the left was 

adapted from (Wurm and Hacker 2011)). 

This observation offers new means for investigating replication timing of different 

chromosome regions based on EdU pulse labelling and will be discussed later.  

We now have established a methodology which allows us to distinguish between 

EdU negative PCC (truly representing cells irradiated in the G2-phase of the cell 

cycle) and EdU positive PCC (representing cells irradiated in the S-phase of the cell 

cycle that have progressed to G2 during the incubation period). 

Based on this, we determined the percentage of EdU negative and positive G2 PCCs 

in Chinese hamster cells including, V79 (wt), irs2 (HRR m) and irs1 (HRR m), after 

EdU pulse labelling alone or in combination with 1 Gy or 5 Gy. 
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Figure 21: Percentage of EdU negative and positive PCCs in different Chinese hamster cell 
lines exposed to different doses of IR. A) V79 (wt), B) irs2 (HRR m) and C) irs1 (HRR m) cells were 
pulse labelled with EdU before IR and time points were collected after IR and cells were processed for 
EdU detection in PCCs. 

Results presented in Figure 21 show a steady increase in the fraction of EdU 

positive G2 PCCs with increasing time post EdU pulse labelling. 1h after EdU pulse 

labelling the fraction of EdU negative PCCs (real G2 cells) is around 98 – 100%. 

However, already 4 h later, the fraction of these EdU negative cells decreased to 20 

– 40%, while the fraction of EdU positive PCCs increased. 6 h after EdU pulse 

labelling, mainly EdU positive PCCs are detected, indicating that the original G2-

phase cells had progressed to mitosis. 

A clear difference was observed in the fraction of EdU negative and positive PCCs 

upon exposure of cells to 1 Gy or 5 Gy IR. For V79 (wt) cells (Figure 21, A), the 
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fraction of EdU negative PCCs is still 50% at 4h post IR and 30% at the 6h time 

point. Slower progression of irradiated S-phase cells is more evident after 5 Gy IR, 

with 50% of EdU negative PCCs being present 6 h after IR. These trends hint 

towards a delay in cell cycle progression upon IR, which was also to some extent 

measured in the BrdU experiments, described before (Figure 15). 

Similar tendencies were also seen with the HRR mutant cell lines irs2 and irs1 

(Figure 21, B and C). Here again, a higher fraction of EdU negative PCCs is 

detected 4 h and 6 h post exposure to 1 Gy or 5 Gy as compared to unirradiated 

controls. Thus, 4 h after IR, 50-60% of the PCCs are EdU negative (real G2 PCC). 

The pronounced cell cycle delay, observed in V79 (wt) cells, is less pronounced in 

irs2 and irs1 cells. 

We next inquired, whether there is a difference in PCC break repair in EdU negative 

and EdU positive PCCs. Answering this question is very important, since the 

experiments carried out in this thesis, study PCC break repair using conventional 

Giemsa staining, where discrimination between G2 PCCs coming from late S- or G2 – 

phase irradiated cells is not possible. 

With the established protocol and the use of a Metasystem station, we scored PCC 

breaks in EdU/DAPI stained preparations. Figure 22 demonstrates an example of an 

EdU positive and negative PCC lying next to each other, 4 h after exposure to 5 Gy 

IR.  
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Figure 22: Representative image for an EdU negative and positive G2 PCC in irs2 (HRR m) cells. 
Irs2 cells have been EdU pulse labelled, exposed to 5 Gy and collected 4 h post IR and processed for 
EdU detection. Red arrows indicated PCC breaks in both the EdU positive and the EdU negative 
PCCs. 

PCC break repair kinetics in EdU negative and positive PCCs were examined for V79 

(wt), irs2 (HRR m) and irs1 (HRR m) cells exposed to 1 Gy IR and 5 Gy IR and 

analyzed till 6 h post IR. Quantitative data are summarized in Figure 23. Within the 

measured timeframe, we could not detect any significant differences in the repair of 

IR induced PCC breaks in EdU negative PCCs compared to EdU positive PCCs for 

all three cell lines examined.  

Taken together these results show that even if there is contamination with S-phase 

cells that have come to G2 at the later time points, PCC break repair kinetics are not 

influenced by this contamination. This adds another level of validation to the PCC 

technique used to analyze PCC break repair via the conventional Giemsa staining 

method. 
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Figure 23: Quantitative analysis of PCC breaks in EdU negative and positive PCCs. A) V79 (wt), 
B) irs2 (HRR m) and C) irs1 (HRR m) cells were exposed to different IR doses immediately after EdU 
pulse labelling. PCC breaks were scored separately for EdU positive and negative PCCs and plotted 
against the time. Data are from one experiment. 
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4.1.3 Do all G2 phase cells condense to G2 PCC upon treatment with   

Calyculin A? 

A further point, which needed validation, was whether all G2 phase cells are 

condensed to PCCs after treatment with Calyculin A. We decided to approach this 

question by an indirect experiment and determined the PCC index on Giemsa 

stained slides and compared this value to the fraction of G2-phase cells as measured 

by flow cytometry. Graphs presented in Figure 24, show the quantitative analysis of 

this experiment.  

 

Figure 24: Comparison of G2 PCC index with the fraction of G2 cells measured by flow 
cytometry. A) V79 (wt) and B) irs2 (HRR m) cells were used to determine the G2 PCC index via 

Giemsa staining and by flow cytometry. Data are representative from one experiment. 

Acquired data display a 4 fold difference in the amount of G2 PCCs as compared to 

the fraction of G2-phase cells measured by flow cytometry in case of V79 (wt) cells. 

Also for irs2, only around 40% of total G2 cells (as measured by flow cytometry) are 

converted to G2 PCCs. Based on these results, we could come to the conclusion that 

not all G2 cells are condensed to G2 PCCs.  

Yet, we have to keep in mind that the fraction of G2 cells determined by single flow 

cytometry includes late S-phase cells. With the help of two-parameter flow cytometry, 

using BrdU and PI co-staining, we could provide a more reliable estimate here. Thus, 

the fraction of real G2-phase cells for V79 (BrdU neg. G2 cells, refer to 
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Supplementary Figure 4, 0Gy Results) revealed that the percentage of real G2 cells 

was 7.2% (1 h post BrdU pulse labelling) and 3.66% (4 h post BrdU pulse labelling), 

respectively. Comparing this to the PCC index (Figure 24, A), we can conclude that 

more than 50% of G2 cells are condensed to G2 PCCs.  

For Irs2 cells, two-parameter flow cytometry (refer to Supplementary Figure 5, 0Gy 

Results) showed that around 11.15% (1 h post BrdU pulse labelling) and 4.99% (4 h 

post BrdU pulse labelling) are real G2 cells (BrdU neg. G2). Hence, we conclude that 

more than 60% of G2 cells are condensed to G2 PCCs for Irs2 cells (Figure 24, B). 

Nevertheless, we have to be aware that we may need to find out even more precise 

approaches in order to determine the real fraction of G2 cells that are condensed to 

G2 PCCs since both; flow cytometry as well as the G2 PCC technique are 

fundamentally different methods and a direct comparison may not be that detailed. 

In summary: In this first part of the thesis, we validated the PCC technique by 

developing a protocol, which allows discrimination between G2 PCCs coming from 

irradiated G2 cells and those coming from cells that have been in S-phase during IR 

using EdU staining.   

We further demonstrated that within the measured timeframe of 6 h post IR PCC 

break repair kinetics are not significantly different in EdU negative PCCs and EdU 

positive PCCs. This observation is particularly important, since it adds validation to 

the experiments, which will be described in the next sections.  

Moreover, we could show that the progression of S-phase cells (and consequently 

the fraction of EdU positive and negative PCCs) is dependent on the IR dose to 

which cells have been exposed, the corresponding cell cycle delays as well as the 

genetic background of the cell line tested. 

Furthermore, acquired data give interesting information regarding the incorporation 

patterns of EdU in chromosomes during S-phase.  

Last but not least the experiment outlined above suggests that depending on the cell 

line 50 – 60% of G2 cells are condensed to PCC upon chemical PCC induction. Yet, 

further careful investigation needs to be carried out. 
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PART II: THE CONTRIBUTION OF DSB REPAIR PATHWAYS TO THE 

PROCESSING OF PCC BREAKS 

4.2 Chemical inhibition of DNA-PK reveals a dose-dependent repair pathway 

switch in irradiated Chinese hamster cells 

As outlined in the introduction, previous work suggests that defects in HRR do not 

affect DSB processing as measured by PFGE after exposure of cells to high IR 

doses (Wu, et al. 2008). Furthermore, unpublished work from our laboratory provided 

evidence that defects in HRR, compromises the rejoining of metaphase chromatid 

breaks after exposure of cells in G2 – phase to low doses of IR like 1 Gy (Siemann 

2013; Soni 2010). Finally, more recent experiments hint towards a saturation of HRR 

with increasing radiation dose (Demond 2016). 

Collectively, these observations suggest a model according to which HRR dominates 

at low doses of IR but becomes progressively saturated at high IR doses giving way 

to e.g. c-NHEJ. 

We wished to test this hypothesis following chromatid breaks as a model form of 

DNA damage still reflecting the formation and processing of DSBs. If indeed CB 

repair reflects some form of DSB repair, we can make the following prediction: 

At low IR doses CB repair will depend on HRR and will therefore, be slow. At higher 

doses, CB repair will increasingly depend on c-NHEJ and will therefore pickup speed. 

We tested this hypothesis using CBs as detected by PCC. As described in Part I, 

PCC will allow us to study IR induced chromatid breaks in G2 – phase without 

requiring cells to progress from G2- to M – phase, circumventing thereby the G2-

checkpoint or any other form of cell cycle progression arrest.   

4.2.1 PCC break repair kinetics in V79 cells exposed to a broad spectrum of IR 

doses 

In a first set of experiments, we were interested in measuring the contribution of c-

NHEJ to the repair of IR induced PCC breaks. To this end we employed NU7441, a 

potent inhibitor of DNA-PK, to chemically inhibit DNA-PK, a key component in c-

NHEJ. 
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We exposed exponentially growing V79 wildtype cells to a broad spectrum of IR 

doses ranging from low doses like 0.2 Gy, to high doses like 10 Gy. Induction of PCC 

breaks was measured 1 h after irradiation to obtain a dose response curve. 

The 1 h time point after IR was taken as the initial time point, since earlier time points 

proved to be less informative, as they were confounded by artefacts that made them 

irreproducible. We compared the induction of PCC breaks to the expected number of 

DSBs in an irradiated G2-phase cell. It is known that DSB induction increases linearly 

with IR dose (Barnard, et al. 2013). A G2 cell is known to sustain about 40 DSBs 

upon exposure to 1 Gy of IR, 80 after 2 Gy of IR and so on. On this basis, we 

calculated the fraction of DSBs that convert to chromatid breaks as measured by 

PCC (Table 3, Figure 25). 

 

Figure 25: Induction of PCC breaks compared to the induction of DSB breaks in G2-cells.  

Similar to DSBs, PCC breaks increase linearly with increasing radiation dose. We 

found that 10 – 20% of DSBs are maximally translated to PCC breaks for V79 (wt) 

cells (Table 3). 
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Table 3: Fraction of DSBs maximally translated to PCC breaks. The percentage of DSBs breaks 

that are converted to PCC breaks was calculated by dividing the number of PCC breaks at a given 

dose by the number of DSBs at the same dose multiplied by 100 to determine the percentage. 

 
IR dose (Gy) 

 

 
DSB/cell 

 
PCC breaks/cell 

DSBs converted 
to PCC breaks 

0.2 10 1.27 13% 

0.5 20 4.29 21% 

1 40 5.81 15% 

2 80 9.09 11% 

5 200 18.67 10% 

Next, the dose response curve was determined for cells exposed to IR in the 

presence of the DNA-PK inhibitor (NU7441), to investigate, whether the inhibition 

DNA-PK has an effect on PCC break induction. The results obtained are plotted in 

Figure 26. 

 

Figure 26: V79 (wt) Dose response curve. PCC breaks were scored 1 h post IR and are plotted 
against the IR dose. Results are presented for PCC break induction after exposure of V79 cells to IR 
alone and IR with DNA-PKi (NU7441). Shown is the mean of three independent experiments ± SD. 

PCC breaks 1 h post IR could be scored up to 5 Gy. For doses higher than 5 Gy an 

accurate scoring was impossible.  Since high-dose results (10 Gy) were important for 

the following analysis of PCC break repair kinetics, we extrapolated the dose 

response curve up to 10 Gy, to estimate the number of PCCs breaks and use them in 

the analysis presented later.  
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Figure 26 illustrates that the induction of PCC breaks in the presence of the DNA-PK 

inhibitor is indistinguishable from that measured in its absence. 

In an effort to attain a more detailed look, at the contribution of the DSB repair 

pathways to the processing of PCC breaks, after different IR doses we performed 

whole repair kinetic experiments. To this end, we exposed V79 wildtype cells to IR 

doses ranging from 0.2 Gy to 10 Gy. We followed PCC breaks up to 6 h post IR. 

Within this timeframe, we mainly focused on the response of cells that have been 

irradiated in the G2-phase, where all DSB repair pathways can engage.  

The number of PCC breaks was scored in the presence or absence of the DNA-PK 

inhibitor and plotted against the time of postirradiation incubation (Figure 27, Table 

4). 

 

Figure 27: PCC break repair kinetics in V79 (wt) cells after exposure to IR ± DNA-PK inhibitor. 
Exponentially growing V79 (wt) cells were exposed to a broad range of IR doses and PCC break 
repair was measured 1 – 6 h post IR. P-values were determined for the 6 h time points between IR 
alone and IR+DNA-PKi, to compare residual damage. A two tailed student t-test (asterix designation 
p<0.001 ***, p<0.01 **, p<0.05 *) was used for this purpose. Data represent the mean of three 

independent experiments ± SD. 
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Figure 27 shows PCC-break repair-kinetics in V79 cells. It is evident that 80 – 90% 

of initial PCCs breaks are repaired in V79 cells exposed to IR alone at all IR doses 

measured (Table 4). Furthermore, when t1/2 was calculated, we observed only slight 

changes at different doses; PCC breaks are resolved to 50% within 2 - 2.7 h (Table 

4).  

Table 4: Determination of t1/2 and the percentage of residual damage for V79 (wt) cells. The 

residual damage was calculated by comparing the number of initial PCC breaks (1 h post IR) to the 

number of residual PCC breaks (6 h post IR). T1/2 is determined as the time point where 50% of initial 

breaks are rejoined (see also Figure 30).  

IR dose (Gy) t1/2 IR alone (h) t1/2 IR+DNA-
PKi (h) 

 % Residual 
damage post 

IR 

% Residual 
damage 

IR+DNA-PKi 

0.2 1.8 5 36 41 

0.5 2.6 2.2 11 23 

1 2.2 5 9 36 

2 2.5 4.7 9 41 

5 2 N.a* 8 96 

10 2.7 N.a* 11 77 
*N.a t1/2 not obtained in the measured timeframe 

We inhibited DNA-PK, with the aim to inhibit c-NHEJ. Hence, the repair pathways left 

for wildtype cells to resolve PCC breaks are HRR and alt-EJ.  

The inhibition of DNA-PK after irradiation with doses like 0.2 Gy, 0.5 Gy and 1 Gy 

(Figure 27, upper row) does not affect PCC break repair significantly. 60 – 80% of 

PCC breaks are resolved 6 h after IR. Yet, after irradiation with 2 Gy, 5 Gy and 10 Gy 

(Figure 27, lower row) a significant fraction of PCC breaks remained un-rejoined 

(Table 4). This observation indicates preferential abrogation of PCC break 

processing by c-NHEJ at higher IR doses.  

Furthermore, chemical inhibition of DNA-PK renders the repair of IR induced PCC 

breaks slower (Table 4). While 50% of breaks are repaired within 3 – 5 hours after IR 

with 0.2 Gy, 0.5 Gy, 1 Gy and 2 Gy, the t1/2 for PCC breaks after 5 Gy and 10 Gy 

exceeded 6 h. This suggests that a slow repair pathway compensates for inhibited c-

NHEJ, after exposure of cells to 0.2 Gy, 0.5 Gy and 1 Gy IR. At doses greater than   

2 Gy however, this pathway cannot compensate any longer and repair becomes 

inefficient. In other words, c-NHEJ plays a greater role at high than at low radiation 

doses. This puts c-NHEJ to the front for the repair of PCC breaks after exposure of 

cells to doses higher than 2 Gy and points towards an IR dose dependent regulation 

of DSB repair pathway as uncovered by measuring the processing of PCC breaks.  
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Collectively, these results allow us to conclude that c-NHEJ processes most of IR 

induced PCC breaks. Inhibition of c-NHEJ (by chemical inhibition of DNA-PK) 

uncovers a slow repair component at doses lower than 2 Gy that carried most of the 

PCC break processing. Furthermore, after exposure of cells to IR doses greater than 

2 Gy, neither HRR nor alt-EJ is able to compensate efficiently for abrogated c-NHEJ 

at the level of PCC break repair. 

4.2.2 Whole PCC break repair kinetics for Irs2 (HRR m) cells after exposure to 

a broad spectrum of IR doses 

In the above described experiment, PCC break rejoining was investigated in wildtype 

cells after IR alone, or in the presence of the DNA-PK inhibitor. Thus, the connection 

to HRR was only indirect since HRR could engage under all measured conditions.  

For a more direct analysis of the role of HRR we analyzed IR induced PCC break 

repair in the Chinese hamster cell line irs2. Irs2 cells have a mutation in Rad51b, one 

of the paralogues of Rad51. Rad51 paralogues are essential in aiding Rad51 for 

homology search and strand invasion (Suwaki, et al. 2011). 

Similar to V79 (wt) cells, we first looked at the induction of PCC breaks after IR alone 

or IR in the presence of the DNA-PK inhibitor (Figure 28).  
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Figure 28: Dose response curve in irs2 (HRR m) cells. PCC breaks were scored 1 h post IR and 
plotted against the IR dose. Results are presented for PCC break induction after exposure of irs2 cells 
to IR alone and IR with DNA-PKi (NU7441). Shown is the mean of three independent experiments      
± SD. 

Irs2 cells show a linear induction of PCC breaks with increasing radiation dose. Yet, 

the fraction of DSBs converted to chromatid breaks was slightly higher (1.2 fold) for 

irs2 (HRR m) than V79 (see Table 3), suggesting that mutations in HRR renders cells 

more prone to chromosomal breakage.  

Table 5: Fraction of DSBs maximally translated to PCC breaks (irs2 HRR m). The percentage of 

DSBs breaks that are maximally converted to PCC breaks was calculated by dividing the number of 

PCC breaks at a given dose by the number of DSBs at the same dose multiplied by 100 to determine 

the percentage. 

 
IR dose (Gy) 

 
DSB/cell 

 
PCC breaks/cell 

DSBs maximally 
converted to PCC 

breaks 

0.2 10 1.61 16 

0.5 20 4.57 23 

1 40 6.4 16 

2 80 10.41 13 

5 200 23.41 12 

Next, we examined PCC break repair kinetics in irs2 cells. The results are 

summarized in Figure 29. 
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Figure 29: PCC break repair kinetics in irs2 (HRR m) cells after exposure to IR ±DNA-PK 
inhibitor. Exponentially growing irs2 (HRR m) cells were exposed to a broad range of IR doses and 
PCC break repair was measured 1 – 6 h post IR. Significances of differences were determined for the   
6 h time points between IR alone and IR+DNA-PKi, to compare residual damages. A two tailed 
student t-test (asterix designation p<0.001 ***, p<0.01 **, p<0.05 *) was used. Data present the mean 

of three independent experiments ± SD. 

Upon exposure to 0.2 Gy, 0.5 Gy and 1 Gy, 50 – 60% of the initial breaks are 

repaired, within the measured time frame of 6 h (Table 6). 

After exposure to 2 Gy, 5 Gy and 10 Gy IR, we observed more efficient repair of PCC 

breaks, with 70 – 80% of PCC breaks being re-joined within 6 h post IR (Table 6, 

Figure 29). Looking at t1/2 we found, that irs2 needs in between 3.2 – 4.8 h to repair 

50% of the initial PCC breaks, after IR alone. If we compare the t1/2 after exposure to 

2 Gy (around 4 h) we observed a slightly faster repair of PCC breaks upon exposure 

to 5 Gy and 10 Gy with t1/2 of 3.7 down to 3.3 h respectively.  

 

 



RESULTS 

 

 

65 
 

Table 6: Determination of t1/2 and the percentage of residual damage in irs2 (HRR m) cells. The 

residual damage was calculated by comparing the number of initial PCC breaks (1 h post IR) to the 

number of residual PCC breaks (6 h post IR). t1/2 is determined as the time point where 50% of initial 

breaks are rejoined (see also Figure 30). 

IR dose (Gy) t1/2 IR alone (h) t1/2 IR+DNA-PKi 
(h) 

% Residual 
damage IR 

alone 

% Residual 
damage 
IR+DNA-

PKi 

0.2 4.8 N.a* 37 88 

0.5 3.21 N.a* 30 117 

1 4.29 N.a* 35 110 

2 4 N.a* 27 122 

5 3.7 N.a* 28 90 

10 3.3 N.a* 29 86 
*N.a t1/2 not obtained in the measured timeframe 

Interestingly, the inhibition of c-NHEJ led to total PCC break repair abrogation at all 

doses examined (Figure 29). After 0.5 Gy, 1 Gy and 2 Gy the residual damage even 

exceeded the initial damage (Table 6). 

These results suggest a backup role for c-NHEJ, when HRR is mutated. Even 

further, data suggest that alt-EJ, which should be still able to engage in repair when 

both c-NHEJ and HRR are abrogated, cannot backup at the level of PCC break 

repair under the conditions tested.  

To directly compare PCC break repair kinetics acquired for V79 (wt) and Irs2 (HRR 

m) cells, the number of PCC breaks was normalized to the initial (1 h value) number 

of PCC breaks (Figure 30). 
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Figure 30: Comparison of % residual damage in V79 (wt) cells and irs2 (HRR m) cells after 
exposure to IR alone or IR+DNA-PKi. Mean values from three independent experiments are 
normalized to the number of PCC breaks measured at 1 h. The green dotted line serves the 
orientation for the determined t1/2 values.  

Figure 30 clearly shows that irs2 (HRR m) cells do need more time to repair PCC 

breaks after IR alone as compared to V79 (wt) cells at all doses measured. 

Moreover, the residual damage at 6 h, is higher for irs2 (HRR m) than for V79 (wt) 

cells. Hence, mutations in HRR cannot fully be compensated by c-NHEJ, in terms of 

efficiency of rejoining of PCC breaks. Furthermore, the results suggest that HRR, 

particularly at low doses (0.2 Gy and 0.5 Gy), compensates for deficient c-NHEJ 

(chemical inhibition), since V79 (wt) cells repair IR induced PCC breaks in the 

presence of DNA-PKi, almost as efficient as the IR alone control.   

At higher doses however (2 Gy, 5 Gy and 10 Gy), HRR saturates giving way to c-

NHEJ. Its chemical inhibition therefore causes PCC break repair abrogation. 
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These experiments in aggregate demonstrate a dose dependent regulation of DSB 

repair pathway engagement to IR induced PCC breaks.  

4.2.3 IR dose dependent repair pathway switch is not restricted to V79 (wt) 

and irs2 (HRR m) cell lines 

Is the dependence on c-NHEJ for PCC break repair after exposure of cells to high IR 

doses specific to V79 and irs2 cells? Can a similar trend be observed in other 

wildtype and HRR defective cell lines?  

To answer this question, we tested three additional Chinese hamster cell lines. We 

scored initial breaks (1 h post IR) and residual breaks (4 h post IR) after different IR 

doses alone, or after IR in the presence of the DNA-PK inhibitor NU7441.  

Among the three cells lines tested one is wildtype (CHOK1) and two are mutants in 

Rad51 paralogues XRCC2 (irs1-tor) and XRCC3 (irs1SF).  

First, PCC break induction was determined at 1 Gy, 2 Gy and 5 Gy in the presence 

or absence of the DNA-PK inhibitor, NU7441. 
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Figure 31: Dose response curve for the induction of PCC breaks in indicated Chinese hamster 
cell lines measured in the presence or absence of DNA-PKi. Chinese hamster cell lines were 
exposed to different doses of IR alone or in the presence of DNA-PK inhibitor NU7441. Dose response 
for A) CHOK1 (wt), B) Irs1SF (XRCC3 m), and C) Irs1-tor (XRCC2 m). The induction of PCC breaks 
was measured 1 h post IR. Results are obtained from three independent experiments and ± SD was 
determined. 

All three cell lines show a linear induction of PCC breaks that remains unchanged in 

the presence of DNA-PKi (Figure 31).  

The induction of PCC breaks was slightly lower in CHOK1 (wt) cells as compared to 

irs1-tor and irs1-SF cells (see Supplementary Figure 1), suggesting again that 

mutations in HRR render cells more prone to chromosomal breakage.  

We next analyzed PCC breaks 1 h (initial damage) and 4 h (residual damage) after 

exposure to IR alone, or IR in the presence of DNA-PK inhibitor. Doses of 1 Gy, 

which we considered as a low dose, 2 Gy and 5 Gy (high doses) were selected since 

we saw significant changes in repair pathway contribution at those doses in the 

previous experiments. Obtained results are presented in Figure 32 and Table 7.  
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Figure 32: PCC break repair after exposure of different Chinese hamster cell lines to different 
doses of IR alone or IR+DNA-PK inhibitor NU7441. Cells were exposed to 1 Gy, 2 Gy and 5 Gy IR 
alone or in the presence of the DNA-PK inhibitor. PCC breaks were determined 1 h post IR (initial 
breaks) and 4 h post IR (residual breaks). Data are obtained from 2 – 3 independent experiments and 
± SD was determined. The significance of differences was determined by comparing cells after IR 
alone to cells after IR+DNA-PKi using a two tailed student t-test (asterix designation p<0.001 ***, 
p<0.01 **, p<0.05 *).  
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Table 7: Residual damage 4 h post IR for Chinese hamster cell lines exposed to different IR 

doses alone or in the presence of DNA-PKi. The residual damage was calculated by comparing 

PCC breaks scored 1h post IR to PCC breaks scored 4h post IR. 

Cell lines IR Dose % Residual damage 
after IR alone 

% Residual damage 
after IR+DNA-PKi 

 
CHOK1 (wt) 

1 Gy 26 41 

2 Gy 44 80 

5 Gy 47 88 

 
Irs1-tor (HRR m) 

1 Gy 57 78 

2 Gy 30 111 

5 Gy 39 96 

 
Irs1-SF (HRR m) 

1 Gy 83 83 

2 Gy 54 119 

5 Gy 39 97 

Acquired results show that CHOK1 (wt) cells repair 70% of PCC breaks within 4 h 

post 1 Gy IR. Inhibition of DNA-PK renders repair less efficient, with only 60% of 

breaks rejoining at 4 h post IR (Figure 32, A). Although, the calculated difference is 

significant, CHOK1 cells are still able to resolve 60% of initial PCC breaks indicating 

that other pathways can compensate for PCC break repair. Exposure of CHOK1 cells 

to 2 Gy and 5 Gy IR reduced repair speed and only 50 – 60% of breaks were 

resolved (Table 7) within 4 h. 

Chemical inhibition of DNA-PK caused repair abrogation after exposure of CHOK1 

cells to 2 Gy and 5 Gy IR. 10 – 20% of initial PCC breaks are rejoined by 4 h, which 

is significantly different to cells exposed to IR alone. Observations for CHOK1 cells 

are in line with the findings for V79 (4.2.1). Also for CHOK1, inhibited c-NHEJ can be 

compensated by other repair pathways like HRR or alt-EJ after low doses of IR (1 

Gy). Correspondingly, a switch to c-NHEJ is evident at doses higher than 2 Gy.  

Irs1 (HRR m) cells repaired about 40% of initial breaks after exposure to 1 Gy. 

Inhibition of DNA-PK caused another decrease of repair to only 20% 4 h post IR. The 

calculated difference was not significant. 

More interesting was the observation, that PCC break repair became more efficient 

after irs1 (HRR m) cells are exposed to 2 Gy and 5 Gy IR. While after 1 Gy only 40% 

of breaks are resolved a clear increase in PCC break repair, to 70%, was detected 

upon exposure to 2 Gy and 5 Gy IR. After exposure to 2 Gy and 5 Gy in the presence 

of the DNA-PK inhibitor, PCC breaks remained un-rejoined. This observation once 
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more supports a predominant role of c-NHEJ in PCC break repair after exposure of 

cells to high IR doses (Figure 32 B, Table 7).  

Similar tendencies are also observed in irs1SF cells (Figure 32, C). Only 20% of 

initial PCC breaks were resolved 4 h after 1 Gy IR, as well as after 1 Gy in the 

presence of the DNA-PK inhibitor. Yet, repair gained speed after 2 Gy and 5 Gy IR 

with 50 – 70% of breaks being resolved at 4 h post IR; hinting again towards an 

increasing role of c-NHEJ (Table 7). Similar to the irs1 cells, in irs1SF cells PCC 

breaks remained un-rejoined after exposure to 2 Gy and 5 Gy, when c-NHEJ was 

chemically inhibited.  

The results of CHOK1, irs1SF and irs1 support the results obtained in V79 (wt) and 

irs2 (HRR m) cells (4.2.2). Although, c-NHEJ does play an important role in PCC 

break repair at all IR doses, c-NHEJ seems to be more crucial after high IR doses.   

In particular, the experiments carried out with HRR mutant cell lines support this 

conclusion. Furthermore, results for the CHOK1 (wt) cells show a role of HRR or alt-

EJ in compensating for failures in c-NHEJ after 1 Gy IR. 

4.2.4 C-NHEJ mutant cell lines confirm an IR dose dependent repair pathway 

switch  

The above outlined experiments estimate the contribution of c-NHEJ via chemical 

inhibition of DNA-PK. We inquired whether similar conclusion could be drawn using 

mutants of c-NHEJ – similar to the use of HRR mutants above.   

If there is a switch to c-NHEJ at high IR doses and a saturation of HRR, we would 

expect abrogated PCC break repair, when c-NHEJ mutant cells are exposed to high 

IR doses, like 5 Gy. To test this idea, we choose Chinese hamster XR1 cells. XR1 

cells show a mutation in XRCC4, a cofactor for DNA Ligase 4, which in a complex 

with XLF aids the re-joining of DSBs via c-NHEJ (Ahnesorg, et al. 2006). Using a 

similar protocol, we exposed XR1 cells to 1 Gy, 2 Gy and 5 Gy and measured PCC 

breaks 1 h (initial breaks) and 4 h (residual breaks) post IR (Figure 33, B). 

Furthermore, dose response curves were generated to compare the induction of 

PCC breaks in XR1 cells to CHOK1 (wt) and irs1SF (HRR m) cells (Figure 33, A). 
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Figure 33: Dose response and PCC break repair for XR1 (c-NHEJ) cells after exposure to 
different IR doses. XR1 (XRCC4 m) cells were exposed to different IR doses and dose response 
curve (A) was created comparing the induction of PCC breaks in XR1 cells to wildtype CHOK1 cells 
and HRR mutated irs1SF cells. B) PCC break repair for XR1 cells after different doses of IR measured 
1 h (initial breaks) and 4 h (residual breaks) after IR. Data obtained from 2-3 independent experiments 
± SD. 

The induction of PCC breaks in XR1 cells is clearly elevated as compared to CHOK1 

(wt) and irs1SF (HRR m) cells. XR1 cells show a twofold higher number of initial PCC 

breaks as compared to CHOK1 (wt) cells. In comparison to irs1SF (HRR m) cells a 

1.5 fold increase in the number of PCC breaks was detected for XR1 cells (Figure 

33). Hence, intact c-NHEJ is of critical importance for genomic stability and mutations 

in key components of c-NHEJ renders cells more prone to chromosome breakage. 

Data also indicate that it makes a difference, whether the cell has a mutation in c-

NHEJ or if c-NHEJ is chemically inhibited, since we were not able to detect 

significant differences in the induction of PCC breaks in wildtype or HRR mutated 

cells upon exposure to IR in the presence of the DNA-PK inhibitior. 
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With regard to PCC break repair in XR1 cells, 50% of initial PCC breaks are repaired 

within 4 h post 1 Gy and 2 Gy IR. After exposure to 5 Gy IR, PCC breaks remain un-

rejoined reinforcing the importance of c-NHEJ at high IR doses.  

Thus, results obtained with XR1 cells strengthen our hypothesis that after high IR 

doses mainly c-NHEJ is involved in the repair of PCC breaks, while after exposure of 

cells to lower doses other pathways can partly compensate for defects in c-NHEJ. In 

addition results show that not only the inhibition of DNA-PK but also mutations in 

other key components of c-NHEJ significantly influence PCC break repair. 

4.2.5 Chemical inhibition of DNA-PK abrogates PCC break repair in a human 

fibroblast cell lines in a dose dependent manner 

Are the above-observed trends only true for rodent Chinese hamster cells?  

We decided to measure PCC-break repair-kinetics in the human wildtype, fibroblast 

cell line 82-6, which is immortalized with h-tert (human telomerase reverse 

transcriptase). 82-6 cells present a clean karyotype (46 chromosomes) and form 

good PCCs, which can be distinguished from metaphases as illustrated in Figure 34.  
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Figure 34: Representative Image for G2 PCCs and metaphases in 82-6 cells. Note that PCC 
breaks generated upon exposure to IR can be visualized and scored also in 82-6 cells. The 
morphology of a G2 PCC is clearly distinguishable from that of a metaphase chromosome. 

Experiments in 82-6 cells used protocol similar to those described for the rodent 

cells. Repair was followed 1 h, 2 h as well as 4 h post 1 Gy, 2 Gy and 5 Gy IR. The 

results obtained are summarized in Figure 35.  
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Figure 35: Dose response curve and PCC break repair kinetics for human 82-6 (wt) cells after 
exposure to IR ±DNA-PK inhibitor. Exponentially growing 82-6 (wt) cells were exposed to different 
IR doses  alone, or in the presence of DNA-PK inhibitor NU7441 and the (A) dose response curve and 
(B) PCC break repair kinetics were determined. Significance of differences was determined for the 4 h 
time points between IR alone and IR+DNA-PKi, to compare residual damages. A two tailed student t-
test (asterix designation p<0.001 ***, p<0.01 **, p<0.05 *) was used. Data represent the mean of two 

independent experiments ± SD. 

Induction of PCC breaks in human 82-6 cells increases linearly with IR dose. 

Inhibition of DNA-PK does not change the number PCC breaks scored (Figure 35, 

A).  

With respect to PCC break repair (Figure 35, B), 82-6 (wt) cells repair around 70% of 

breaks after 1 Gy and 2 Gy IR (refer also to Supplementary Figure 2). After 2 Gy IR 

only 60% of breaks are repaired within the covered timeframe. We further observed a 

decrease in repair speed with increasing radiation dose. While 50% of breaks are 

rejoined after 2.5 h post 1 Gy IR, t1/2 after 2 Gy and 5 Gy corresponded to 3 h (see 

also Supplementary Figure 2 and Table 8).  
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Table 8: Determination of t1/2 and % residual damage for 82-6 cells. t1/2 was determined from the 

normalized repair kinetics graph. The residual damage represents the breaks remaining 4 h post IR in 

comparison to the initial breaks (See also Supplementary Figure 2). 

IR dose (Gy) t1/2 IR alone (h) t1/2 IR+DNA-
PKi (h) 

 % Residual 
damage post 

IR 

% Residual 
damage 

IR+DNA-PKi 

1 2.44 4 35 53 

2 3.1 N.a* 35 65 

5 3.1 N.a* 41 81 
*N.a t1/2 not obtained in the measured time frame 

The chemical inhibition of DNA-PK compromised PCC break repair speed and 

increased the residual damage after 1 Gy, 2 Gy and 5 Gy. Specifically, after 1 Gy IR 

only 47% of PCC breaks are repaired 4 h post IR. t1/2, upon exposure to 1 Gy, in the 

presence of DNA-PKi, exceeded the measured timeframe of 4 h, suggesting that a 

slow DSB repair pathway e.g. HRR is engaged in PCC break repair. After 2 Gy IR 

only 37% of initial PCC breaks are rejoined 4 h post IR and also here, t1/2 was not 

within the measured time frame (Table 8). After 5 Gy IR in the presence of DNA-PKi, 

80% of PCC breaks remained un-rejoined which is significantly different for PCC 

breaks post IR alone.  

The results obtained demonstrate an IR dose dependent contribution of c-NHEJ. 

Similar to the Chinese hamster cells, human 82-6 cells show that inhibition of c-NHEJ 

can be better compensated at low doses (1 Gy) than at high doses (5 Gy).  

Summarizing the results obtained under 4.2 for Chinese hamster cell lines and 

human cells; we are able to draw the following conclusions: 

First, after exposure of cells to low doses of IR (0.2 Gy, 0.5 Gy and 1 Gy) slow 

pathways are actively involved in the repair of PCC breaks and can compensate 

(although at a lower repair speed) for abrogated c-NHEJ.  

Second, with increasing radiation dose c-NHEJ becomes the main repair pathway 

taking care of PCC break repair. This is mainly supported by data obtained in 

wildtype cell lines upon exposure to IR+DNA-PKi which leads to significantly higher 

residual damages (see V79, CHOK1 and 82-6 results). This conclusion is also 

supported by results obtained using HRR mutants, which show total abrogation of 

PCC break repair after exposure to 2 Gy, 5 Gy and 10 Gy IR in the presence of the 

DNA-PK inhibitor (see irs2, irs1SF and irs1). 
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Third, not only the inhibition of DNA-PK, but also mutations in other key components 

of c-NHEJ, leads to PCC break repair abrogation after high (>2 Gy) IR doses as 

demonstrated for XR1 (XRCC4 m) cells. 

Fourth, we can note that mutations or chemical inhibition of key components of c-

NHEJ give different results. This is particularly obvious for the induction of PCC 

breaks. While the chemical inhibition of DNA-PK did not cause significant differences 

in the induction of PCC break, as seen for V79 (wt), irs2 (HRR m), irs1 (HRR m), 

irs1SF (HRR m), 82-6 (wt) and CHOK1 (wt), the induction of PCC breaks in the c-

NHEJ mutated XR1 cell lines showed 1.5 to two fold increase in the initial PCC 

breaks.  

Finally, c-NHEJ seems to be the main repair pathway taking care of PCC break 

repair post IR and can partially compensate for defects in HRR, which is supported 

by results collected for the HRR mutants.  

Thus, coming back to our hypothesis stated at the beginning, of this second part, we 

have good proof for the presence of an IR dose dependent regulation of DSB repair 

pathways in the processing of PCC breaks.  
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PART III: THE ROLE OF ALT-EJ TO IR INDUCED PCC BREAK REPAIR 

PROCESSING 

4.3 Alt-EJ does not show a clear contribution to the repair of PCC breaks in 

Chinese hamster cells 

In 4.2 we mainly focused on investigating the contribution of c-NHEJ and HRR to the 

repair of IR induced PCC breaks.  

However, several studies report an involvement of alt-EJ, as a backup in the 

processing of IR-induced DSBs (Ceccaldi, et al. 2015; Chiruvella, et al. 2013; Wu, et 

al. 2008) - particularly, when other repair pathways fail to engage (Frit, et al. 2014; 

Mladenov, et al. 2016).  

One molecule, which has been repeatedly implicated to play crucial roles in alt-EJ is 

Parp-1 (Iliakis, et al. 2015b; Mansour, et al. 2010; Soni, et al. 2014). 

We reasoned that inhibition of Parp-1 should uncover eventual contributions of alt-EJ 

to PCC break repair.  

To this end, we carried out experiments in which wildtype, HRR mutant and c-NHEJ 

mutant Chinese hamster cells were exposed to IR alone in the presence or absence 

of the Parp-1 inhibitor, PJ34. The initial number of PCC breaks (1 h post IR), as well 

as the residual number of PCC breaks (4 h post IR) were determined. 

First, we analyzed PCC break processing in repair proficient V79 and CHOK1 

wildtype cell lines. 
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Figure 36: PCC break repair after exposure of wildtype Chinese hamster cells to IR alone, or in 
the presence of Parp-1 inhibitor PJ34. A) V79 (wt) and B) CHOK1 (wt) cells have been exposed to 
different IR doses alone or in the presence of Parp-1 inhibitor PJ34. PCC breaks were scored 1h and 
4h post IR and significant differences between IR alone and IR+Parp-1i were determined employing a 
two tailed student t-test (asterix designation p<0.001 ***, p<0.01 **, p<0.05 *). Results present the 

mean of 2 – 3 independent experiments ± SD. 

The results obtained show (Figure 36), that inhibition of Parp-1 does not detectably 

affect PCC break repair. The residual damage measured for CHOK1 and V79 cells 

after exposure to 1 Gy, 2 Gy and 5 Gy alone and in the presence of Parp-1 inhibitor, 

is very similar (for the calculated residual damage see Supplementary Table 1). 

Only for CHOK1 cells a significant difference could be detected for the initial breaks 1 

h post 5 Gy IR (Figure 36, B), but PCC break re-joining is not affected. Based on 

these results in repair proficient cells we conclude that alt-EJ is not significantly 

involved in the processing of PCC breaks. 

In a next experiment we inquired, whether alt-EJ is involved in IR induced PCC break 

repair, when one of the main DSB repair pathways is abrogated through mutations in 

key proteins. To this end, we studied the rejoining of IR induced PCC breaks in irs1 
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(XRCC2 m), irs2 (Rad51B m) and irs1SF (XRCC3 m) cell lines.

 

Figure 37: PCC break repair for different Chinese hamster HRR mutants after exposure to IR 
alone or in the presence of Parp-1 inhibitor PJ34. A) Irs2 (Rad51B m), B) irs1 (XRCC2 m), C) 
irs1SF (XRCC3 m). PCC breaks were scored 1 h (initial breaks) and 4 h (residual breaks) post IR. 
Data obtained represent the mean of 2 – 3 independent experiments ± SD.  

Also in HRR mutant cell lines, inhibition of Parp-1 did not uncover a role of alt-EJ to 

PCC break repair (Figure 37). The residual damage measured, for cells exposed to 

IR in the presence of Parp-1 inhibitor is similar to that measured in cells exposed to 

IR alone. Thus, although HRR is abrogated in irs2, irs1 and irs1SF cells, the defect is 
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compensated by c-NHEJ (for the calculated residual damage see Supplementary 

Table 1). 

In same manner we studied PCC break repair upon inhibition of Parp-1 in c-NHEJ 

deficient XR1 (XRCC4 m) cells. This experiment was of particular interest since 

earlier studies, investigating repair of DSBs as by PFGE showed a contribution of alt-

EJ to DSB repair when c-NHEJ is abrogated (Iliakis 2009; Mladenov and Iliakis 

2011). 

 

Figure 38: PCC break repair in Chinese hamster XR1 (XRCC4 m) cells post IR and in the 
presence of Parp-1 inhibitor PJ34. Initial PCC breaks (1 h post IR) and residual PCC breaks (4 h 
post IR) were measured. Data represent the mean of 2 – 4 independent experiments ± SD. 

But even in XR1 cells, Parp-1 inhibition failed to show a contribution of alt-EJ to PCC 

break rejoining under the conditions employed (Figure 38, for the calculated residual 

damage see Supplementary Table 1). 

In a last attempt to uncover a contribution of alt-EJ to PCC break repair, we carried 

out experiments employing the combined inhibition of DNA-PK and Parp-1 in irs2 

cells and quantified initial and residual PCC breaks (Figure 39). 
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Figure 39: PCC break repair in irs2 (HRR m) cells upon exposure to IR and combined inhibition 
of DNA-PK and Parp-1. Initial (1 h) and residual (4 h) PCC breaks were quantified. Data represent 
the mean of 2 – 3 independent experiments. Significance of differences was calculated employing a 
two tailed student t-test (asterix designation p<0.001 ***, p<0.01 **, p<0.05 *). 

The number of PCC breaks scored upon combined inhibition of DNA-PK and Parp-1 

are substantially higher as compared to cells exposed to IR alone. The data after 

combined inhibition are very similar to the data obtained for DNA-PK inhibition alone. 

Thus, the observed effect can most likely be attributed to inhibited c-NHEJ and any 

additional effects, which could hint towards an involvement of alt-EJ are not 

detectable. 

We conclude that alt-EJ (as measured by Parp-1 inhibition) does not contribute to 

PCC break repair, at least under the conditions examined.  
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PART IV: THE CONTRIBUTION OF DSB REPAIR PATHWAYS TO THE 

FORMATION OF CHROMOSOMAL EXCHANGES (CE) 

PCC does not only allow the investigation of PCC breaks, but also the visualization 

and quantification of chromatid type exchanges (CEs). Studying the formation of CEs 

and the DSB repair pathways involved in their formation is of significant importance, 

since chromosomal exchanges have been implicated in tumorigenesis, genomic 

instability as well as cell killing (Lengauer, et al. 1998).  

In the fourth part of the present Thesis, we will therefore focus on the contribution of 

the DSB repair pathways, to the formations of CEs. As before we were interested in 

the G2-phase of the cell cycle, where all DSB repair pathways can engage.  

CEs are miss-rejoining events which require at least two double strand breaks. CEs 

are thought to form by potentially error prone DSB processing pathways like c-NHEJ 

and alt-EJ. As outlined in the Introduction, both repair pathways cannot ensure that 

the original DNA ends or DNA sequence will be restored at the break site (Agarwal, 

et al. 2006; Ferguson and Alt 2001; Richardson and Jasin 2000). 

Figure 40 shows an image of typical CEs observed, via PCC, after exposure of 

Chinese hamster cells to IR.  
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Figure 40: Representative images of typical chromatid type exchanges formed upon exposure 
to IR and visualized by premature chromosome condensation. Note that CEs formed in G2 PCC 
are mainly of the chromatid type involving two different chromosomes. Images obtained using Chinese 
hamster cells. 

4.4 Mutations in key components of HRR and c-NHEJ renders cells prone to 

the formation of chromosomal exchanges after exposure to IR 

In the first set of experiments, we executed a comprehensive analysis of CE 

formation for rodent V79 (wt) as well as for irs2 (HRR m) cells. Both cell lines were 

exposed to a broad spectrum of IR doses and CE formation was analyzed 1 h, 2 h 

and 4 h post IR. The results obtained are shown in Figure 41. 
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Figure 41: Formation of chromosomal exchanges as measured by PCC after exposure of 
indicated Chinese hamster cell lines to different doses of IR. CE formation was scored in A) V79 

(wt) and B) Irs2 (HRR m) cells. Data represent the mean of three independent experiments ± SD. 

Comparing the number of CEs measured in V79 (wt) cells to those obtained for irs2 

(HRR m) cells, we confirm significantly lower levels of CEs in V79 cells. Furthermore, 

the results illustrate a dose dependent increase in CE formation. In V79 (wt) cells, 

disproportionally more CEs form with increasing radiation dose. This increase with 

dose is less pronounced in irs2 (HRR m) cells. Another important observation is that 

the formation of CEs takes time and maximal numbers of CEs are reached 4 h post 

IR. This suggests that the formation of CEs depends on DSB repair pathways that 

operate with slow speed. Finally, the results demonstrate a crucial role for HRR in 

suppressing the formation of CEs.  

To further refine our findings, we measured the formation of CEs in four additional 

Chinese hamster cell lines, 1 h as well as 4h after exposure to 1 Gy, 2 Gy and 5 Gy 

of IR (Figure 42). 
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Figure 42: Formation of Chromosomal exchanges as measured by PCC after exposure of the 
indicated Chinese hamster cell lines to different doses of IR. CE formation was scored in A) 
CHOK1 (wt) and B) XR (XRCC4 m), C) Irs1SF (XRCC3 m) and D) Irs1 (XRCC2 m) cells. Data 
represent the mean of two to three independent experiments ± SD. 

Also here, we could observe similar trends in the formation of CEs, as noted above 

for V79 and irs2 cells. For CHOK1 (wt) cells we saw, in contrast to V79 (wt) cells, a 

more proportional increase in the number of CEs with increasing radiation dose 

(Figure 42, A).  

For both HRR mutant cell lines, irs1 and irs1SF, a 2 – 2.5 fold increase in the number 

of CEs was noted when the radiation dose increased from 1 to 2 Gy and from 2 to 5 

Gy, underscoring the importance of HRR in CE suppression. Even more interesting is 

the observation that the c-NHEJ mutant (XR1) showed very low numbers in CEs, 

after exposure to 1 Gy and 2 Gy, but a 10 fold increase in the number of CEs upon 

exposure to 5 Gy (Figure 42, B).  
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Many published studies (Sasai, et al. 1994; Schipler, et al. 2016) implicate the 

formation of chromosome exchanges to radiation-induced cell killing. To investigate 

this point, we carried out clonogenic survival experiments and compared the results 

obtained to the formation of CEs. 

 

Figure 43: Clonogenic survival and CE formation, as measured by PCC, in the indicated 
Chinese hamster cell lines, exposed to different doses of IR. A) Chinese hamster cells were 
exposed to different IR doses and immediately plated for clonogenic survival. B) CE formation as 
measured by premature chromosome condensation, 4h after exposure of different Chinese hamster 
cell to various IR doses. Data represent the mean of 2 – 3 independent experiments ± SD. 

The results obtained confirm that mutations in either of HRR or c-NHEJ sensitize 

cells to IR, and correlate this endpoint to the formation of CEs (Figure 43, A and B).  

First, data for V79 and CHOK1 wildtype cell lines are analyzed: Both cell lines do 

have intact DSB repair pathways and are resistant to IR exposure. Yet, CHOK1 (wt) 

cells are overall more radiosensitive than V79 (wt) cells. Accordingly, we observed 

more CEs for CHOK1 (wt) cells as compared to V79 (wt) cells, supporting the idea 

that increased CE formation contributes to IR induced cell killing. 

Comparing the formation of CEs to IR induced cell killing for the HRR mutants a clear 

correlation is observed again. Both, irs1 (XRCC2 m) and irs1SF (XRCC3 m) show 

radiosensitivity and the number of CEs is also very similar between the two cell lines, 

but clearly higher than that measured in the corresponding wildtype cell lines.  

Likewise, XR1 (XRCC4 m) cells show greater radiosensitivity towards IR. However, 

although radiosensitization of XR1 cells is very similar to irs1 and irs1SF cells, we 

failed to observe a corresponding increase in the number of CEs. Thus, the number 

of CEs for XR1 cells remains comparatively low. 
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In contrast to the other HRR mutant cell line, irs2 were most sensitized by IR. We 

would have expected that irs2 cells would therefore present with the highest numbers 

of CEs. This however is not the case as shown in Figure 43 B. The number of CEs is 

lower as compared to irs1 and irs1SF cells.  

Summarizing the data presented in 4.4 we can conclude that increasing doses of IR 

renders cells more prone to CE formation. Mutations in key molecules of HRR or c-

NHEJ contribute to the formation of CEs and result in significantly higher numbers of 

CEs as compared to wildtype cells at all IR doses. The clonogenic survival 

experiments further allow us to correlate cell killing with the formation of CEs. 

4.4.1 The inhibition of Parp-1 does not affect the formations of CEs as 

measured by premature chromosome condensation  

Previous experiments, carried out in our laboratory, using classical cytogenetic 

approaches evaluated the formation of CEs in G2 cells that reached metaphase after 

exposure to 1 Gy IR. These experiments revealed that suppression of Parp-1 leads 

to decreases in CE formation, rendering alt-EJ the main culprit of their formation 

(Soni, et al. 2014).  

We asked, whether we see similar contributions of alt-EJ to CE formation using PCC. 

More generally, we asked how DSB repair pathways actually contribute to CE 

formation. To this end, we designed experiments, measuring CE formation after 

different IR doses via the PCC technique. And here again we employed pathway 

specific inhibitors, as well as different Chinese hamster cell lines.  

First, we analyzed the induction of CEs in V79 (wt) and CHOK1 (wt) cells, after 

exposure to different IR doses alone or in the presence of the Parp-1 inhibitor PJ34. 

CE formation was measured 1 h and 4 h post IR. 
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Figure 44: CE formation in the indicated Chinese hamster wildtype cell lines after exposure to 
different IR doses ± Parp-1 inhibition using PJ34. A) CHOK1 (wt) and B) V79 (wt) cells. The 
formation of chromosomal exchanges was measured 1 h and 4 h post IR. Results represent 2 – 3 
independent experiments ± SD. 

The results show that chemical inhibition of Parp-1 in combination with IR has no 

effect on the formation of CEs both in V79 (wt) and CHOK1 (wt) cells as represented 

in Figure 44. 

Previous studies have implicated that alt-EJ can backup failures in HRR, but at the 

cost of an increased formation of CEs as measured by classical cytogenetics (Soni, 

et al. 2014). Consequently, we tested this assumption by measuring the formation of 

CEs in HRR mutants (irs2, irs1 and irs1SF). Figure 45 summarizes the results 

obtained. 
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Figure 45:  CE formation in indicated Chinese hamster HRR mutant cell lines after exposure to 
different IR doses ± Parp-1 inhibition with PJ34. A) Irs2 (Rad51B m), B) Irs1 (XRCC2 m), C) Irs1SF 
(XRCC3 m) cells. The formation of chromosomal exchanges was measured 1 h and 4 h post IR. 
Results represent 2 – 3 independent experiments ± SD. 

Although, significant differences, as determined by student t-test, could not be 

detected, we nonetheless observe that for example irs2 cells (Figure 45, A) form 

slightly less CEs after Parp-1 inhibition, 4 h post 5 Gy IR. Additionally, a slight 

decrease in the formation of CEs was also observed, 4 h post 1 Gy IR. Exposure to 2 

Gy in the presence of Parp-1 inhibitor however led to slightly more CEs.  
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The results with irs1 cells, suggest that Parp-1 inhibition does not have measurable 

effects on the formation of CEs under the conditions examined. Similar responses 

were also observed in irs1SF cells. After exposure of irs1SF cells to 1 Gy and 2 Gy 

IR, the number of CEs measured for cells exposed to IR alone as compared to that 

measured in the presence of Parp-1 inhibitor is very similar. Exposure to 5 Gy IR in 

the presence of Parp-1 inhibitor let to slightly more CEs. So, a clear contribution of 

alt-EJ to the formation of CEs could not be detected for HRR mutant cell lines under 

the tested conditions of Parp-1 inhibition.  

We wondered whether, inhibition of Parp-1 using different Parp-1 inhibitor would 

uncover an effect on CE formation. To this end, we measured CE formation after 

inhibition of Parp-1 with Olaparib in selected Chinese hamster cells. Notably, Parp-1 

inhibition with Olaparib also fails to uncover a clear contribution of alt-EJ to CE 

formation (results are presented in Supplementary Figure 3). 

Although, a contribution of alt-EJ to PCC break rejoining in XR1 (c-NHEJ m) cells 

was not detected, we were able to show a significant contribution of alt-EJ to CE 

formation after exposure of XR1 cells to 5 Gy IR (Figure 46). These results are in 

line with previous findings where alt-EJ has been shown to backup c-NHEJ.  

 
Figure 46: CE formation in indicated c-NHEJ mutated Chinese hamster cell line XR1 after 
exposure to different IR doses ± Parp-1 inhibition with PJ34. XR1 (XRCC4 m) cells were exposed 
to different IR doses as exponential cultures with or without Parp-1 inhibition by PJ34. The formation 
of chromosomal exchanges was measured 1 h and 4 h post IR. Results represent 2 – 3 independent 
experiments ± SD. Significance was calculated using a two tailed students t-test (asterix designation 
p<0.001 ***, p<0.01 **, p<0.05 *).  

This result indicates a contribution of alt-EJ to CE formation after high IR doses.  

Summarizing the above findings, we can say that in wildtype cells as well as in HRR 

mutant cells; alt-EJ does not show a clear contribution to CE formation, at least with 
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the PCC assay. However, when c-NHEJ is abrogated and after exposure of cells to 

high IR doses (5 Gy), alt-EJ seems to backup for failed c-NHEJ at the cost of an 

increased CE formation, which is sensitive to Parp-1 inhibition.  

4.4.2 C-NHEJ contributes to the formation of chromosomal exchanges after 

exposure of cells to high IR doses 

Not only alt-EJ has been implicated in the formation of CEs. Several studies have 

also implicated c-NHEJ in the formation of CEs. C-NHEJ is by nature error prone, 

since it lacks proofing mechanisms that would ensure the joining of original ends at a 

DSB.  

We examined the role of c-NHEJ to CE formation via DNA-PK inhibition in different 

Chinese hamster cell lines. Figure 47 shows results obtained for wildtype V79 and 

CHOK1 cells. 
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Figure 47: CE formation in different V79 (wt) and CHOK1 (wt) cells upon exposure to IR ± DNA-
PK inhibition. Exponentially growing A) CHOK1 and B) V79 cells were exposed to different IR doses 
alone or in the presence of DNA-PK inhibitor NU7441. CE formation was measured 1 h and 4 h post 
IR. Significant differences were calculated using a two tailed student t-test (asterix designation 
p<0.001 ***, p<0.01 **, p<0.05 *). Shown is the mean of 2 – 3 independent experiments ± SD. 

Inhibition of DNA-PK in V79 and CHOK1 cells showed interesting trends. The 

inhibition of DNA-PK in CHOK1 cells resulted in a significant increase in the number 

of CEs 4 h post 2 Gy and 5 Gy IR. This suggests that upon c-NHEJ inhibition a more 

error prone pathway (e.g. alt-EJ) contributes to CE formation. Furthermore, this result 

also proposes a role of c-NHEJ in the suppression of CEs. A converse trend was 

observed for V79 cells. For V79 cells, we detected a decrease in CEs upon c-NHEJ 

inhibition, which puts c-NHEJ more towards the promotion of CEs.  

Next, we checked the contribution of c-NHEJ to CE formation in HRR mutant cell 

lines (Figure 48). 
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Figure 48: CE formation in indicated Chinese hamster HRR mutant cell lines, upon exposure to 
IR ± DNA-PK inhibition. Exponentially growing A) Irs2 (Rad51B m), B) Irs1 (XRCC2 m) and C) 
Irs1SF (XRCC3 m) cells were exposed to different IR doses alone or in the presence of DNA-PK 
inhibitor NU7441. CE formation was measured 1 h and 4 h post IR. Significant differences were 
calculated using a two tailed students t-test (asterix designation p<0.001 ***, p<0.01 **, p<0.05 *). 

Represented is the mean of 2 – 3 independent experiments ± SD. 

While, the inhibition of c-NHEJ after exposure of all three HRR mutant cell lines to 1 

Gy and 2 Gy IR does not show a measurable differences in CE formation, significant 

decreases in CE formation are observed after exposure of cells to 5 Gy IR (4 h time 

point) (Figure 48, A, B and C). The number of CEs decreased to half in all HRR 
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mutant cells lines, tested at 4 h post IR. Thus, a clear contribution of c-NHEJ to CE 

formation is noted after exposure of these mutants to high IR doses (5 Gy).  

In a last experiment, we inquired how combined inhibition of Parp-1 plus DNA-PK 

would change the formation of CEs. For this purpose we exposed V79 (wt) and irs2 

(HRR m) cells to 1 Gy, 2 Gy and 5 Gy in the presence of both DNA-PK as well as the 

Parp-1 inhibitor and scored the formation of CEs. 

 

Figure 49: CE formation upon exposure of Chinese hamster cells to different IR doses in the 
presence of DNA-PK inhibitor and Parp-1 inhibitor. A) V79 (wt) cells and B) Irs2 (HRR m) cells 
were exposed to different IR doses in the presence or absence of DNA-PK inhibitor NU7441 plus 
Parp-1 inhibitor PJ34. CE formation was scored 1 h and 4 h post IR. Results represent the mean of 2 -
3 independent experiments ± SD. 

Combined inhibition of DNA-PK and Parp-1 did not uncover an effect on CE 

formation in V79 (wt) cells as well as irs2 (HRR m) cells in addition to that observed 

with DNA-PK inhibition alone.  
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4.4.2.1 C-NHEJ contributes to CE formation in human 82-6 cells after 

exposure to high IR doses 

In section 4.2.5, we provided evidence that c-NHEJ contributes to PCC break repair 

in human 82-6 (wt) cells. Can we also detect an involvement of c-NHEJ to the 

formation of CEs in human 82-6 cells as well? Earlier reports have implicated c-

NHEJ in the formation of CEs in human cells (Ghezraoui, et al. 2014). To address 

this question, we measured CE formation in 82-6 cells using the protocol described 

above. The results obtained are shown in Figure 50. 

 

Figure 50: CE formation in human 82-6 (wt) cells after exposure to IR alone or in the presence 
of DNA-PK inhibitor. 82-6 cells were exposed to different IR doses alone or in the presence of DNA-
PK inhibitor NU7441. CE formation was determined 1 h and 4 h post IR. Significance of differences 
was calculated using a two tailed student t-test (asterix designation p<0.001 ***, p<0.01 **, p<0.05 *). 

Data represent two independent experiments ± SD. 

Similar, as for the results obtained with Chinese hamster cells, we could detect a 

clear contribution of c-NHEJ to CE formation after exposure of cells to 5 Gy IR in the 

presence of DNA-PK inhibitor. Formation of CEs was decreased to a quarter as 

compared to the IR alone control. Exposure of cells to 1 Gy or 2 Gy IR in the 

presence or absence of DNA-PKi did not result in differences with respect to CE 

formation. 

The results outlined in this fourth part of the thesis have shown that first, the 

formation of CEs increases with increasing radiation dose. Secondly, defects in HRR 

or c-NHEJ renders cells more prone to CE formation. Thirdly, comparing CE 

formation to clonogenic survival we could show correlations between the two 
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endpoints. Fourthly, we could demonstrate a clear contribution of alt-EJ to CE 

formation in c-NHEJ deficient XR1 cells after exposure to 5 Gy IR.  

Last but not least, our results suggest a clear contribution of c-NHEJ to the formation 

of CEs through inhibition of DNA-PK when cells are exposed to 5 Gy IR.  
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5. DISCUSSION 

The repair of IR-induced DNA double strand breaks is of critical importance, for the 

cell, as un-repaired or misrepaired DSBs contribute to genomic instability, 

senescence and apoptosis, predisposing an organism to immunodeficiency, cancer 

or neurological disorders (O'Driscoll and Jeggo 2006; Thoms, et al. 2007). Yet, the 

underlying mechanisms determining the regulation of repair pathway choice are still 

not fully elucidated. The choice for a particular DSB repair pathway is not among 

equals and the selection for a particular repair pathway will ultimately determine the 

fate of the irradiated cell. 

The primary aim of the present thesis was to contribute to the elucidation of a dose 

dependent regulation of DSB repair pathway choice, specifically in the G2-phase of 

the cell cycle, where all described pathways are active. As endpoint, we chose 

chromatid breaks and their processing. While chromatid breaks are normally 

analyzed at metaphase, here we opted for the premature chromosome condensation 

approach that allows visualization and scoring of chromatid breaks not only for cells 

at metaphase, but also for cells throughout the G2-phase of the cell cycle. The 

underlying assumption of all these experiments is that chromatid breaks reflect 

subsets of DSBs.  

5.1 Validation of the premature chromosome condensation technique 

Premature chromosome condensation has been intensively used to study the 

dynamics of IR induced chromatid breaks throughout the cell cycle. PCC, in contrast 

to classical cytogenetic, provides information about chromosomes in G2-phase, while 

classical cytogenetics, report the final rejoining outcome. Moreover, PCC 

circumvents complications associated with the strong activation of G2-checkpoint at 

high IR doses, and is not biased by cells, which for whatever reason are unable to 

reach metaphase. 

One issue often raised when it comes to G2 PCC break kinetics as analyzed using 

classical Giemsa staining concerns possible contamination with S-phase cells. Thus, 

the PCC technique does not allow discrimination between G2 PCCs originating from 

cells that were in G2 at irradiation, and G2 PCCs coming from cells that were in S-

phase at the time of IR but have since progressed to G2 (see Figure 14). An 
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additional complication is that at times, late S-phase PCC may have appearance 

similar to G2 PCCs that have sustained DNA damage. 

We here developed a protocol which allows us to distinguish between PCCs resulting 

from cells in G2 at the time of IR exposure and those deriving from S-phase that have 

progressed to G2. The protocol involves labeling using an EdU pulse just before 

exposure to IR.  

With this new approach, we were not only able to validate our PCC break kinetic 

experiments, but also to add cell cycle specificity to the PCC technique and open 

new avenues for addressing cell cycle specific questions in DNA damage response.  

We demonstrated that there is not significant difference between the processing of IR 

induced PCC breaks, in EdU positive and negative PCCs when measured in a 6 h 

timeframe employed in the experiment described here (see Figure 23). 

Comprehensive analysis has shown that the developed protocol allows us to study 

cell cycle changes upon exposure to IR. Thus, activation of cell cycle checkpoints 

upon IR exposure will be ultimately reflected in the fraction of EdU negative and 

positive PCCs found. G2/M checkpoint activation, for example, will hold G2 cells back 

from entering mitosis in an effort to prevent damaged DNA from being segregated 

(Deckbar, et al. 2007; Löbrich and Jeggo 2007). In line with this, we found a greater 

fraction of EdU negative PCCs remaining at the later time points in Chinese hamster 

cells exposed to IR (see Figure 21). Similar observations were also made by Bussink 

et al. who looked at the fraction of metaphases that came from G2 and S-phase on 

the basis of BrdUrd staining. Also Bussink et al. found a progressive decrease in 

metaphases coming from the S-phase and a corresponding increase in metaphases 

coming from G2-phase at later time points after 1 Gy IR (Bussink, et al. 1996). 

Moreover, in line with findings by Soni (Soni 2010), we also observed abrogated 

checkpoint for HRR mutant cells, which was reflected by a faster increase in the 

fraction of EdU positive PCCs at the later time points post IR as compared to 

wildtype cells (see Figure 23, B and C).  

We furthermore show that the amount of EdU incorporated in PCCs, can be used to 

discriminate between different sub stages of S-phase (see Figure 17and Figure 18). 

Similar observations were also made by Gotoh and colleagues, which used Cy3-2’-
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deoxyuridine-5’-triphosphate to stain S-phase PCCs (Gotoh 2007). Also Li and 

colleagues could show a relationship between EdU incorporation and S-phase sub 

stages (Li, et al. 2014). Last but not least, also Bussink et al. confirmed, on the basis 

of classical cytogenetics, increased BrdUrd staining for early S-phase cells that reach 

metaphase (Bussink, et al. 1996). 

Additionally, the observation of EdU distinct banding patterns (see Figure 17, Figure 

19) on PCCs as well as on metaphase chromosomes hint towards precise timing of 

DNA replication for different chromosome regions. Indeed, literature searches 

revealed that EdU banding patterns coincide with so called replication time zones. 

Such banding patterns have even been employed for assessing the structure of 

chromosomes in relation to their banding patterns following DNA replication (Di 

Tomaso M.V. 2006; Goren and Cedar 2003; Hoshi O 2011).  

With regard to PCC technique validation, we found that depending on the cell line, 

the fraction of G2 cells that are condensed to G2 PCCs is around 50 – 60% when 

comparing the PCC index to results obtained by two-parameter flow cytometry 

(Supplementary Figure 4 and Supplementary Figure 5). The PCC index 

determined was around 3-7% when analyzing Giemsa stained slides (Figure 24). 

Studies carried out by others claim that the PCC index is around 20% (Gotoh 2009), 

which is different to the results obtained here. Those differences will need to be 

further addressed with more detailed approaches to uncover the real fraction of G2 

cells that is condensed to G2 PCCs. 

5.2 Contribution of DNA DSB repair pathways to the processing of IR induced 

PCC breaks 

Our primary focus of the studies described here was to investigate a putative dose-

dependent regulation of DSB repair pathway choice, by employing CB, as a model 

for DSB repair, overall. 

As stated above, only a small subset of DSBs (10 – 20%) is converted to visible 

chromatid breaks (Martín, et al. 2014; Terzoudi, et al. 2008). Furthermore, abrogation 

of HRR or c-NHEJ has been associated with a higher susceptibility towards 

chromosomal breakage (Bryant, et al. 2008; Parshad, et al. 1984; Parshad and 

Sanford 2001; Taylor 1978). Determination of the percentage of DSBs that are 
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converted to PCC breaks using different Chinese hamster cell lines and one human 

cell line are in line with this observation (Figure 31, Figure 32, Table 3, Table 4).  

The induction of PCC breaks followed a linear dose response relationship, which is 

similar to the induction of DSBs, and has been extensively described throughout the 

literature (Antonelli, et al. 2015; Barnard, et al. 2013; Gotoh 2009; Kawata, et al. 

2004; Leatherbarrow, et al. 2006).  

Employing chemical inhibition of DNA-PK and cell lines mutated in key components 

of c-NHEJ to uncover a contribution of c-NHEJ to CB repair, we indeed were able to 

show a dose dependent regulation of DSB repair pathway utilization. Thus, we 

showed through comprehensive analysis in different rodent and human cells, a 

critical role of c-NHEJ to PCC break processing after exposure of cells to relatively 

high IR (>2 Gy) doses (Figure 27, Figure 29, Figure 32, Figure 33) .  

We moreover unraveled the critical importance of HRR at low IR doses, for PCC 

break processing which can compensate for abrogated c-NHEJ (see Figure 27 and 

Figure 32). The importance of HRR at low IR doses was in particular obvious in HRR 

mutant cell lines, which failed to repair IR induced PCC breaks after low doses of IR 

(refer to Figure 32, B and C).These results are in agreement with previous 

experiments (Siemann 2013; Soni 2010; Soni, et al. 2014). 

As stated before (Siemann 2013; Soni 2010), a contribution of Parp-1 dependent alt-

EJ to PCC break rejoining could not be detected (refer to Figure 36, Figure 37, 

Figure 38).  

Finally, our results show a clear dose dependent regulation of DSB repair pathways.  

Figure 51 shows a graphic model summarizing our observations.  

In this model CBs (as measured by PCC) are repaired predominantly by HRR at low 

IR doses (<2 Gy). Inhibition of c-NHEJ will have minor effects on CB repair, while 

inhibition or mutation of HRR will result in repair abrogation and increased formation 

of CEs. Yet, with increasing IR dose (> 2 Gy) DSB repair will be shunted to c-NHEJ 

and HRR will play no role in PCC break repair. Shunting of DSB repair pathways to 

c-NHEJ however, will also increase the formation of CEs. Chemical inhibition of c-

NHEJ will lead to un-rejoined PCC breaks, while inhibition or mutation in HRR will not 

affect PCC break rejoining.  
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Figure 51: Graphical model for a dose dependent regulation of DSB repair pathways. For details 
refer to text. 

The molecular determinants underlying such a dose dependent DSB repair pathway 

regulation remain elusive.   

One determinant could be the increasing load of DSBs (and therefore CBs) with 

increasing IR dose. C-NHEJ is characterized by its speed in re-joining DSBs and 

probably cells want to make sure that breaks are not left un-rejoined. This would 

explain the shunting of DSBs to c-NHEJ with increasing IR dose.   

Also, the biochemical nature of the DSB underlying the chromosome break may be a 

determining factor. Ionizing radiation in general causes a plethora of different kinds of 

damages, including base damages, sugar lesions, single strand breaks and of course 

DSBs. Thus, the composition and biochemical nature of a DSB at low and high IR 

doses may differ. In addition, the need to clean up the break to render them ligatable 

or the need for processing may contribute to DSB repair pathway choice. 
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The role of resection in the repair pathway choice needs to be addressed. In fact, 

several studies have indicated a critical role of DSB end resection in the decision of 

DSB repair pathways (Ceccaldi, et al. 2015; Kakarougkas and Jeggo 2014).  

Considering that resection is critical for HRR to engage and that Ochs and 

colleagues (Ochs, et al. 2016) showed that an increasing load of DSBs triggers 

hyper-resection of DSB, investigating the role of resection in PCC break processing 

would be of outermost interest. One approach to elucidate the role of resection in 

PCC break processing could be to combine immunofluorescence with cytogenetics. 

Such an approach could include the visualization of molecules (foci experiments) 

important for DNA end resection, including amongst others RPA70, CtIP or Mre11. 

5.3 Contributions of DNA DSB repair pathways to the formation of 

chromosomal exchanges as measured by premature chromosome 

condensation 

Abrogation of key components of DSB repair pathways has been linked to CE 

formation, which in turn leads to tumorigenesis and genomic instability (Bunting and 

Nussenzweig 2013; Iarovaia 2014; Iliakis, et al. 2004; Kasparek and Humphrey 2011; 

Natarajan and Palitti 2008; Nussenzweig and Nussenzweig 2010; Soni, et al. 2014).  

In agreement with this observation we found a 2 – 3 fold higher induction of CEs in 

HRR and c-NHEJ mutant cell lines as compared to CE induction in wildtype cells 

(Figure 43, B). Moreover, we could demonstrate that CE formation confers to an 

increased sensitivity to IR induced cell killing (Figure 43, A), which is in accordance 

to observations by Hlatky et al. and Sasai et al. (Hlatky, et al. 2002; Sasai, et al. 

1994).  

One repair pathway, repeatedly implicated in CE formation is alt-EJ. Particular role is 

attributed to Parp-1, since its inhibition decreases CE formation (Byrne, et al. 2014; 

Soni, et al. 2014; Wray, et al. 2013).  

Results with G2 PCCs, failed to show a clear contribution of alt-EJ to CE formation in 

Chinese hamster cell lines, regardless of the applied IR dose (Figure 47 and Figure 

48). These observations differ from previous findings from our lab. Parp-1 inhibition 

was shown to clearly decrease CE formation when measured by PCC technique or 

via classical cytogenetics at low IR doses (Siemann 2013; Soni 2010). 
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Explanations for the observed differences could be the use of aphidiciolin in previous 

PCC experiments (Siemann 2013). We also have to consider that we only 

investigated a time frame of 6 h post IR. Thus, processes involved in PCC 

processing may not be completed within the measured timeframe. Furthermore, we 

have to consider that results obtained with classical cytogenetics reflect the ultimate 

outcome of misrejoining events. Before cells enter mitosis, DSB may undergo further 

processing, or may become filtered through the G2/M-checkpoint. Based on this 

speculation, a possible contribution of alt-EJ may be hidden when analyzing CE 

formation in G2 via the PCC method. 

Furthermore, we also have to keep in mind that we measured the contribution of alt-

EJ only via Parp-1 inhibition. Yet, several studies have also suggested the existence 

of different alternative end joining pathways which are independent of Parp-1 

(Decottignies 2013).  For future experiments it would be very interesting to address 

the role of Ligase 1, Ligase 3 or polymerase θ in the formation of CEs, since all three 

molecules have been implicated in CE formation (Beagan and McVey 2015; Lu, et al. 

2016; Puizina, et al. 2004; Simsek, et al. 2011; Yamaguchi-Iwai, et al. 1999). 

However, a clear contribution of Parp-1 dependent alt-EJ was observed for XRCC4 

mutated Chinese hamster cells after exposure to high IR doses (refer to Figure 46). 

Here Parp-1 inhibition reduced the number of CEs. In this respect it would be 

interesting in the future to check the contribution of alt-EJ also in cell lines which bear 

mutations in other key components of c-NHEJ like DNA-PKcs or Ku.  

Although, we failed to show a clear contribution of alt-EJ to CE formation, we 

nonetheless were able to demonstrate a clear contribution of c-NHEJ to CE formation 

(refer to Figure 47, Figure 48, Figure 50).  

Generally, the role of c-NHEJ to CE formation has been discussed controversially in 

the literature. Both, the suppression of CEs, as well as the promotion of CEs by c-

NHEJ has been suggested (Ferguson, et al. 2000; Ghezraoui, et al. 2014). Yet, we 

have to consider that c-NHEJ is by nature error prone, since it does not ensure 

joining of the correct DSB ends. Taken into consideration that c-NHEJ inhibition 

abrogated PCC break rejoining at high IR doses this observation is not beyond 

expectation.  
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Yet, we will have to address the question of who is in charge of the CEs, still seen 

after c-NHEJ inhibition and those CEs formed after low IR doses. As discussed 

above investigating the role of Lig1, Lig3 and polymerase θ could be one approach, 

but also the investigation of molecules involved in resection like Mre11 and CtIP 

could be of interest, since both have been implicated in CE formation (Roukos and 

Misteli 2014; Zhang and Jasin 2011).  
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6. SUMMARY 

Our data show an IR dose dependent regulation of DSB repair pathways involved in 

the processing of IR induced chromatid breaks, as measured by PCC, in the G2-

phase of the cell cycle. 

While at low doses (<2 Gy) mainly HRR is involved in the processing of IR induced 

PCC breaks, repair is shunted to c-NHEJ with increasing IR dose (> 2Gy). 

Administration of DNA-PK inhibitors, as well as the use of a c-NHEJ mutant cell line 

uncovered the importance of c-NHEJ at high IR doses, since cells showed clear PCC 

break repair abrogation. The critical importance of HRR at low IR doses, to the 

processing of IR induced PCC breaks, was demonstrated by using HRR mutant cell 

lines, which failed to repair PCC breaks after exposure to low IR doses. 

We could show an IR dose dependent regulation of DSB repair pathways not only for 

rodent Chinese hamster cells but also for one human wildtype cell line.  

Furthermore, we developed a protocol, which enables us to distinguish between G2 

PCCs coming from cells that were either in G2 phase during IR or in S-phase on the 

basis of EdU incorporation. With this protocol, we were able to validate our results for 

PCC break kinetics. Moreover, the protocol opens new avenues for addressing cell 

cycle specific questions on a cytogenetic basis. 

Our data also demonstrated that mutations in key molecules of DSB repair pathways, 

renders cells more prone to chromosomal breakage, as well as to CE formation, and 

that these endpoints correlate with radiosensitivity to killing.  

While the contributions of DSB repair pathways to CE formation after low doses of IR 

needs to be further evaluated, we could nevertheless show a clear contribution of c-

NHEJ to CE formation after higher (5 Gy) doses, since c-NHEJ inhibition let to 

decreased CE formation.  

Future studies should focus on the mechanistic determinants of the observed 

regulation of DSB repair pathways. Also, the culprits of CE formation will need to be 

molecularly defined and characterized.  
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8. SUPPLEMENTARY DATA 

 

Supplementary Figure 1: Dose Response curve for IR-induced PCC break induction in different 
Chinese hamster cell lines. 

 

 

Supplementary Figure 2: PCC break repair in 82-6 cells. Breaks have been normalized to the 1h 
time point. The green line serves as an orientation for the time at which 50% of the breaks are 
resolved.  
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Supplementary Figure 3: CE formation upon inhibition of Parp-1 with Olaparib after exposure 
of different Chinese Hamster cell lines to IR. A) V79 and B) CHOK1 wildtype cells as well as two 
HRR mutant cell lines C) Irs2 and D) Irs1 were exposed to 1Gy or 5Gy IR alone or in the presence of 
Parp-1 inhibitor Olaparib. CE formation was scored 4h later. Data represent one experiment. 
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Supplementary Figure 4: Determination of BrdU positive and negative G2 cells for V79 (wt) after 
exposure to different IR doses. 
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Supplementary Figure 5: Determination of BrdU positive and negative G2 cells for Irs2 (HRR) 
cells after exposure to different IR doses. 
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Supplementary Figure 6: Determination of the fraction of EdU negative and EdU positive 
metaphases for V79 (wt) cells after EdU pulse labelling. 

Supplementary Table 1: % Residual damage determined for different Chinese hamster cell lines 
after exposure to IR alone or in the presence of Parp-1 inhibitor PJ34. The residual damage was 
determined by normalizing the number of breaks obtained 4h post IR (Residual) to the initial number 
of PCC breaks (Initial damage). 

Cell line IR dose % Residual damage 
IR alone 

% Residual damage 
IR+Parp-1i (PJ34) 

 
V79 (wt) 

1 44 36 

2 14 18 

5 33 31 

 
Irs2 (Rad51B m) 

1 72 76 

2 49 54 

5 59 52 

 
Irs1 (XRCC2 m) 

 

1 57 53 

2 30 41 

5 39 43 

 
Irs1SF (XRCC3 m) 

1 83 79 

2 54 48 

5 39 44 

 
XR1 (XRCC4 m) 

1 51 40 

2 46 55 

5 98 96 
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