
 

 

 

 

 

 

Modification of nuclear DNA by infrared 

femtosecond laser pulses 
 

 

 

Dissertation 

 

zur Erlangung des akademischen Grades  

eines Doktors der Naturwissenschaften  

(Doctor rerum naturalium) 

 

 

 

vorgelegt von 

 

Eva Christina Gwosch 

 

 

 

an der Universität Konstanz 

Mathematisch-Naturwissenschaftliche Sektion 

Fachbereich Biologie 

 

 

 

Tag der mündlichen Prüfung: 17. Juli 2017 

 

1. Referentin: Prof. (apl.) Dr. Elisa Ferrando-May 

2. Referent: Prof. Dr. Thomas Mayer 

Konstanzer Online-Publikations-System (KOPS) 
URL: http://nbn-resolving.de/urn:nbn:de:bsz:352-0-416415



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

Danksagung 

Zu aller erst, möchte ich mich bei Prof. Dr. Elisa May bedanken, für die Aufnahme in 

die Arbeitsgruppe und für die Möglichkeit in einer interdisziplinären Gruppe an einem 

sehr spannenden Thema zu arbeiten. Bedanken möchte ich mich ganz besonders auch 

für die große Unterstützung während meiner gesamten Promotionszeit und gerade im 

letzten Jahr! Danke! 
 

Vielen Dank an die Mitglieder meines Thesiskommittees, Prof. Dr. Thomas U. Mayer 

und Prof. Dr. Jörg Hartig, für die thematische Begleitung und fachliche Unterstützung. 

Prof. Dr. Thomas U. Mayer danke ich ebenfalls zusammen mit PD Dr. Aswin 

Mangerich für die Bereitschaft in meinem Prüfungskommittee mitzuwirken.  
 

Auch möchte ich herzlichst allen Personen danken, die zum Gelingen dieser 

Doktorarbeit beigetragen haben. Der Arbeitsgruppe von Prof. Dr. Alexander Bürkle für 

die Erlaubnis ihre Geräte mitnutzen zu dürfen und bei der fachlichen Hilfestellung zu 

jeglichen PARP-Fragen. Martin Möckel für das Bereitstellen von Protokollen und 

Chemikalien für die Klonierung der Plasmide. Den Kollaborationspartnern Lisa Rank, 

Annette Buntz und Sarah Wallrodt für die gute Zusammenarbeit und die Entstehung 

zweier Publikationen.  
 

Ein sehr großer Dank geht an Chris, Christina, Steffi, Nadine und Claudio, die sich 

Zeit genommen haben diese Arbeit Korrektur zu lesen.  
 

Vielen Dank an Martin für die großartige Unterstützung zu Beginn meiner Arbeit im CAP-

Labor und für alle fachlichen Fragen rund um das Thema Mikroskopie. Für die vielen 

geschriebenen ImageJ Macros, die durchaus einige meiner Auswertungen erleichtert 

haben. Anschließen möchte ich hier den Dank an Philipp und Claudio für die langen 

und geduldigen Nachhilfestunden in Physik, die manchmal nicht ganz einfach waren. 
 

Meinen lieben Kollegen: Herzlichen Dank, ihr seid die Besten! Vielen Dank für vier 

wunderschöne und unvergessliche Jahre im BIC. Danke für die gute Arbeitsatmosphäre. 

Danke für die vielen Kaffee- und Eispausen, für die gute Kuchenversorgung, fürs 

Kickern, für alle fachlichen und weltlichen Diskussionen, fürs „einfach-nur-da-sein“, für 

die vielen Spieleabende, für die Gin- und Bierverkostungen und für die vielen weiteren 

schönen Momente. Ich habe es sehr genossen! Ein besonderer Dank hierbei an Magda, 

Dani und Nadine, die sich auch des Öfteren meinen Unmut anhören mussten. Danke 

für eure Geduld, das Zuhören und Ratgeber sein. 

Vielen Dank an Steffi, Axel und Tanja für die kurzen Auszeiten während der Arbeit, die 

Kässpatzen und Kochabende, den Segeltrip und unsere Ausflüge. Vielen Dank für eure 

Freundschaft! Und Steffi, vielen Dank für deinen für mich so wichtigen Fahrdienst. Das 

werde ich dir nie vergessen!! 
 

Und zu guter Letzt, vielen Dank an meine Familie. Ohne euch wäre ich nie so weit 

gekommen! Auch wenn ihr bis heute nur den Kopf schütteln könnt, wenn ich am 

Wochenende „Zellen füttern“ geh, ihr habt mich immer meinen Weg gehen lassen. Vielen 

Dank an meine Geschwister für die kurzen Auszeiten an unseren Wochenenden in den 

letzten Jahren. Sie haben unglaublich gutgetan und ich bin froh, dass es euch gibt! 



 

Publications 
 

 

Buntz A, Wallrodt S, Gwosch E, Schmalz M, Beneke S, Ferrando-May E, Marx A, 

Zumbusch A. (2016):  Real-Time Cellular Imaging of Protein Poly(ADP-ribos)ylation. 

Angew Chem Int Ed Engl. 2016 Sep 5;55(37):11256-60, doi: 10.1002/anie.201605282 

 

 

Rank L, Veith S, Gwosch EC, Demgenski J, Ganz M, Jongmans MC, Vogel C, 

Fischbach A, Buerger S, Fischer JM, Zubel T, Stier A, Renner C, Schmalz M, Beneke S, 

Groettrup M, Kuiper RP, Bürkle A, Ferrando-May E, Mangerich A. (2016): Analyzing 

structure-function relationships of artificial and cancer-associated PARP1 variants by 

reconstituting TALEN-generated HeLa PARP1 knock-out cells 

Nucleic Acids Res. 2016 Dec 1;44(21):10386-10405 doi: 10.1093/nar/gkw859 

 

 

 



Table of Content   

1 

Table of Content 

 

Table of Content ............................................................................................... 1 

1 Zusammenfassung ..................................................................................... 6 

2 Summary ..................................................................................................... 8 

3 Introduction ................................................................................................ 9 

3.1 The eukaryotic genome ............................................................................... 9 

3.2 Natural sources of DNA damage ................................................................11 

3.2.1 Radiation as exogenous source of DNA damage ......................................11 

3.2.2 Metabolic byproducts as source of endogenous DNA damage..................13 

3.3 The DNA damage response ........................................................................13 

3.3.1 DNA repair pathways ................................................................................14 

3.3.1.1 Base excision repair (BER) and single-strand break repair (SSBR) ............... 15 

3.3.1.2 Nucleotide excision repair (NER) .................................................................... 16 

3.3.1.3 Homologous Recombination (HR) .................................................................. 17 

3.3.1.4 Non-homologous end joining (NHEJ) .............................................................. 18 

3.3.2 The repair scaffold protein XRCC1 ............................................................19 

3.3.2.1 Regulation of XRCC1 by posttranslational modifications ................................ 20 

3.3.2.2 Recruitment of XRCC1 to sites of DNA damage............................................. 20 

3.3.3 Chromatin remodeling in response to DNA damage ..................................21 

3.3.4 DNA damage and cancer ..........................................................................22 

3.4 Artificial sources of DNA damage ..............................................................22 

3.4.1 Induction of DNA strand breaks with neocarzinostatin ...............................22 

3.4.2 Artificial radiation as source of DNA damage ............................................23 

3.4.2.1 DNA damage by multiphoton excitation .......................................................... 24 

3.4.2.2 Induction of DNA damage with non-linear photoperturbation ......................... 25 

3.4.2.3 NIR fiber lasers as tool for studying DNA damage and repair ........................ 26 

3.5 The human proto-oncogene DEK ...............................................................27 

3.5.1 The role of DEK in DNA repair ..................................................................29 

4 Aim ............................................................................................................ 30 

5 Material and Methods ............................................................................... 31 

5.1 Material ........................................................................................................31 

5.1.1 Cell culture ................................................................................................31 

5.1.1.1 Eukaryotic cell lines ......................................................................................... 31 



Table of Content   

2 

5.1.1.2 Cell culture media ............................................................................................ 31 

5.1.1.3 Cell culture components .................................................................................. 31 

5.1.1.4 Transfection reagents ...................................................................................... 32 

5.1.1.5 Plasmids and TALENs .................................................................................... 32 

5.1.2 Bacteria .....................................................................................................32 

5.1.3 Primer and TALEN sequences ..................................................................32 

5.1.4 PCR components ......................................................................................33 

5.1.5 Ladders and standards .............................................................................33 

5.1.6 Restriction Enzymes .................................................................................33 

5.1.7 Dyes..........................................................................................................34 

5.1.8 Antibodies .................................................................................................34 

5.1.9 Kits ............................................................................................................34 

5.1.10 Chemicals .................................................................................................35 

5.1.11 Equipment .................................................................................................36 

5.1.11.1 Agarose Gels ................................................................................................... 36 

5.1.11.2 Centrifuges ...................................................................................................... 36 

5.1.11.3 Cell culture equipment ..................................................................................... 36 

5.1.11.4 Femtosecond pulsed fiber laser setup ............................................................ 37 

5.1.11.5 Microscopy ...................................................................................................... 37 

5.1.11.6 Photometer ...................................................................................................... 38 

5.1.11.7 Pipettes ............................................................................................................ 38 

5.1.11.8 SDS-PAGE and Western Blot ......................................................................... 38 

5.1.11.9 Software .......................................................................................................... 38 

5.1.11.10 Others .............................................................................................................. 38 

5.2 Methods .......................................................................................................39 

5.2.1 Cell culture and cell-based assays ............................................................39 

5.2.1.1 Cell culture....................................................................................................... 39 

5.2.1.2 Maintenance and plating of cells ..................................................................... 40 

5.2.1.3 Cryoconservation of cells ................................................................................ 40 

5.2.1.4 Thawing of cells ............................................................................................... 40 

5.2.1.5 Transfection of cells with Effectene® .............................................................. 40 

5.2.1.6 Transfection of cells with Lipofectamine™ ...................................................... 41 

5.2.1.7 Fluorescence-activated cell sorting (FACS) .................................................... 42 

5.2.1.8 Establishment of a stable HeLa cell line expressing eGFP-XRCC1 using the 

FRT/Flp-In™ System ....................................................................................... 42 

5.2.1.9 Establishment of a stable U2-OS cell line expressing endogenous level of 

eGFP-DEK using TALEN technology .............................................................. 43 

5.2.1.10 Proliferation assay using alamarBlue® reagent .............................................. 43 

5.2.2 DNA damage induction via irradiation .......................................................44 

5.2.2.1 Using X-Ray irradiation for the generation of DNA strand breaks .................. 44 

5.2.2.2 DNA damage induced by UV-irradiation ......................................................... 44 

5.2.3 Near-infrared femtosecond pulsed laser irradiation as tool for DNA damage 
induction ...................................................................................................45 



Table of Content   

3 

5.2.3.1 Characterization of the irradiation volume in biological samples .................... 45 

5.2.3.2 Analysis of the irradiation volume using the pixel method .............................. 46 

5.2.3.3 Determination of the irradiation volume in bleaching samples ........................ 46 

5.2.3.4 Calculation of the irradiation volume using a “quantification of bleaching”- 

method ............................................................................................................. 46 

5.2.3.5 Recruitment studies of the repair protein eGFP-XRCC1 ................................ 47 

5.2.3.6 Recruitment studies of PARP1-GFP and its variants ...................................... 47 

5.2.3.7 Recruitment studies of 2TMR-NAD+ ............................................................... 48 

5.2.3.8 Analysis of recruitment studies........................................................................ 48 

5.2.3.9 DNA damage induction of non-transfected cells ............................................. 49 

5.2.4 Immunocytochemistry and Microscopy ......................................................49 

5.2.4.1 Immunofluorescence detection of γH2AX, 53BP1, DEK, PCNA, Cyclin A and 

HP1α................................................................................................................ 49 

5.2.4.2 Immunofluorescence detection of H3K9me3 .................................................. 50 

5.2.4.3 Immunofluorescence detection of PAR ........................................................... 50 

5.2.4.4 Immunofluorescence detection of CPD and 6-4-PP ....................................... 51 

5.2.4.5 Immunofluorescence detection of Ku80 .......................................................... 52 

5.2.4.6 TdT dUTP nick end labeling (TUNEL) assay .................................................. 52 

5.2.4.7 Confocal microscopy ....................................................................................... 53 

5.2.4.8 Analysis of the fluorescence signal of Ku80 and TUNEL ................................ 53 

5.2.4.9 Analysis of lesion foci ...................................................................................... 53 

5.2.4.10 Analysis of fluorescence signal intensity and nuclear area ............................. 53 

5.2.4.11 Live-cell imaging of eGFP-DEK....................................................................... 54 

5.2.5 Biochemical methods ................................................................................54 

5.2.5.1 Extraction of genomic DNA from eukaryotic cells ........................................... 54 

5.2.5.2 Amplification of DNA fragments using PCR .................................................... 54 

5.2.5.3 Agarose gel electrophoresis ............................................................................ 55 

5.2.5.4 Gibson assembly ............................................................................................. 55 

5.2.5.5 Transformation of plasmids in DH5α by heat shock ....................................... 55 

5.2.5.6 Amplification and purification of plasmids ....................................................... 56 

5.2.5.7 Hot SDS-Lysis for protein extraction ............................................................... 56 

5.2.5.8 Determination of protein yield using the BCA assay ....................................... 56 

5.2.5.9 SDS-PAGE and Western Blotting ................................................................... 57 

6 Results ...................................................................................................... 58 

6.1 Establishment of DNA damage marker detection in HeLa Kyoto and  

BJ-5ta cells ..................................................................................................58 

6.1.1 Chemical induction of DNA damage with neocarzinostatin and H2O2 ........58 

6.1.2 UV-light-dependent DNA damage in BJ-5ta and HeLa Kyoto cells ............60 

6.2 Characterization of parameters for laser microirradiation .......................63 

6.2.1 Determination of the multiphoton excitation volume by different biological 
endpoints ..................................................................................................63 

6.2.2 Development of a suitable test sample for the determination of the irradiation 
volume ......................................................................................................66 



Table of Content   

4 

6.2.3 Effects of 775 nm near infrared femtosecond laser pulses on nuclear  
DNA ..........................................................................................................68 

6.2.3.1 Power-dependent DNA damage induction in cells .......................................... 68 

6.2.3.2 Optimization of the detection of direct DNA damage after microirradiation .... 69 

6.3 Application of femtosecond pulsed laser irradiation for DNA repair 

studies in living cells ..................................................................................72 

6.3.1 Analyzing structure-function relationships of artificial and cancer-associated 
PARP1 variants by reconstituting TALEN-generated HeLa PARP1 knock-out 
cells...........................................................................................................72 

6.3.2 Real-time cellular imaging of protein Poly(ADP-ribos)ylation .....................76 

6.4 Establishment of a reporter cell line expressing eGFP-XRCC1 for DNA 

damage induction with femtosecond pulsed lasers .................................78 

6.5 Characterization of the role of the chromatin architectural factor DEK in 

the response to DNA damage ....................................................................83 

6.5.1 DEK expression impacts response to ionizing radiation ............................84 

6.6 Establishment of a stable U2-OS cell line expressing endogenous levels 

of eGFP-DEK ...............................................................................................88 

6.6.1 Characterization of S-phase specific DEK bodies .....................................91 

6.6.2 DEK body formation in late S-phase of the cell cycle ................................93 

6.6.3 DEK’s potential interaction with heterochromatin markers .........................95 

7 Discussion ................................................................................................ 97 

7.1 Determination of HeLa Kyoto cells as optimal cell line for microirradiation 

experiments .................................................................................................97 

7.2 Adjustment of parameters for laser microirradiation ...............................98 

7.2.1 Illumination spot determination by analysis of DNA damage markers........98 

7.2.2 Establishment of a test sample for identifying the illumination spot of the 
pulsed laser ...............................................................................................99 

7.3 Biological characterization of the effect of 775 nm femtosecond pulsed 

fiber lasers on nuclear DNA ..................................................................... 100 

7.3.1 CSK+R pre-extraction leads to an optimized detection of direct DNA strand 
break markers ......................................................................................... 101 

7.3.2 Power-dependent accumulation of XRCC1 at sites of laser-induced DNA 
damage ................................................................................................... 101 

7.4 Application of laser irradiation for DNA repair studies .......................... 102 

7.4.1 Polymorphism-dependent recruitment of PARP1 and the corresponding 
physiological consequences .................................................................... 103 

7.4.1.1 Negative influence of double transfection on recruitment ............................. 104 

7.4.2 Real-time imaging of PARylation ............................................................. 104 

7.5 Establishment of a reporter HeLa cell line expressing eGFP-XRCC1 ... 105 



Table of Content   

5 

7.5.1 Characterization of the established cell lines regarding their response to DNA 
damage ................................................................................................... 106 

7.6 Characterization of DEK’s role in cellular functions ............................... 107 

7.6.1 DEK is necessary for the DNA damage response ................................... 107 

7.6.2 Analysis of the newly established stable U2-OS cell line expressing 
endogenous levels of eGFP-DEK ............................................................ 109 

7.6.3 A new role of DEK during the cell cycle ................................................... 110 

7.7 Conclusion ................................................................................................ 111 

8 Abbreviations ......................................................................................... 113 

9 Index ........................................................................................................ 115 

9.1 Figures ....................................................................................................... 115 

9.2 Tables ........................................................................................................ 116 

10 Record of Contributions ................................................................. 117 

11 Bibliography .................................................................................... 118 

 

 

 

 

 

 

 

 

 

 

 

 



Zusammenfassung  1 

6 

1 Zusammenfassung 

 

Schädigungen der DNA sind mitunter die schwerwiegendsten Störungen, mit denen 

Zellen konfrontiert sind und die sie bewältigen müssen. Die Identifizierung der durch die 

Schädigungen erzeugten Modifikationen und Veränderungen der DNA sind grundlegend 

entscheidend um die Mechanismen der DNA-Reparatur zu verstehen. Diese 

Reparaturmechanismen beginnen mit der spezifischen Erkennung der DNA-Schäden 

und führen zu einer vollständigen Reparatur, um die wichtige genomische Stabilität zu 

erhalten. Für die bisher bekannten Schlüsselfaktoren, die an der Reparatur beteiligt sind, 

ist der Mechanismus der DNA-Bindung aber weiterhin unklar und erfordert die 

Entwicklung neuer Methoden. Mit Hilfe von Femtosekunden-gepulsten, nah-infraroten 

Lasern können spezifisch im Zellkern DNA-Schäden erzeugt werden, was zu neuen 

Erkenntnissen bezüglich der Schadensantwort der Zellen führt.  

In unserer Forschungsgruppe wurde eine Femtosekunden-gepulste, nah-infrarote 

Laserquelle an ein konfokales Laser-Scanning-Mikroskop gekoppelt, um DNA-Schäden 

zu erzeugen. Der nichtlineare Prozess der Schadensinduktion basiert auf Mehrphotonen 

Absorption und ist Wellenlängen-abhängig. Dadurch werden DNA-Schäden spezifisch 

innerhalb des Zellkerns mit einer hohen räumlichen Auflösung erzeugt. Das möglichst 

kleine, für einen effizienten Schädigungsprozess wichtige, Volumen des Brennpunktes 

wurde anhand eines fluoreszierenden Testpräparats durch die Bleicheffizienz des 

Lasers berechnet. Weitere Untersuchungen der Effekte der hier verwendeten Strahlung 

von 775 nm auf nukleäre DNA beinhaltet die Reproduktion bisher bekannter Ergebnisse 

und die Etablierung neuer Protokolle für die Detektion folgender direkter DNA-

Strangbruchmarker. Der TUNEL Nachweis wurde auf ein Einzel-Zell-Level angepasst 

und konnte zusammen mit der Immunofluoreszenz Markierung von Ku80 erfolgreich an 

Laser-induzierten DNA-Schäden detektiert werden. Erste Untersuchungen in lebenden 

humanen Zellen zeigten eine Akkumulation des Reparaturproteins XRCC1 abhängig von 

der verwendeten Eingangsleistung. Eine hergestellte Reporterzelllinie, die konstitutiv 

eGFP-XRCC1 exprimiert, erleichtert das experimentelle Verfahren und kann zukünftig 

verwendet werden, um eine schnelle biologische Antwort auf Veränderungen im 

Lasersystem zu bekommen. Die direkte Beobachtung des Umsatzes der 

posttranslationalen Modifikation PAR und die Rekrutierung von verschiedenen PARP1 

Varianten vervollständigen die biologische Charakterisierung der Schadensinduktion mit 

775 nm.  

 

Das Chromatin-Strukturprotein DEK ist in verschiedenen zellulären Prozessen, unter 

anderem in der DNA Reparatur, involviert. Es bindet strukturspezifisch vorwiegend an 

kreuzförmige DNA und an Regionen des Heterochromatins. Bisherige Erkenntnisse 

zeigten Veränderungen der DEK Lokalisation unter Replikationsstress, was in dieser 

Arbeit nicht reproduziert werden konnte, möglicherweise aufgrund der Überexpression 

von GFP-DEK in Lebendzellexperimenten. Um kleine endogene Veränderungen von 

DEK im Zellkern zu beobachten, wurde eine stabile U2-OS Zelllinie entwickelt, die 

endogene Level von eGFP-DEK exprimiert. In diesen Zellen konnten Zellzyklus-

abhängige Akkumulationen von eGFP-DEK beobachtet werden. Die Zellzyklusphase, in 

der diese „DEK bodies“ auftauchen, konnte mit Hilfe von Colokalisationsexperimenten 
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mit PCNA als späte S-Phase identifiziert werden. Dieses definierte Erscheinen weist 

möglicherweise auf eine wichtige Rolle von DEK während der Replikation hin und 

erfordert weitere Untersuchungen.  
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2 Summary 

 

DNA damage is one of the most severe insults cells have to cope with. To identify the 

damage-associated modifications of DNA is fundamental for understanding the 

mechanisms of DNA repair that lead to the maintenance of genome stability. Many key 

factors in damage recognition have been identified so far, but their exact interaction with 

DNA remains unclear. Femtosecond pulsed near-infrared lasers are a suitable tool to 

generate specific DNA damage in live cells and thus gain insights into the cellular 

recognition and response to DNA damage.  

In our laboratory, a near-infrared femtosecond pulsed fiber laser source with an emitting 

wavelength of 775 nm is coupled into a confocal laser scanning microscope in order to 

generate and visualize DNA damage. This wavelength-dependent non-linear process, 

which is based on multiphoton absorption, can be performed within the nucleus at a high 

spatial resolution. To determine the focal volume for efficient photodamaging processes, 

a fluorescent polymer slide was developed that allows measuring and calculating the 

spotsize by means of bleaching events. Further analysis of the effect of 775 nm on 

nuclear DNA included the establishment of new protocols for the detection of direct DNA 

strand break markers. The TUNEL assay was adapted to a single-cell level and together 

with the immunocytochemical labeling of Ku80 used to detect strand breaks at sites of 

laser-induced DNA damage. First approaches in live-cell imaging using the DNA repair 

factor XRCC1 demonstrated a power-dependent recruitment to damaged sites. 

Additionally, the newly established reporter cell line stably expressing eGFP-XRCC1 

facilitates experimental handling and can easily be utilized to measure aberrations of the 

microirradiation system via a fast biological response. Time-lapse monitoring of the PAR 

turnover and recruitment kinetics of different PARP1 variants upon damage induction 

complete the comprehensive biological characterization of damage induction at 775 nm.  

 

The chromatin architectural protein DEK is known to be involved in various cellular 

processes including DNA repair and replication. It binds preferentially to cruciform DNA 

and heterochromatic regions. Previous studies demonstrated nuclear release of DEK in 

response to replication stress, which could not be reproduced in this study. To identify 

endogenous changes of DEK’s localization within the nucleus, a U2-OS cell line was 

established where WT DEK is replaced with an eGFP-tagged variant. In these cells, cell 

cycle-dependent focal accumulations of eGFP-DEK could be observed for the first time. 

Their time-window of appearance was identified as late S-phase based on colocalization 

studies with the replication factor PCNA. The defined timing of these DEK bodies even 

in unstressed conditions might indicate an important role of DEK during replication and 

further experiments will identify possible interaction partners and modulators of DEK foci 

formation.  
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3 Introduction 

3.1 The eukaryotic genome  

Since the isolation of deoxyribonucleic acid (DNA) by Friedrich Miescher in 1869 and the 

identification of the structure by Watson and Crick in 1953, DNA is subject of intensive 

research throughout the fields of natural and engineering sciences (Watson and Crick 

1953, Dahm 2008). In the early 1940s, it was discovered that DNA is the carrier of genetic 

information, making it paramount for an organism to protect it from damage (Avery, 

Macleod et al. 1944).  

DNA consists of a sequence of nucleobases (adenine, thymine, cytosine and guanine) 

linked by a sugar-phosphate backbone, building the DNA scaffold for stabilization 

(Marian and Roberts 1993). These bases can be structurally divided into two subclasses: 

the purines (adenine and guanine) and the pyrimidines (thymine and cytosine). By 

building hydrogen bonds between corresponding pairs of DNA bases (adenine-thymine 

and guanine-cytosine), DNA forms a double helix structure (see Figure 3.1). Due to the 

antiparallel connection between the sugar-phosphates, the double helix starts to coil, 

while maintaining elasticity and its dynamic properties. This rotation leads to the 

development of a minor and a major groove, which allows different proteins to bind in a 

structure-specific fashion (Pabo and Sauer 1984, Manning 1985).  

 

 

Figure 3.1: Molecular 
composition and structure of 
DNA. On the left side, a 
simplified model of a DNA 
double helix which twists 
around the two antiparallel 
DNA strands (gray) is shown. 
The connection is established 
via base pairing of the four 
nucleobases guanine (blue), 
cytosine (orange), thymine 
(red) and adenine (green). 
The close-up view of the four 
last DNA base pairs 
represents the molecular 
structure of base pairing and 
the DNA scaffold. The ribose 
(dark gray) and the phosphate 
moieties (brown) are 
connected via the 3’-C atom 
and the 5’-C of the ribose. The 
1’-C atom of the ribose builds 
a N’-glycosidic bond with one 
of the four nucleobases. Base 

pairing is established via hydrogen bonds (red dotted lines) between the amine of one and the 
carboxyl group of the corresponding opposite base. (Prey 2008) 
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Due to the large amount of genes that are encoded on DNA, higher eukaryotic organisms 

have to handle complex and unwieldy DNA fibers. Assuming that the whole DNA of one 

cell is built as one single string, it will be around 2 m in length, which has to be compacted 

into the 10 µm cell nucleus, making different mechanisms of compaction necessary (Ris 

and Kubai 1970).  

For this purpose, higher eukaryotic cells split DNA in single chromosomes, which consist 

additionally of several proteins that help the DNA to compact. This complex is called 

chromatin (Luger, Dechassa et al. 2012). Chromatin itself is a constantly dynamic 

structure with different levels of compaction and regulation, owing to cellular processes 

like transcription and replication. In dividing cells, protein-DNA complexes form the highly 

compacted chromosomes whereas in non-dividing cells there are regions of condensed 

chromatin (heterochromatin) as well as regions of “open” chromatin (euchromatin, 

(Felsenfeld and Groudine 2003)). The small repeating subunits of chromatin, the 

nucleosomes, consist of the DNA double helix wrapped around a core histone complex 

containing two copies of each of the core histones H2A, H2B, H3, and H4. The single 

nucleosomes are connected with a short linker DNA to build a flexible beads-on-a-string 

fiber (see Figure 3.2, (Deem, Li et al. 2012)). Through the binding with the linker histone 

H1, the nucleosome string will be further compacted into higher-order chromatin 

structures including the 30 nm fiber. The existence of latter, however, has not been 

conclusively demonstrated in vivo yet (Nishino, Eltsov et al. 2012). Therefore, the linker 

histone is a possible regulator in dynamic processes of transcription and replication (Li 

and Reinberg 2011).  

Posttranslational modifications at the amino-terminal domains of the core histones play 

an important role in the regulation of chromatin folding and dynamics. These flexible tails 

are targets for many modifications including phosphorylation, acetylation, and 

methylation. They regulate folding processes by both electrostatic shielding of the DNA 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Structure and hierarchical levels of 
compaction of eukaryotic chromatin. The DNA 
double helix is wrapped around the core 
histone octamer to build the nucleosomes. 
They are connected with short linker DNA for 
the beads-on-a-string formation. Further 
compaction leads to a 30 nm fiber and to 
higher-order structures resulting in the highest 
level of compaction, the metaphase 
chromosome. (Felsenfeld and Groudine 2003) 
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and the interaction to adjacent nucleosomes (Gilbert and Ramsahoye 2005). These 

modifications can also influence the histone-DNA interaction by changing binding 

affinities resulting in a transient dynamic unwrapping of the DNA. A possible decrease in 

interaction between histones and DNA can also be reached by a change in the histone 

amino acid sequence resulting in a substitution of the core histones by different histone 

variants (Bowman and Poirier 2015).  

Taken together, posttranslational modifications at histone tails or histone variants are the 

key regulators of the eukaryotic genome structure and control all biological processes 

including DNA repair, replication, transcription, and mitosis. 

 

3.2 Natural sources of DNA damage 

The eukaryotic genome is constantly exposed to different natural DNA damaging agents: 

(1) exogenous sources including radiation and genotoxic compounds, (2) endogenous 

sources which are generated in the cell during metabolic processes including the 

generation of reactive oxygen species (ROS) during respiration, replication errors or 

stalled replication forks (Lopez-Contreras and Fernandez-Capetillo 2012, Mazouzi, 

Velimezi et al. 2014).  

3.2.1 Radiation as exogenous source of DNA damage 

Exposure to sunlight and its electromagnetic radiation is the main source for the 

exogenous induction of DNA damage. It consists of a range from ultraviolet (UV) to 

infrared wavelengths. UV-light itself can be divided into UV-A, UV-B, and UV-C and is 

considered to be the most biologically active component of sunlight (Baron and Suggs 

2014). The spectrum of high-energy UV-C radiation ranges from 200 to 280 nm and is 

able to kill unicellular organism. It is mostly absorbed by the ozone layer in the 

atmosphere (Dupont, Gomez et al. 2013). UV-B light (280 to 320 nm) is only partially 

absorbed by the ozone layer, making it the biologically active radiation in the induction 

of direct DNA damage (Mancebo and Wang 2014). Although humans need UV-B for the 

production of the essential vitamin D, it is the main cause for the development of skin 

cancer (Yagura, Makita et al. 2011).  

Through its direct absorption by the DNA, UV-B radiation generates base dimers within 

adjacent bases on the same DNA strand and cause helix-distorting DNA lesions (so-

called photolesions). The major base lesions are the formation of cyclobutane pyrimidine 

dimers (CPDs) and pyrimidine (6,4) pyrimidone photoproducts (6-4-PP, Figure 3.3, 

(Freeman, Hacham et al. 1989, Shah and He 2015)). These DNA lesions represent a 

form of direct DNA damage and can lead to a false base incorporation during replication 

and consequently to tumorigenesis (Faraji and Dreuw 2014). Formation of CPDs is 

triggered by the absorption of UV-B or UV-C radiation through the 5,6-pyrimidine C-C 

double bonds of adjacent pyrimidine DNA bases leading to the creation of a cyclobutane 

ring structure (see Figure 3.3, right) in an oxygen-independent manner (Cadet, Douki et 

al. 2015, Cadet, Grand et al. 2015). This reaction mostly occurs between two thymine 
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DNA bases, but also the combination of thymine and cytosine is possible (Beukers, Eker 

et al. 2008). To a minor extent (around 20-30% of the whole photolesions) 6-4-PP are 

formed. This reaction can only occur between adjacent thymine DNA bases by building 

a covalent bond between the 6’-C of the first and the 4’-C of the adjacent thymine (Faraji 

and Dreuw 2014, Yokoyama and Mizutani 2014). Although the 6-4-PP is a less helix-

distorting DNA lesion, it might be more mutagenic than the CPDs leading to T-to-C 

transitions during replication (Yokoyama and Mizutani 2014).  

 

 

Figure 3.3: Chemical structures of the major photolesions between thymine bases induced by 
UV-light. The pyrimidine (6,4) pyrimidone photoproduct (left) and the cyclobutane pyrimidine 
dimers (right). (Faraji and Dreuw 2014) 

The third known photolesion, which is induced by UV-B is the photoisomerization product 

of 6-4-PP, the Dewar valence isomer (Taylor, Lu et al. 1990). It was shown that upon 

constant exposure to UV-B light at 320 nm, the 6-4-PPs are able to isomerize into the 

Dewar isomer (Cadet, Sage et al. 2005).  

Lower organisms including bacteria, plants, and non-placental animals have established 

a fast and mostly error-free repair pathway to remove these photolesions. This pathway 

is based on substrate-specific photolyases and the UV-light dependent excitation of their 

cofactor FADH- (Li, Uchida et al. 2006). Although this process should be an advantage 

for all living organisms that are exposed to sunlight, the photolyase genes were lost 

during evolution of the placental mammals. Instead, an alternative pathway was 

developed called nucleotide excision repair (NER, see chapter 3.3.1.2 (Kato, Todo et al. 

1994, Lucas-Lledo and Lynch 2009)).  

95% of the UV-light hitting the earth’s surface consists of UV-A radiation (320 to 400 nm). 

UV-A photons of the lower range are known to be still weakly absorbed by the DNA 

bases and can, therefore, cause CPDs to a small degree (Cadet, Grand et al. 2015, 

Karran and Brem 2016). However, the major cellular effects of UV-A radiation are caused 

by generating radical molecules. The interaction of UV-A with other cellular components 

(called photosensitizers) can mediate the generation of reactive oxygen species (ROS) 

and other organic radicals. ROS can attack the DNA backbone and also non-DNA targets 

for indirect but significant oxidative damage (Wondrak, Jacobson et al. 2006). Potential 

candidate photosensitizers are proteins from the flavin family that are part of the cellular 

metabolism or the skin pigment melanin (Karran and Brem 2016).  

On the one hand, UV-A radiation was shown to generate more CPDs than oxidative base 

modifications indicating that CPDs are the most frequently induced DNA damage in 
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response to overall UV radiation (Baron and Suggs 2014). On the other hand, UV-B 

radiation exhibits the most severe consequences for living organisms (Shah and He 

2015).  

 

3.2.2 Metabolic byproducts as source of endogenous DNA damage 

Many cellular processes naturally generate reactive oxygen species (ROS) as signal 

transducers or critical byproducts in their signaling pathways. The main source for the 

generation of ROS is the respiratory chain in mitochondria, however, processes such as 

inflammation or the degradation of proteins can also cause oxidative stress (Dumont and 

Monari 2015). Metabolic ROS can lead to base damages as primary effect as well as to 

DNA strand breaks by attacking the sugar-phosphate backbone (Figure 3.4, (Slupphaug, 

Kavli et al. 2003)). Because of the radical attack as a secondary effect of the ROS 

production, the resulting DNA damage is an indirect process. To deal with the huge 

amount of ROS generated naturally, cells have established defense mechanisms to 

regulate signal transduction abilities of ROS minimizing the risk of severe mutations. 

These defense mechanisms include metal-binding chelators, catalases, and 

peroxidases in order to reduce the overall amount of ROS within a cell (Cadet and 

Wagner 2013). If these mechanisms fail, DNA base damages or strand breaks 

accumulate, forcing the cell to repair the insults with their established repair pathways 

(see chapter 3.3.1).  

3.3 The DNA damage response 

To maintain genomic integrity, the eukaryotic cell is endowed with different DNA repair 

mechanisms to deal with the thousands of DNA lesions per day. Since the first findings 

about DNA repair mechanisms in yeast, it became more and more clear that the DNA 

damage response (DDR) in higher eukaryotes is a complex but coordinated crosstalk 

between different mechanisms of recognition, binding to and transduction of the 

damaging signal (Elledge 1996, Harper and Elledge 2007, Al-Hakim, Escribano-Diaz et 

al. 2010). They all result in either a successful repair and cell survival or in programmed 

cell death by influencing cellular processes including transcription, the cell cycle, 

chromatin remodeling, RNA processing, energy metabolism or senescence (Ciccia and 

Elledge 2010, Kouranti and Peyroche 2012). Depending on the type of DNA lesion, the 

cell engages different repair pathways, which share the following general principles: 

damage detection, recruitment of transducers, mediators and effectors, and lastly the 

cellular response (Jackson and Bartek 2009, Marechal and Zou 2013). 
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Figure 3.4: Sources and types of DNA damage. The sources of DNA damage can be divided into 
two subclasses, the exogenous sources including radiation and chemicals and endogenous 
sources like metabolic products or spontaneous chemical reactions. Together, they induce UV 
photoproducts (left), single-strand breaks, bulky DNA adducts (purple) and base modifications 
(right). (Hoeijmakers 2009) 

 

Important central transducers and main regulators of the response to DNA strand breaks 

are the phosphatidylinositol-3-kinase-related kinases (PIKK) including the catalytic 

subunit of the DNA-dependent protein kinase (DNA-PKcs), the ataxia telangiectasia-

mutated (ATM) and the ATM and Rad3-related (ATR) kinases (Sirbu and Cortez 2013). 

They control the response at three different levels. Firstly, by introducing 

posttranslational modifications directly or indirectly, including phosphorylation, 

ubiquitination, poly(ADP-ribosyl)ation, acetylation and methylation (Ciccia and Elledge 

2010, Huen and Chen 2010). Secondly, by affecting the chromatin surrounding the DNA 

lesion, and, finally, by signaling cascades that create the cellular environment for the 

damage response (Sirbu and Cortez 2013). Therefore, the DDR kinases are the most 

important players in the damage response. The proteins that act directly downstream of 

ATM or ATR kinases are the mediator proteins (Harper and Elledge 2007). They can act 

as recruiters of further DDR factors or as scaffold proteins for the assembly of further 

complexes (Ciccia and Elledge 2010, Lopez-Contreras and Fernandez-Capetillo 2012). 

The effector proteins play a key role in the physiological processes of the DDR. They are 

activated mostly by phosphorylation and are involved in many processes within a cell. In 

the last years, many effector proteins were identified which take part in DNA replication, 

direct DNA repair, genomic stability, cell cycle regulation or apoptosis (Harper and 

Elledge 2007, Matsuoka, Ballif et al. 2007).  

3.3.1 DNA repair pathways 

The majority of the thousands of DNA lesions that a cell encounters every day are 

modifications of DNA bases or errors in the replication process including changes in the 

DNA structure (Sancar, Lindsey-Boltz et al. 2004). To deal with these types of damage 

the cell has established different repair mechanisms depending on the source of the DNA 

damage. Base modifications are mostly repaired through the base excision repair 
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pathway whereas breaks in the DNA scaffold represent the most severe kind of DNA 

damage (Jackson and Bartek 2009), resulting in the recruitment of a complex machinery 

for the single-strand break (SSB) or double-strand break (DSB) repair (Hoeijmakers 

2009).  

 

3.3.1.1 Base excision repair (BER) and single-strand break repair (SSBR) 

Over 100 different types of non-helix distorting base modifications are known. They are 

caused by oxidation, deamination or alkylation. Many of them are induced by the attack 

of reactive oxygen species (ROS) generated physiologically by the respiratory chain (see 

chapter 3.2.2, (Scott, Rangaswamy et al. 2014)). If not repaired, they can lead to 

replication errors by non-canonical base pairing followed by the incorporation of a wrong 

base (Robertson, Klungland et al. 2009). Because of the huge amount of DNA base 

lesions per day, it is paramount that the base excision repair pathway (BER) acts 

independently from cell cycle phases, being mainly active in G1- and S-phase (Wilson 

and Bohr 2007, Branzei and Foiani 2008, Mjelle, Hegre et al. 2015). The activation of 

BER is based on the detection of the damaged DNA base by substrate-specific DNA 

glycosylases followed by the elimination of the affected nucleotide and the sealing of the 

produced gap. The glycosylases can be divided into two subgroups, the mono-functional 

and bi-functional enzymes. The mono-functional glycosylases recognize and remove the 

damaged base by hydrolyzing the N-glycosidic bond resulting in a natural non-coding 

apurinic/apyrimidinic (AP) site (Ide and Kotera 2004, Iyama and Wilson 2013, Drohat 

and Maiti 2014). Then, DNA endonuclease APE1 binds to the AP site and cleaves the 

phosphodiester backbone, resulting in a 3’-OH end which is essential for DNA synthesis 

and a free 5’-deoxyribophosphate (5’-dRP, (Krokan, Standal et al. 1997, Almeida and 

Sobol 2007)). The bi-functional DNA glycosylases combine these two properties, 

rendering an additional endonuclease unnecessary.  

Downstream of these, the base excision repair pathway follows either the short-patch or 

the long-patch branch. If only one single nucleotide is affected, the short-patch repair 

pathway is used in contrast to the long-patch pathway, which is engaged in the case of 

up to ten affected nucleotides (Dogliotti, Fortini et al. 2001, Almeida and Sobol 2007). 

The fast short-patch pathway of BER proceeds with the recruitment of the scaffold 

protein XRCC1, mediated by the interaction with APE1. XRCC1 is responsible for the 

correct order and cooperation of the single enzymes in the base excision repair (see 

chapter 3.3.2). After being recruited to the site of DNA damage, XRCC1 interacts with 

DNA polymerase β (Polβ) via its N-terminal domain, leading to the removal of the 5’-dRP 

and the recruitment of Ligase III (LigIII). The ATP-dependent sealing of the gap by the 

LigIII-XRCC1 complex is responsible for the integrity of the DNA helix and completes the 

short-patch repair process (Robertson, Klungland et al. 2009).  

Apart from the number of affected nucleotides, it is not fully understood, how the decision 

between the short-patch or long-patch pathway is taken. Several studies exist in which 

the cellular ATP concentration is postulated as the essential point (Gary, Kim et al. 1999, 

Petermann, Ziegler et al. 2003, Robertson, Klungland et al. 2009). A second hypothesis 

is that the long-patch pathway is mainly used in proliferating cells because of the 
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requirement of replication-associated proteins for repair processing (Krokan and Bjoras 

2013). 

In addition to these hypotheses, the long-patch pathway is activated by alterations of 

components involved in the short-patch branch. If the lyase activity of DNA Polβ is 

inhibited by posttranslational modifications or the 5’-dRP moiety is altered, the long-patch 

BER is activated. Thereby, Polβ acts in association with PCNA and the replication factor 

C to displace the 5’-dRP strand into a flap structure (Svilar, Goellner et al. 2011, 

Balakrishnan and Bambara 2013). This structure can be recognized by the Flap 

endonuclease 1 (FEN-1) which cleaves the flap structure in order to prevent DNA 

crosslinks and creates a nick that can be sealed by LigI or the LigIII-XRCC1 complex 

(Fortini and Dogliotti 2007, Balakrishnan and Bambara 2013). Although many of the BER 

proteins have been subject of extensive studies during the last years, the underlying 

biochemical mechanisms remain unclear, potentially because the studies were 

performed mostly on naked DNA without the impact of the chromatin status and the 

nucleosomes (Robertson, Klungland et al. 2009, Balliano and Hayes 2015).  

As the intermediate structure of long- and short-patch BER, a single-strand break occurs, 

associating the single-strand break repair (SSBR) with it. In the SSBR, poly(ADP-ribose) 

polymerases (PARPs) play an important role in signal transduction and regulation of the 

repair machinery via catalyzing the formation of poly(ADP-ribose) (PAR) as a 

posttranslational modification of other repair proteins (D'Amours, Desnoyers et al. 1999). 

The PARP proteins (mainly PARP1 and PARP2) are also involved in the short and the 

long-patch BER by stabilizing and recruiting the XRCC1-complex (see chapter 3.3.2.2) 

and by the subsequent activation via autoPARylation (Wei and Yu 2016). Furthermore, 

several proteins involved in the BER/SSBR pathways interact with PARP1 including 

PCNA, XRCC1, and Polβ (Swindall, Stanley et al. 2013, Tallis, Morra et al. 2014). 

Because of its manifold involvement in these processes, PARP1 is known to be the key 

regulator of strand break repair and a potential target for personalized therapy for anti-

cancer treatment (see chapter 3.3.4, (Schreiber, Dantzer et al. 2006)).  

 

3.3.1.2 Nucleotide excision repair (NER) 

In contrast to the BER pathway, the nucleotide excision repair (NER) is used in resolving 

numerous bulky DNA lesions including helix-distorting base modifications such as 

cyclobutane pyrimidine dimers (CPDs) and 6-4-photoproducts (6-4-PP, (Iyama and 

Wilson 2013)). Since NER is not able to detect or remove specific chemical groups of 

damaged bases, it depends on the recognition of conformational changes of the DNA 

phosphodiester backbone (Sancar, Lindsey-Boltz et al. 2004). For repair mechanisms of 

bulky DNA modifications, NER comprises two sub-pathways. The global genome repair 

(GGR) identifies lesions within the whole genome independently from the cell cycle 

phase, including the bulky photolesions, and the transcription-coupled repair (TCR), 

which only gets activated when the replication polymerase is blocked by lesions within 

the template DNA strand (Hoeijmakers 2009, Spivak 2016, Sugasawa 2016). The 

complex NER pathway is based on enzymes of the Xeroderma Pigmentosum (XP) 

family. The XP proteins were first identified in patients who lack efficient DNA repair after 

exposure to UV-light (Cleaver 1968, DiGiovanna and Kraemer 2012). The two sub-
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pathways differ only in the recognition of the DNA damage. Lesions that cause a minor 

conformational change of the DNA backbone are recognized by DDB2, which in addition 

with DDB1, promotes DNA disruption and recruits the XPC-Rad23b-centrin2 complex. 

XPC is a DNA binding protein with strong preference for distorted DNA and binds the 

strand opposite to the lesion (Nouspikel 2009, Spivak 2016). This complex can also bind 

directly, without the intermediation of the DDB proteins, to significant distortions 

harboring a major conformational change (Spivak 2016). For the unwinding of the DNA 

and the stabilization of the DNA-XPC-interaction, the transcription factor II H (TFIIH) 

helicase complex is recruited to the damaged site after the release of Rad23b (Kamileri, 

Karakasilioti et al. 2012). The TFIIH complex is a transcription initiation complex and 

consists of several proteins of the XP-family (Gillet and Scharer 2006, Feltes and Bonatto 

2015). These are responsible for the recruitment of XPA, RPA, and XPG and for 

unwinding the DNA, creating a small loop consisting of around 30 nucleotides (Houten, 

Kuper et al. 2016). XPA is the scaffold protein for the nucleotide excision repair: it binds 

to ss-dsDNA junctions and functions in coordination with RPA, the replicating protein A 

(Sugitani, Sivley et al. 2016). XPA also facilitates the binding of the XPF-ERCC1 complex 

which participates in the cleavage of the DNA strand 5’ to the created loop. The 

endonuclease XPG cleaves off the damaged DNA strand 3’ of the loop (Shah and He 

2015, Spivak 2016). The now exposed section of ssDNA is protected from degradation 

by binding RPA and the missing nucleotides are filled in by the Polδ-PCNA complex 

similarly to the base excision repair (see chapter 3.3.1.1). Finally, the LigIII-XRCC1 

complex performs the sealing of the newly synthesized DNA strand. 

The initiation mechanism of the transcription-coupled repair pathway is not yet fully 

understood, however, the current model proposes that the stalled RNA polymerase at a 

lesion within an active gene is sufficient for the initiation of TCR (Iyama and Wilson 2013). 

The sensor protein of the stalling RNA polymerase is the CSB (Cockayne syndrome B) 

in coordination with CSA, two proteins identified in patients with the neurodegenerative 

disorder Cockayne syndrome (Vermeulen and Fousteri 2013). With the help of these 

proteins and under the release of the stalled RNA polymerase, the TFIIH complex binds 

to the DNA lesion and the repair pathway follows the GGR principle as described above 

(Scharer 2013).  

Patients with deficiencies in parts of NER are hypersensitive to UV-light and in some 

patients with Xeroderma Pigmentosum neurodegenerative disorders are observed. Most 

of them have mutations in the transcription-coupled repair machinery including proteins 

from the CS-family and the XP-family (Subba Rao 2007).  

 

3.3.1.3 Homologous Recombination (HR) 

DNA double-strand breaks (DSBs) are the most severe damages to a cell. If not repaired, 

they promote genomic instability and lead to mutations or programmed cell death. The 

two known repair pathways for DSBs are cell cycle dependent and differ fundamentally 

in their mechanisms. During G2- and S-phase of the cell cycle, DSBs are repaired via 

homologous recombination (HR) whereas, in G1, non-homologous end joining (NHEJ, 

see chapter 3.3.1.4) is activated (Iyama and Wilson 2013).  
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The advantage of homologous recombination is that in G2- and S-phase the sister 

chromatid of the damaged DNA is present as a template, rendering the repair 

mechanism generally error-free (Rodgers and McVey 2016). The first DNA damage 

sensor of the HR pathway, the MRN complex consists of the proteins MRE11, Rad50 

and NBS1, and binds to the damaged DNA (Czornak, Chughtai et al. 2008). Together 

with CtIP, this complex is responsible for DNA resection leading to short 3’-overhangs of 

single-stranded DNA (Sartori, Lukas et al. 2007). These overhangs can be recognized 

by the ATM kinase, which is activated by the binding to DNA and the MRN complex 

through autophosphorylation. ATM transfers the phosphorylation signal to the histone 

variant H2AX, generating γH2AX, and activates other repair proteins. After DNA end 

resection, the arising single-stranded DNA is coated by RPA to prevent DNA from 

degradation and forming secondary structures (Fanning, Klimovich et al. 2006). The RPA 

coated ssDNA interacts with Rad51, facilitating the formation of a nucleoprotein filament 

and the search for the homologous sister chromatid (West 2003). Binding to the homolog 

sequence results in the generation of a Holliday junction, which enables to copy the 

information from the undamaged strand and ensures an efficient and successful repair 

(Liu and West 2004, Mladenov and Iliakis 2011).  

 

3.3.1.4 Non-homologous end joining (NHEJ) 

The non-homologous end joining repair pathway for DSBs acts mostly during the G1-

phase of the cell cycle, where sister chromatids that may serve as repair templates are 

absent. Although NHEJ takes place in physiological processes like antibody 

development by V(D)J-recombination, it is the most error-prone and mutagenic repair 

mechanism due to the potential loss or gain of nucleotides (Hoeijmakers 2001, Lieber 

2008).  

The pathway can be divided into three major steps resulting in the re-ligation of two DNA 

ends in close proximity (Iyama and Wilson 2013). The broken DNA strands can be 

recognized by the heterodimeric complex Ku70/Ku80 containing a cavity that binds and 

stabilizes the DNA ends (Walker, Corpina et al. 2001, Lopez-Contreras and Fernandez-

Capetillo 2012, Britton, Coates et al. 2013). Additionally, the Ku-DNA complex processes 

the DNA ends for re-joining and keeps the two ends close to each other to prevent 

translocation (Yang, Guo et al. 2016). The twelve C-terminal amino acids of Ku80 are 

responsible for the subsequent binding of the DNA-dependent protein kinase (DNA-PK), 

which is activated through the interaction with the second DNA-PK molecule on the 

opposite DNA end. The active kinases phosphorylate each other and other repair factors, 

which have been recruited (Iyama and Wilson 2013, Rodgers and McVey 2016). 

Downstream in the phosphorylation cascade is XRCC4, which binds to the DNA ends 

and builds a complex together with XLF and DNA ligase 4, which is responsible for the 

ligation of the DNA (Strande, Waters et al. 2012, Aparicio, Baer et al. 2014).  

Deficiencies in the proteins involved in NHEJ lead to a severe combined immunodeficient 

(SCID) phenotype due to the involvement of this pathway in V(D)J recombination. 

Additionally, mouse models lacking XRCC4 or DNA ligase 4 exhibit embryonic lethality 

due to massive neuronal cell death (Gao, Sun et al. 1998, Iyama and Wilson 2013).  
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3.3.2 The repair scaffold protein XRCC1 

The X-ray repair cross-complementing protein 1 (XRCC1) is the scaffold protein for the 

BER and the SSBR (see chapter 3.3.1.1). It lacks any enzymatic activity (Thompson and 

West 2000, Hanssen-Bauer, Solvang-Garten et al. 2011). Although XRCC1 deficiency 

causes embryonic lethality in mouse models (Tebbs, Flannery et al. 1999), cancer cell 

lines lacking XRCC1 are viable but hypersensitive to ionizing radiation and genotoxic 

agents (Caldecott 2003, Vaezi, Feldman et al. 2011), indicating an important role of 

XRCC1 in DNA repair. XRCC1 is a 633 amino acids long protein which is encoded by 

the gene Xrcc1 (Hanssen-Bauer, Solvang-Garten et al. 2012). Many polymorphisms of 

the protein result in hypersensitivity to DNA damage or predisposition to cancer (Ladiges 

2006). It carries a nuclear localization signal (NLS) which is responsible for the 

translocation of the protein into the nucleus, where it functions as a regulator of DNA 

repair pathways via various protein-protein interactions. These interactions are enabled 

through different domains within the XRCC1 protein, shown schematically in Figure 3.5.  

 

 

Figure 3.5: Functional domains of XRCC1 and its interaction partners. The N-terminal domain 
interacts directly with the DNA Polymerase β. The two BRCT domains (BRCA1 C-terminus related 
domain) enable the interaction with PARP1/2 as well as DNA Ligase III. The regions between the 
annotated domains are responsible for binding DDR factors APE1 and PNK (Caldecott 2003).  

The N-terminal domain directly interacts with DNA polymerase β, which is part of the 

BER and important for DNA gap binding in this pathway. The interaction of these two 

proteins is necessary for correct and efficient repair (Kubota, Nash et al. 1996, Dianova, 

Sleeth et al. 2004, Horton, Watson et al. 2008). The binding is structurally mediated by 

the XRCC1 N-terminal β-strands forming a complex with Polβ and the gapped DNA 

(Marintchev, Mullen et al. 1999). DNA Ligase III, which is recruited to the repair complex 

via the BRCT II domain of the XRCC1 C-terminus is responsible for sealing the DNA 

gaps (Campalans, Marsin et al. 2005). BRCA1 C-terminus related domains (BRCT) are 

common among proteins involved in the DNA damage response and mediate binding 

interactions in a phosphorylation-dependent manner (Bork, Hofmann et al. 1997). The 

centrally located BRCT I domain of XRCC1 interacts with the BRCT domain of PARP1, 

a protein playing a role in DNA single-strand break repair (Li, Lu et al. 2013). The BRCT I 

domain additionally carries a PAR binding site, which is also found in many proteins 

involved in different pathways of the DNA damage response and target of 

posttranslational modifications (Pleschke, Kleczkowska et al. 2000, Horton, Stefanick et 

al. 2013). The AP endonuclease 1 binding region (APE1, Figure 3.5) represents the 
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general binding site of many DNA glycosylases, which are part in the recognition of DNA 

base modifications. The region between the two BRCT domains harbors target sites for 

phosphorylation by the protein kinase CK2, regulating XRCC1’s activity and the 

recruitment of other repair factors (Loizou, El-Khamisy et al. 2004, Wei, Nakajima et al. 

2013).  

Apart from its specific functions in the DNA repair pathways, XRCC1 might play a role in 

S-phase during the cell cycle. Different studies reveal a physical interaction of XRCC1 

and components of the cell cycle regulation including PCNA and Cyclin A (Fan, Otterlei 

et al. 2004, Parlanti, Locatelli et al. 2007, Levy, Oehlmann et al. 2009). Both 

colocalization with PCNA and RAD51 and the formation of discrete foci during S-phase 

in undamaged cells link XRCC1 to chromosomal recombination and replication (Taylor, 

Moore et al. 2000, Fan, Otterlei et al. 2004).  

 

3.3.2.1 Regulation of XRCC1 by posttranslational modifications 

XRCC1 function and interactions are regulated by posttranslational modifications 

including phosphorylation, ubiquitination, and poly(ADP-ribosyl)ation. XRCC1 can be 

phosphorylated by casein kinase 2 (CK2) at more than 30 Ser/Thr residues between the 

two BRCT domains. In addition, it can mediate the phosphorylation of other DNA damage 

proteins by the binding and stimulation of other kinases like PNKs and DNA-PKs (Loizou, 

El-Khamisy et al. 2004, Levy, Martz et al. 2006, Hanssen-Bauer, Solvang-Garten et al. 

2012, Wei, Nakajima et al. 2013). The CK2-mediated phosphorylations are crucial for 

the stability of the repair complex XRCC1-DNA LigIII and the assembly of the repair 

machinery for base modifications (Almeida and Sobol 2007, Parsons, Dianova et al. 

2010). Distinct phosphorylation sites in the other domains of XRCC1 mediate the 

interaction with proteins involved in various cellular processes, for example, checkpoint 

kinase 2 (CHK2, (Hanssen-Bauer, Solvang-Garten et al. 2012)). Recent studies have 

been shown, that in response to DSBs the DNA-PK-complex phosphorylates XRCC1 

indicating an involvement of XRCC1 in this repair pathway (Levy, Martz et al. 2006).  

 

3.3.2.2 Recruitment of XRCC1 to sites of DNA damage 

To act as a scaffold protein in the DDR, XRCC1 needs to be recruited to sites of DNA 

damage. Depending on the DNA damaging sensor the recruitment of XRCC1 is 

mediated by the interaction of its domains to different proteins, for example, DNA 

glycosylases (see chapter 3.3.2.1, (Wood, Mitchell et al. 2005)). The eleven known 

glycosylases share similar folding architectures but differ in their substrate specificity 

(Hanssen-Bauer, Solvang-Garten et al. 2012, Odell, Wallace et al. 2013). The 

recruitment of XRCC1 is mediated by the domains lying between aa 183 and aa 403 

(see Figure 3.5) and is independent of the recruitment of DNA glycosylases (Hanssen-

Bauer, Solvang-Garten et al. 2012). However, the mechanism of the recruitment is still 

unclear (Campalans, Kortulewski et al. 2013). Other putative recruiters of XRCC1 are 

PARP1 and PARP2, which are activated by DNA single-strand breaks (Ame, Rolli et al. 

1999). Upon activation, these two proteins synthesize chains of poly(ADP-ribose) that in 

turn can be recognized by the PAR binding motif within the BRCT I domain of XRCC1 
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composed of a cluster of eight acidic and hydrophobic amino acids (Leung and Glover 

2011). Therefore, PAR chains are possible candidates for the XRCC1 recruitment and 

complex formation at single-strand breaks (Masson, Niedergang et al. 1998, El-Khamisy, 

Masutani et al. 2003, Okano, Lan et al. 2003, Mortusewicz, Ame et al. 2007). The 

dissociation of XRCC1 from damaged DNA sites at late stages of the repair pathway is 

a complex and modification-dependent process. It was shown that poly(ADP-

ribosyl)ation is necessary for the stabilization of XRCC1 at SSBs and protects it from 

degradation by ubiquitination. Finally, the removal of PAR by PARG presents XRCC1 

again as a target for phosphorylation resulting in an efficient ubiquitination, facilitating 

the dissociation and degradation of XRCC1 at the end of the repair process (Levy, Martz 

et al. 2006, Wei, Nakajima et al. 2013).  

 

3.3.3 Chromatin remodeling in response to DNA damage 

The complex repair mechanisms of cells after DNA damage are strongly influenced by 

chromatin organization, particularly the processes of DNA double-strand break repair 

(Polo and Almouzni 2015). According to the Access-Repair-Restore model formulated 

by Michael Smerdon, chromatin fibers have to rearrange in order to allow repair factors 

to access the damaged DNA sites (Smerdon 1991). After a successful repair, the original 

chromatin structure has to be restored to maintain epigenetic information.  

The exact molecular mechanisms underlying this model are still unclear, but it is known 

that chromatin rearrangement is the result of a highly controlled and regulated crosstalk 

between posttranslational modifications of either the histones or the repair proteins, 

which are responsible for changes and dynamics within the chromatin structure (Falk, 

Lukasova et al. 2007, van Attikum and Gasser 2009).  

As one of the first DNA damage signals in response to DSBs, H2AX is phosphorylated 

by the ATM-kinase at ser139 to generate γH2AX. γH2AX, in turn, attracts the mediator 

protein MDC1 which recruits again ATM, building a positive feedback loop for further 

signal amplification (Rogakou, Pilch et al. 1998, van Attikum and Gasser 2009). MDC1 

itself is also responsible for additional recruiting a histone acetylase modifying histone 

H3 and H4 leading to the initial chromatin decondensation (Shogren-Knaak, Ishii et al. 

2006, Falk, Lukasova et al. 2007, Lukas, Lukas et al. 2011, Shi and Oberdoerffer 2012). 

Further acetylation at surrounding histone H2 grants access to the repair factors to the 

damaged DNA sites (Kusch, Florens et al. 2004).  

For termination of DNA repair, the chromatin structure has to be restored to maintain 

structural information. The best-studied mechanism in this context is the recruitment of 

histone deacetylases, which promote chromatin compaction and thus terminate the 

repair process by inhibiting access to the DNA (Groth, Rocha et al. 2007).  

Different studies showed that chromatin remodeling does not only occur in cells with 

global DNA damage but also in cells with locally induced DNA damage (Krawczyk, 

Borovski et al. 2012, Tobias, Lob et al. 2013). 
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3.3.4 DNA damage and cancer 

The fundamental purpose of DNA repair is to maintain genomic integrity. If DNA lesions 

are not repaired, they will lead to genome instability, which then, in turn, promote 

tumorigenesis (Lengauer, Kinzler et al. 1998, Hanahan and Weinberg 2011). In general, 

all DNA repair pathways intrinsically contain a risk for cancer due to error-prone 

mechanisms or the false incorporation of nucleotides, which then leads to mutations 

within the genome. In addition, different studies showed that the DNA repair pathways 

are essential processes for a cell because germ-line mutations of repair genes lead to 

cancer predisposition diseases, for example, mutations in Xeroderma Pigmentosum, 

Ataxia Telangiectasia, the Werner Syndrome and the BRCA genes (Hoeijmakers 2001, 

Tian, Gao et al. 2015). In contrast to the loss of function of DNA repair genes in cancer 

predisposition diseases, several studies showed an overexpression of repair genes in 

established tumors, which promotes cell survival and forms the defense mechanism of 

the tumor (Nakad and Schumacher 2016). 

These findings suggest that proteins of the DNA repair pathways are potential targets for 

a personalized cancer therapy. Inhibiting the enzymatic activity of repair polymerases 

can lead to a successful treatment of cancer (Basu, Yap et al. 2012, Gibson and Kraus 

2012, Lord and Ashworth 2012). A promising combination for a personalized therapy is 

the treatment of patients harboring BRCA1 or BRCA2 mutations with PARP inhibitors 

(Lord, Tutt et al. 2015, Geng, Wang et al. 2016).  

 

3.4 Artificial sources of DNA damage  

To foster the study of DNA damage repair pathways, different methods for exogenous 

damage induction have been developed. A first example is an induction with chemicals 

generating oxidative DNA modifications or DNA strand breaks via direct attack of the 

sugar-phosphate backbone. Second, the use of artificial radiation sources to induce DNA 

damage by generated radical molecules within the cell.  

 

3.4.1 Induction of DNA strand breaks with neocarzinostatin 

The antitumor antibiotic neocarzinostatin (NCS) was first discovered and isolated in 1965 

from Streptomyces carcinostaticus F-41 as an inhibitor of DNA synthesis (Ono, 

Watanabe et al. 1966, Joshi and Rawat 2012). It consists of a 1:1 mixture of an 113 

amino acid apoprotein and a tightly bound chromophore (Goldberg 1991). The 

chromophore consists of a cyclic nine-membered ring containing a double bond between 

two triple bonds which is characteristic of the chemical group of the enediynes (Nicolaou, 

Smith et al. 1993, Joshi and Rawat 2012). The chromophore contains a hydrophobic 

cleft, which protects the NCS protein from degradation and is the biologically active part 

of the holoprotein (Napier, Holmquist et al. 1979, Smith, Bauer et al. 1994). The 

activation of the chromophore under reducing conditions or upon addition of thiol results 
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in binding to DNA (Smith, Bauer et al. 1994). The binding of the active holoprotein occurs 

in two different steps. First, binding of the apoprotein at A and T rich regions at the minor 

groove of a B-DNA strand and second, the intercalation of the chromophore between 

DNA bases resulting in an unwinding of the DNA strand (Goldberg 1991). The 

nucleophilic attack leads to a biradical species, which attacks double-stranded DNA and 

can induce bistranded DNA damage (Dedon and Goldberg 1990). By the simultaneous 

abstraction of hydrogen from the DNA backbone, it results in the formation of a 5’-

aldehyde and a 3’-phosphate end. As a DNA-attacking drug, NCS is important for cancer 

treatment and is already in clinical trials in Japan (Joshi and Rawat 2012). 

 

3.4.2 Artificial radiation as source of DNA damage 

To study DNA damage response after radiation it is necessary to mimic the 

environmental radiation from sunlight or other natural radiation sources. The simplest 

experiments are the induction of DNA damage via radiation using UV-light emitting lamps 

or artificial sources like X-ray radiation systems.  

In the beginning of research on DNA damage and their repair mechanism, first 

experiments were performed using artificial UV-light sources resulting in the exposure of 

the complete experimental plate associated with the induction of DNA photolesions and 

the discovery of thymine dimers (Beukers and Berends 1960, Beukers, Eker et al. 2008). 

Later on, it was found that cells that were incubated with nucleotide analogs, for example, 

BrdU, prior to the irradiation with UV-light show an efficient induction of DNA strand 

breaks (Painter 1974). During the years, these methods were reproduced and improved 

and it could be shown that DNA strand breaks can successfully generated in pre-

sensitized cells using a wavelength range of 340-405 nm supported by the detection of 

various damage markers like γH2AX, 53BP1, and RNF8 (Daddysman and Fecko 2011, 

Suzuki, Yamauchi et al. 2011).  

Recently, approaches became of interest, which enable to induce damage at high spatial 

resolution to study damage response mechanisms and kinetics and to reduce the overall 

cellular damage. Further optimizations of the irradiation systems for the new 

requirements were reached by using focused UV lasers or polycarbonate micropore 

membranes in front of the UV-light source (Zuclich 1989). From then on, DNA damage 

could be induced at locally restricted but randomly distributed points within the cell 

(Suzuki, Yamauchi et al. 2010). In these cases, the artificial radiation methods using 

such a membrane generate high amounts of radical species in defined but axially not 

restricted pore regions that attack the cellular environment resulting in multiple locally 

damaged sites, also known as clustered DNA damage.  

Further investigation leads to the development of directed femtosecond pulsed laser 

sources, which can be used to generate DNA damage within a defined sub-nuclear area 

with high spatial and local resolution. Considering the axial extent of the induced damage 

within the cell nucleus, a new technique was established involving multiphoton excitation 

for a limitation of the damage in the axial direction, too (Daddysman and Fecko 2011).  
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3.4.2.1 DNA damage by multiphoton excitation  

The first theory of multiphoton excitation was published in the doctoral dissertation of 

Maria Göppert-Mayer in 1931 (Göppert-Mayer 1931, Shafirovich, Dourandin et al. 1999). 

The technique is based on the excitation through multiple simultaneously interacting low-

energy photons with a fluorophore that is normally excited by a single photon with higher 

energy (Figure 3.6, (Williams, Zipfel et al. 2001)). This “simultaneous” event has to 

happen within 10-16 seconds for a successful transition of the molecule to an excited 

state. The emitted fluorescence of the fluorophore excited by multiple photons is similar 

to the emitted fluorescence of the excitation by a single photon (Zipfel, Williams et al. 

2003).  

 

 

 

 

 

Figure 3.6: Schematic Jablonski 
diagram for multiphoton excitation 
and fluorescence. The required 
energy for the excited state can be 
reached by a single photon (360 nm, 
left) or by simultaneous interaction of 
multiple photons with lower energy 
(720 nm and 1080 nm). The emitted 
fluorescence of all excitation 
processes is similar. (Diaspro, 
Bianchini et al. 2006) 

 

To increase the probability of multiphoton events high-intensity light sources are a 

prerequisite. Therefore, only after the invention of laser technology and their commercial 

availability, the first imaging experiments with multiphoton excitation were performed 

(Denk, Strickler et al. 1990).  

With further development of laser technology in terms of speed and power, femtosecond 

pulsed fiber laser sources became available. The technique became more robust and 

was used in many applications within biological research. The high temporal photon 

density of a short pulsed laser and the additional tight focusing through a high aperture 

objective lens of a microscope can lead to a reasonable amount of multiphoton events 

within the focal volume while using a low average power (Zipfel, Williams et al. 2003).  

The multi-photon excitation process is also called non-linear excitation. For example, the 

two-photon excitation is based on the square-dependency of the fluorescence signal 

from the intensity of the irradiating light source. This means that a doubling of the 

intensity of the irradiating light leads to a fourfold increase in fluorescence intensity 

(Zipfel, Williams et al. 2003). An important consequence of non-linear multiphoton 

excitation is that the probability of multiphoton events is high only in the focal excitation 

volume and decreases quadratically with the distance above and below the focal plane. 

Therefore, out-of-focus light is dramatically reduced (Figure 3.7, (So, Dong et al. 2000, 

Svoboda and Yasuda 2006)).  
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Figure 3.7: Comparison of the excited 
volume between single-photon excitation 
(a) and two-photon excitation (b). 
Fluorescence in the two-photon 
excitation process is only detectable in 
the focal plane and out-of-focus light is 
decreased. (Zipfel, Williams et al. 2003) 

 

 

As described above, the use of multiphoton events for microscopy requires short-pulsed 

fiber lasers of wavelengths between 700-1300 nm. Using this method as a tool for 

biological imaging has different advantages in comparison to one-photon confocal 

microscopy. A first advantage is the reduction of out-of-focus light by excitation only in 

the focal plane and the resultant gain of resolution without the use of a pinhole to remove 

out-of-focus light (Tauer 2002, Daddysman and Fecko 2011). Furthermore, 

photobleaching and phototoxic events that occur when using wavelengths in the UV and 

low visible range are decreased enabling longer imaging times. Finally, due to the higher 

wavelengths, the scattering effects within the tissue are reduced and it is possible to 

image tissue structures until a depth of 800 µm-1 mm. This feature is of high relevance 

for imaging in living organisms or tissues (Tauer 2002, Helmchen and Denk 2005).  

The method, however, has some limitations, that have to be considered. Due to the high 

photon density within the focal volume, phototoxic effects are observed but restricted to 

the focal plane. This can lead to protein degradation and cellular damage, which can 

also occur at wavelengths around 800 nm by three-photon absorption directly by the 

DNA (Drummond, Carter et al. 2002, Tauer 2002). Additionally, the damage is dependent 

on the pulse width provided by the laser source. It was shown that by shortening pulse 

length, cell damage increases. For example, picosecond pulses can be safely used for 

multiphoton imaging before cell damage occurs, whereas femtosecond pulsed lasers 

can only be used at very low average powers for imaging (Konig, Becker et al. 1999).  

Taken together, using near-infrared radiation (NIR) in multiphoton microscopy is a 

valuable non-invasive technique for diagnostics and imaging of living organisms and it is 

very popular in medical and therapeutic applications (Konig 2000, Heselich, Frohns et 

al. 2012).  

 

3.4.2.2 Induction of DNA damage with non-linear photoperturbation 

Non-linear excitation with femtosecond pulses is used to induce directed DNA damage 

for studying the DNA damage response and repair mechanisms. It is a tool to generate 

locally DNA damage, which is restricted in the axial and lateral direction while 

maintaining the integrity of the nuclear membrane (Meldrum, Botchway et al. 2003). 

High-aperture objective lenses ensure to focus the femtosecond pulses to achieve a 
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high-energy deposition within a femtoliter subnuclear region of interest (Ferrando-May, 

Tomas et al. 2013, Gassman and Wilson 2015).  

The first experiments with femtosecond pulsed fiber lasers for the induction of DNA 

damage were performed by Meldrum et al. using a 750 nm laser source and resulted in 

the generation of UV-photolesions within a region of interest (Meldrum, Botchway et al. 

2003, Dinant, de Jager et al. 2007).  

 

In the laboratory of Prof. Elisa Ferrando-May, a microirradiation system was developed 

using a commercially available and tunable femtosecond pulsed fiber laser source 

(Blumhardt 2012). An Er:oscillator emits a fundamental wavelength at 1550 nm with a 

frequency of 40 MHz. The signal is amplified to reach an efficient second harmonic 

generation using a periodically poled lithium niobate (PPLN) crystal to generate the 

working wavelength of 775 nm.  

Through an independent external scanner (UGA40) the laser beam is coupled into a 

confocal microscope (LSM700). The external scanner facilitates the damaging process 

because it is independent of the microscope shutters and mirrors and therefore DNA 

damage can be induced within a randomly chosen but defined region of interest during 

the imaging process (see Figure 3.8). 

 

 
 

Figure 3.8: Schematic overview of the microirradiation system as a tool for targeted DNA damage 
induction. A pulsed Erbium fiber laser source is emitting a fundamental wavelength of 1550 nm 
at 40 MHz which is frequency doubled with a PPLN crystal to a working wavelength of 775 nm 
and pulse lengths of ~100 fs. Through an independent scanner system (UGA40) the laser beam 
is coupled into a confocal microscope. The red line represents a dichroic mirror, which was 
replaced during the optimization procedure in this study. Er: Erbium; SHG: second harmonic 
generation 

 

3.4.2.3 NIR fiber lasers as tool for studying DNA damage and repair 

Since their development, commercially available stable fiber lasers have become an 

important tool in DNA damage and repair research. First findings of the presence of two-

photon processes in solutions of biomolecules were reported with a wavelength of 

532 nm, but the first detection of photolesions in cells was published 20 years later 

(Calmettes and Berns 1983). For this purpose, MH1C1 rat liver cells were irradiated with 

750 nm and 10 mW average power. CPDs were generated, presumably through a three-
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photon absorption process and were detected via immunofluorescence analysis 

(Meldrum, Botchway et al. 2003). Later on, in addition to the UV-photolesions, DNA 

strand break markers were detected either by directly targeting the lesion or the 

recognition of the accumulated downstream proteins involved in the repair mechanisms 

(Lukas, Falck et al. 2003). PARP1, XRCC1 and FEN1, proteins involved in SSBR and 

BER, were identified to accumulate at DNA damage sites after the induction of damage 

with either 532 nm or 800 nm (Kong, Mohanty et al. 2009). A comparative study of Dinant 

et al. was the first experimental evidence for the induction of similar effects using either 

pulsed fiber laser sources in the 800 nm wavelength range or a 405 nm cw-laser and 

pre-incubation with Hoechst33342 (Dinant, de Jager et al. 2007, Kong, Mohanty et al. 

2009).  

Building upon the results of these studies Kong et al. proposed a model for possible 

mechanisms for the induction of DNA damage by different microirradiation systems. DNA 

damage can be induced either by single-photon absorption (405 nm), multiphoton 

absorption (pulsed 800 nm) or by so-called plasma formation (Kong, Mohanty et al. 

2009). The theory of plasma formation was supported by the observation of water 

bubbles within the excited volume surrounding DNA damage sites (Vogel, Linz et al. 

2008). The combination of heat and thermo-elastic stress produced by femtosecond 

pulsed laser sources leads to the generation of reactive oxygen species of the 

surrounding water molecules and the subsequent induction of DNA strand breaks 

(Tirlapur, Konig et al. 2001, Botchway, Reynolds et al. 2010, Dharmadhikari, Bharambe 

et al. 2014).  

According to these studies, a wavelength of 800 nm with a femtosecond pulsed laser 

source leads to the induction of a mixture of DNA lesions. For the study of individual 

repair pathways, it is important to generate only a single type of lesion, i.e. UV-

photolesions or DNA strand breaks. It was shown that with wavelengths above 1 µm the 

selective induction of spatially restricted DNA strand breaks is possible in a power 

dependent manner (Trautlein, Deibler et al. 2010). Using a 107 MHz Er:fiber 

femtosecond pulsed laser system the power-dependent induction of DNA damage at 

775 nm and 1030 nm was compared concerning the efficiency of DSB induction.  

Taken together, a femtosecond pulsed microirradiation system is a tool for studying 

kinetics and dynamics of DNA damage and repair factors in a three-dimensionally 

restricted volume with high spatial and temporal resolution (Daddysman and Fecko 

2011). The use of different wavelengths and average powers leads to the selective 

formation of either photolesions or DNA strand breaks (Ferrando-May, Tomas et al. 

2013, Tomas, Blumhardt et al. 2013).  

 

3.5 The human proto-oncogene DEK 

The human chromosomal architectural protein DEK was discovered in 1990 in a subset 

of patients with acute myeloid leukemia, where it is involved in the oncogenic (6;9) 

chromosomal translocation associated with a particular poor prognosis for the patients 

(von Lindern, Poustka et al. 1990, Logan, Mor-Vaknin et al. 2015).  



Introduction  3.5 

28 

Later on, DEK was independently discovered as a nuclear protein influencing DNA 

topology in SV40 minichromosomes (Alexiadis, Waldmann et al. 2000).  

So far, it is known that the DEK protein is ubiquitous in all multicellular animals, but 

absent in yeast and C. elegans indicating an important role in chromatin organization, 

which became more complex during evolution (Privette Vinnedge, Kappes et al. 2013). 

DEK is a non-histone, but strongly chromatin-associated factor with a 43 kDa molecular 

weight and 375 mostly basic amino acids with defined stretches of acidic residues 

(Waldmann, Scholten et al. 2004). The structure of the DEK protein is still only partially 

known and was elucidated by NMR spectroscopy (Waldmann, Baack et al. 2003). Five 

helices in the central region and three helices in the C-terminal region were identified 

connected with unknown structures of flexible amino acid chains (Privette Vinnedge, 

Kappes et al. 2013). These helices mediate the strong DEK-dsDNA interaction. Three 

DNA binding sites are located within the DEK sequence, a pseudo SAP domain, a SAP 

domain and a C-terminal DNA-binding domain.  

The centrally located pseudo SAP domain consists of three helices with structural 

homology to the SAP motif. This motif consists of 35 specific amino acids that are also 

found in many other DNA binding proteins. Additionally, the second helix of the SAP 

domain facilitates protein-protein interactions of DEK. The three C-terminal helices 

represent the third DNA binding site (Privette Vinnedge, Kappes et al. 2013). The correct 

structure of DEK-dsDNA binding sites is still poorly understood, but it is known that DEK 

preferentially binds structure-specifically to non-B-DNA forms including supercoiled 

structures and four-way junctions independently from the underlying DNA sequence 

(Waldmann, Baack et al. 2003). Through a centrally located NLS sequence, the DEK 

protein is translocated into the cell nucleus.  

In rapidly proliferating cells DEK is highly expressed, whereas in resting and 

differentiated cells the DEK expression level is low (Waldmann, Scholten et al. 2004). 

The general DEK level in cultured HeLa cells does not change throughout the cell cycle, 

with DEK remaining associated to chromatin, but there are cell cycle dependent 

alterations in the phosphorylation state of the protein (Kappes, Burger et al. 2001). DEK 

comprises 42 potential phosphorylation sites of which the most are located in the C-

terminal region (Kappes, Scholten et al. 2004, Waldmann, Scholten et al. 2004, Privette 

Vinnedge, Kappes et al. 2013). In the G1-phase of the cell cycle, DEK is two-fold more 

phosphorylated than in S-phase, an effect, which is mediated mostly by the casein kinase 

2 (CK2, (Kappes, Damoc et al. 2004)).  

The regulation of the DNA binding affinity of DEK is dependent on its phosphorylation 

state. A highly phosphorylated DEK in vitro exhibits a reduced affinity to DNA. In vivo, a 

reduction of the phosphorylation state is not linked with a reduced binding affinity but 

might trigger protein multimerization resulting in protein aggregates of DEK (Kappes, 

Damoc et al. 2004).  

As a chromatin-associated factor, DEK has an influence on DNA topology which can be 

mediated by the heterochromatin protein 1α (HP1α). DEK sustains HP1α’s function to 

methylate histone H3 at Lys9, an epigenetic mark, which is found preferentially in 

heterochromatic regions. High expression of DEK results in a higher level of H3K9me3 

leading to chromatin compaction, whereas low levels of DEK reduce the H3K9me3 mark 

leading to a more open chromatin structure (Saha, Kappes et al. 2013).  
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Additionally to the DNA binding sites, DEK harbors three PAR binding domains for non-

covalent and covalent binding of poly(ADP-ribose) chains. It is hypothesized that these 

modifications of DEK regulate several cellular functions including its subcellular 

localization and interaction with other proteins or structures (Privette Vinnedge, Kappes 

et al. 2013).  

Studying the expression level of DEK it was shown that the overexpression of DEK 

results in the inhibition of cell death, the promotion of mitotic defects and the 

transformation of human keratinocytes, whereas a transient knockdown leads to 

apoptosis (Kavanaugh, Wise-Draper et al. 2011, Matrka, Hennigan et al. 2015).  

Taken together, DEK’s localization is linked to heterochromatic regions, but the exact 

function and mechanisms of the DEK-DNA interaction are still unclear. It is a target for 

posttranslational modifications, mostly phosphorylation and PARylation, and thereby it 

has an impact on various cellular functions.  

3.5.1 The role of DEK in DNA repair 

One of DEK’s many cellular functions is its involvement in the complex mechanisms of 

DNA repair. The first hints of an influence of DEK on DNA repair came from studies with 

downregulated DEK expression in cancer cells. Although cells with a transient RNAi-

mediated DEK knockdown did not show any changes in the response to radiation, cells 

with a persistent knockdown using shRNA demonstrated a hypersensitivity to genotoxic 

agents (Waldmann, Scholten et al. 2004, Saha, Kappes et al. 2013, Deutzmann, Ganz 

et al. 2015). This lead to the hypothesis that DEK protects cells from genotoxic insults 

and therefore is involved in the DNA damage response (Kappes, Fahrer et al. 2008, 

Privette Vinnedge, Kappes et al. 2013).  

Upon closer examination of the DEK sequence, the SAP domain reveals features in 

common with other DNA repair proteins like the poly(ADP-ribose) polymerases (PARPs) 

and Ku70, a protein which is involved in non-homologous end joining (Waldmann, 

Scholten et al. 2004). In this context, DEK is necessary for the formation and recruitment 

of the heterodimer Ku70/80 and leads to the activation of DNA-PKs for further signal 

transduction (Kavanaugh, Wise-Draper et al. 2011, Privette Vinnedge, Kappes et al. 

2013). DEK depletion also triggers ATM activity and a weakened Ku70/80 recruitment 

resulting in an overall decrease of the repair efficiency by NHEJ (Kavanaugh, Wise-

Draper et al. 2011).  

The cooperation of DEK and PARP in the DNA damage response is still unclear, but it 

is known that DEK is highly phosphorylated and PARylated in apoptosis and that PAR-

modified DEK has a crucial role in cell survival (Kappes, Fahrer et al. 2008, Ganz 2016).  

 

Overall, it is hypothesized that DEK does not recruit directly to sites of DNA damage, but 

influences DNA repair pathways by the interaction with different repair factors 

(Kavanaugh, Wise-Draper et al. 2011, Deutzmann 2013). Regarding the involvement of 

DEK in manipulating DNA topology, it is assumed that DEK takes part in the restoration 

process occurring after DNA repair (Kavanaugh, Wise-Draper et al. 2011). 
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4 Aim 

 

Non-linear photodamaging was described to represent a suitable tool for the induction of 

localized DNA damage (Meldrum, Botchway et al. 2003). Previous studies reported that 

near-infrared femtosecond pulses at 775 nm generate a mixture of various types of DNA 

damage (Trautlein, Deibler et al. 2010). In this study, the detection of Ku80 and the 

TUNEL assay as new methods for a direct detection of laser-induced DNA strand breaks 

will be developed and adapted to a single-cell level. The project aims in first approaches 

to a biological characterization of our new microirradiation setup operating at 40 MHz 

and supplemented with an independent scanner unit, which enables simultanous non-

linear photomanipulation and time-lapse confocal imaging. Functional studies of DNA 

repair proteins including the BER scaffold protein XRCC1 will address the influence of 

the applied peak power on the recruitment. A HeLa cell line constitutively expressing 

eGFP-XRCC1 will be generated to act as reporter cell line for an easy and fast biological 

monitoring of the microirradiation setup.  

The heterochromatin associated protein DEK is known to be involved in various cellular 

processes. It binds preferentially to cruciform DNA and seems to be involved in the 

cellular damage response (Waldmann, Baack et al. 2003, Kavanaugh, Wise-Draper et 

al. 2011). This study investigates the role of DEK in the early damage response upon 

ionizing radiation. Using TALEN technology, a U2-OS cell line expressing an 

endogenous level of eGFP-DEK will be established to facilitate the visualization of 

possible localization changes of DEK upon damage induction. 
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5 Material and Methods 

5.1 Material 

5.1.1 Cell culture 

5.1.1.1 Eukaryotic cell lines 

BJ-5ta Lab stock 

HeLa FRT  AG Thomas U. Mayer University of 

Konstanz 

HeLa FRT H2B-mCherry AG Thomas U. Mayer University of 

Konstanz 

HeLa FRT XRCC1-eGFP This study 

HeLa FRT XRCC1-eGFP H2B-mCherry This study 

HeLa Kyoto WT Lab stock 

U2-OS DEK Knockout M. Ganz, University of Konstanz 

U2-OS GFP-DEK This study 

U2-OS WT Lab stock 

 

5.1.1.2 Cell culture media 

DMEM phenol red-free Gibco 

Dulbecco’s modified eagle medium (DMEM) Gibco 

H199 Gibco 

McCoys 5a Medium (modified) Gibco 

Opti-MEM reduced serum medium Gibco 

 

5.1.1.3 Cell culture components 

0.25% Trypsin-EDTA Gibco 

ATM inhibitor (KU-55933) Calbiochem 

Fetal bovine serum standard quality PAA, Capricorn Scientific 

G-418 disulfate salt solution Sigma-Aldrich 

Ganciclovir Cayman Chemical Company 

Hygromycin B, Streptomyces sp., sterile-filtered 

solution in PBS, Cell culture tested 

Calbiochem 

L-Glutamine 200 mM Gibco 

Neocarzinostatin from Streptomyces 

carzinostaticus 

Sigma-Aldrich 

Penicillin / Streptomycin 100 µg/ml Gibco 
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TBB Gift from Dr. L.A. Pinna, 

University of Padua, Italy 

Veliparib (ABT-888) Selleckchem 

 

5.1.1.4 Transfection reagents 

Effectene  Qiagen 

Lipofectamine3000 Invitrogen 

 

5.1.1.5 Plasmids and TALENs 

Plasmids  

PAGFP-H1.2 Trenzyme 

pcDNA5_FRT_eGFP-XRCC1 This study 

pcDNA5_FRT_TO_eGFP_FA T. U. Mayer, University of Konstanz 

pOG44 T. U. Mayer, University of Konstanz 

pc1156-pmRFP-XRCC1 C. Cardoso, TU Darmstadt 

pEGFP-N1-PARP1 + mutants A. Bürkle, University of Konstanz 

pcDNA3.1-macroH2A1.1-GFP A. Ladurner, LMU Munich 

pEGFP-C1-XRCC1 C. Lukas, University of Copenhagen 

pEGFP_N1_eGFP-DEK_exchange matrix This study 

pEGFP-N1-hDEK S. Schädler, University of Konstanz 

pEGFP-C1 BD Bioscience Clontech 

pENmRFP-PCNAL2 C. Cardoso, TU Darmstadt 

pCMV-PAC-Tk C. Karreman, University of Konstanz 

TALENs  

pTAL.CMV.T7.v2.022589 (TALEN left arm) Cellectis Bioresearch 

pTAL.CMV.T7.v2.022591 (TALEN right arm) Cellectis Bioresearch 

 

5.1.2 Bacteria 

E.coli DH5α Lab stock 

 

5.1.3 Primer and TALEN sequences 

pcDNA5-FRT-XRCC1-eGFP  

CMV fwd  5’-cgggccagatatacgcgttgttattaatagtaatcaattacggg-3’ 

CMV rev 5’-cccgtaattgattactattaataacaacgcgtatatctggcccg-3‘ 

XRCC1 fwd-2 5’-gatccaccggatctagataaagcctcgactgtgccttcta-3’ 

XRCC1 rev-2 5’-tagaaggcacagtcgaggctttatctagatccggtggatc-3’ 
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Exchange matrix eGFP-DEK  

TK rein fwd 5’-gtcagatccgctagcgactagtatggcttcgtac-3’ 

TK rein rev 5’-gtacgaagccatactagtcgctagcggatctgac-3’ 

TK raus LH rein fwd 5’-tcattttttaaccaataggcccgccccgcgggacaca-3’ 

TK raus LH rein rev 5’-tgtgtcccgcggggcgggcctattggttaaaaaatga-3’ 

eGFP rein fwd 5’-ccgcatgcaggttcacagcatggtgagcaagggcgag-3’ 

eGFP rein rev 5’-ctcgcccttgctcaccatgctgtgaacctgcatgcgg-3’ 

eGFP raus fwd 5’-atggacgagctgtacaagtccgcctcggcccctgct-3’ 

eGFP raus rev 5’-agcaggggccgaggcggacttgtacagctcgtccat-3’ 

RH raus fwd 5’-ggcgatatgagccctagcggccgcgactctagatcataatc-3’ 

RH raus rev 5’-gattatgatctagagtcgcggccgctagggctcatatcgcc-3’ 

TALEN sequences  

TALEN left arm RVD 5‘-NG-HD-HD-HD-NN-HD-NI-NG-NN-HD-NI-NN-

NN-NG-NG-NG-3‘ 

TALEN right arm RVD 5‘-HD-HD-NN-HD-NI-NN-HD-NI-NN-NN-NN-NN-

HD-HD-NN-NG-3‘ 

 

5.1.4 PCR components 

DMSO Thermo Fisher Scientific 

dNTP mix Thermo Fisher Scientific 

GC-buffer Thermo Fisher Scientific 

HF-buffer Thermo Fisher Scientific 

Kapa High Fidelity DNA Polymerase Peqlab 

Phusion High-Fidelity DNA Polymerase Thermo Fisher Scientific 

 

5.1.5 Ladders and standards 

Biotinylated SDS Page Standard Bio-Rad 

MassRuler DNA Ladder Mix Thermo Fisher Scientific 

Prestained Protein Molecular Weight Marker Fermentas 

 

5.1.6 Restriction Enzymes 

BsrG1 New England Biolabs GmbH 

XbaI New England Biolabs GmbH 

XhoI New England Biolabs GmbH 

 



Material and Methods  5.1 

34 

5.1.7 Dyes 

6 x Mass Ruler Loading Dye Solution Thermo Fisher Scientific 

Alamar blue Invitrogen 

Bromphenol blue Sigma-Aldrich 

Ethidium bromide Sigma-Aldrich 

Hoechst 33342 Sigma-Aldrich 

Ponceau S Sigma-Aldrich 

 

5.1.8 Antibodies 

Alexa Fluor 488 goat α-mouse (H+L) IgG Life Technologies 

Alexa Fluor 488 goat α-rabbit (H+L) IgG Life Technologies 

Alexa Fluor 568 goat α-mouse (H+L) IgG Life Technologies 

Alexa Fluor 568 goat α-rabbit (H+L) IgG Life Technologies 

Alexa Fluor 647 goat α-mouse (H+L) IgG Life Technologies 

Alexa Fluor 647 goat α-rabbit (H+L) IgG Life Technologies 

Goat α-mouse HRP  Dako Denmark 

Goat α-rabbit HRP  Dako Denmark 

Monoclonal mouse α-10H (PAR)  A. Bürkle, Konstanz 

Monoclonal mouse α-6-4-PP IgG2aκ Cosmo Biosciences 

Monoclonal mouse α-Actin IgG2bκ Chemicon 

Monoclonal mouse α-CPD IgG2aκ Cosmo Biosciences 

Monoclonal mouse α-Cyclin A (6E6) IgG1 Santa Cruz 

Monoclonal mouse α-GFP (clone 7.1 

und 13.1) 

IgG1κ Roche Diagnostics 

Monoclonal mouse α-Ku80 IgG1κ Thermo Fisher Scientific 

Monoclonal mouse α-PCNA (pc10) IgG2a Cell Signaling 

Monoclonal mouse α-γH2AX (JBW301) IgG Merck Millipore 

Polyclonal rabbit α-53BP1 (H-300) IgG Santa Cruz 

Polyclonal rabbit α-DEK-877  F. Kappes, Aachen 

Polyclonal rabbit α-H3K9me3 (Lys4) IgG Merck Millipore 

Polyclonal rabbit α-HP1α  Cell Signaling 

Polyclonal rabbit α-PAR  IgG Enzo Life Science 

Streptavidin-biotinylated-HRP  GE Healthcare Life Sciences 

 

5.1.9 Kits 

BCA Protein Assay Kit Pierce Biosciences 

Click-iT® TUNEL Alexa Fluor® 488 

Imaging Assay 

Life Technologies 



Material and Methods  5.1 

35 

Gibson Assembly® Master Mix New England Biolabs 

MinElute Gel Extraction Kit Qiagen 

NuceloBond Xtra Maxi Macherey-Nagel 

QIAprep Spin Miniprep Kit Qiagen 

QIAquick PCR Purification Kit Qiagen 

 

5.1.10 Chemicals 

β-mercaptoethanol Merck Millipore 

Acetic acid  Carl Roth 

Acetone University Supply 

Acrylamide Rotiphorese Gel 30 Carl Roth 

Ammonium chloride Merck 

Bacto Agar BD Biosciences 

Bacto Tryptone BD Biosciences 

Bacto Yeast Extract BD Biosciences 

Bovine Serum Albumin (BSA) Sigma-Aldrich 

Chloroform UVAsol® for Spectroscopy Merck Millipore 

Chroma slides Chroma Technology Group 

Complete Mini Protease Inhibitor Cocktail 

Tablets 

Roche 

DMSO (dimethyl sulfoxide) Sigma-Aldrich 

DNase I Life Technologies 

Dithiothreitol (DTT) Merck Millipore 

Ethanol VWR 

Ethidium bromide Sigma-Aldrich 

Ethylamine tetraacetic acid (EDTA) Sigma-Aldrich 

Glycerol Carl Roth 

Glycine  Carl Roth 

HEPES (4-(2-hydroxyethyl)piperazine-1-

ethanesulfonic acid) 

Carl Roth 

Hydrochloric acid Carl Roth 

Hydrogen peroxide Merck Millipore 

Isopropanol Carl Roth 

Luminol Sigma-Aldrich 

Magnesium chloride Sigma-Aldrich 

Methanol Fluka 

Milk powder Rapilait Migros, Swiss 

Paraformaldehyde Riedel-deHaen 

Pipes Sigma-Aldrich 

Potassium chloride Riedel-deHaen 

Potassium di-Hydrogenphosphate Sigma-Aldrich 

Proteinase K Sigma-Aldrich 
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RNAse A Sigma-Aldrich 

Rotiphorese Gel A Carl Roth 

Rotiphorese Gel B Carl Roth 

SeaKemLe Agarose Cambrex 

Sodium Azide Sigma-Aldrich 

Sodium chloride Carl Roth 

Sodium dodecyl sulfate Sigma-Aldrich 

Sodium Hydroxide Riedel-deHaen 

Di-Sodium phosphate Sigma-Aldrich 

Sucrose Merck Millipore 

TEMED (Tetramethylethylenediamine) Serva 

Trichloroacetic acid Carl Roth 

Tris (tris-(hydroxymethyl)-aminomethane Sigma-Aldrich 

Tris base Sigma-Aldrich 

Triton X-100 Sigma-Aldrich 

Tween20  Sigma-Aldrich 

 

5.1.11 Equipment  

5.1.11.1 Agarose Gels 

Easy Cast electrophoretic systems OWL-Scientific 

Gel cutting tips Corning 

Gel IX Images INTAS 

 

5.1.11.2 Centrifuges 

Centrifuge 5415R Eppendorf 

Centrifuge 5424R Eppendorf 

Centrifuge 5810R Eppendorf 

Galaxy Mini VWR 

Megafuge 2.0R Heraeus 

 

5.1.11.3 Cell culture equipment 

µ-dish35 mm Grid-500 Ibidi 

µ-dish35 mm, high Ibidi 

µ-slide 8-well Ibidi 

15 ml centrifuge tube Corning 

2 ml cryogenic vials Corning 

20, 50 ml Discardit II Syringe  BD Biosciences 

25 mm Syringe filter 0.45 µm/0.22 µm BD Biosciences 
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50 ml centrifuge tube Corning 

6, 10 cm suspension culture dishes Corning 

6-, 12-, 24-, 48-, 96-well culture plates Corning 

75-175 cm² culture flasks Corning 

Casy Cell Counter TT Roche 

Costar Stripettes (5-50 ml) Corning 

HeraCell Incubator Heraeus 

Lab coat Diekhoff 

Laminar Flow HeraSafe  Heraeus 

Mr. Frosty Freezing Container Thermo Fisher Scientific 

Sterile aerosol tips VWR 

Vaccusafe  Integra Biosciences 

Waterbath JB2 Grant Instruments 

5.1.11.4 Femtosecond pulsed fiber laser setup 

FemtoFiber Pro 40 MHz, 775 nm Toptica Photonics 

LSM5 Pascal Carl Zeiss 

LSM700 Carl Zeiss 

Optical components  

- Coated mirrors 
- Dichroic mirrors 
- Beamsplitter 
- Neutral density filter 

Thorlabs 

Power meter Meller Griot 

Scanner UGA-40 Rapp Optoelectronics 

Shutter Controller Thorlabs 

 

5.1.11.5 Microscopy 

20 mm glass slides #1.5 Menzel 

500 ml glass flask Schott 

Aqua Polymount Polysciences 

AxioObserver Z1 Carl Zeiss 

Axiovert 25 Carl Zeiss 

CellObserver HS with Spinning Disc Carl Zeiss 

Immersion oil Immersol 518F Carl Zeiss 

LSM 780 Carl Zeiss 

Microscope slide Menzel Gläser Thermo Fisher Scientific 

Staining Rack Thomas Scientific 
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5.1.11.6 Photometer 

Biodrop Duo Touch Biodrop 

UV-Cuvette Brand 

 

5.1.11.7 Pipettes 

Eppendorf Research Plus Eppendorf 

Pipetboy comfort Integra Biosciences 

Pipette Tips University Supply; Molecular Bioproducts 

 

5.1.11.8 SDS-PAGE and Western Blot 

Amersham Imager  GE Healthcare Life Science 

Fastblot Biometra 

Hydrobond Nitrocellulose membrane Amersham 

Mini Protean Tetra Cell  Bio-Rad 

Polymax1040 Heidolph 

Power Supply EPS301  Amersham 

Whatman Paper VWR 

 

5.1.11.9 Software 

Geneious Biometters New Zealand 

GraphPad Prism GrahPad Software 

ImageJ 

- BIC toolbox 
(Deutzmann, Ganz et al. 2015) 

- Additional macros 

Open source, NIH 

Felix Schönenberger 

 

Martin Stöckl, Christopher Vogel 

Zen black Carl Zeiss 

Zen blue Carl Zeiss 

 

5.1.11.10 Others 

10 cm untreated dish for microbiology Corning 

Ecotron incubator Infors HT 

Diamant cutter Proxxon 

Gas burner Campinggaz 

Glass bottles 25 ml-1000 ml Schott 

GS Gene Linker™ UV chamber Bio-Rad 

Kleenex Kimtek Kimberley Clark 

Magnetic Stirrer MR3001 Heidolph 
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Microwave Samsung 

Parafilm Pichiney Plastic Pack 

Particulate Respirator Mask FFP1 M3 

PCR tubes VWR 

peqSTAR Thermocycler peqlab 

pH meter Inolab 

Reaction tubes University Supply 

Rotilabo® reaction tube black Carl Roth 

Rotilabo® thread flasks Carl Roth 

Scala extend  Sartorius 

Scale CP 225D Sartorius 

Test tubes Schott 

Thermomixer comfort Eppendorf 

Tongue Dumont 5/45 Carl Roth 

Vortex Genie” Scientific Industries 

Waterbath Julabo 

 

 

5.2 Methods 

5.2.1 Cell culture and cell-based assays 

5.2.1.1 Cell culture 

The human cervical adenocarcinoma cancer cell lines HeLa Kyoto, HeLa FRT and their 

derived subtypes HeLa FRT_eGFP-XRCC1 and HeLa FRT_eGFP-XRCC1_H2B-

mCherry cells were cultured in uncoated flasks in Dulbecco's Modified Eagle Medium 

(DMEM, Gibco: Nr. 41966-029) supplemented with 10% fetal bovine serum (FCS), 

100 U/ml penicillin, 100 µg/ml streptomycin and 2 mM L-Glutamine at humidified 

conditions (37°C, 5% CO2 atmosphere). The HeLa FRT_eGFP-XRCC1_H2B-mCherry 

was additionally supplemented with 500 µg/ml Geneticin (G-418).  

 

U2-OS are human osteosarcoma cells. The wildtype (WT) and DEK knockout were 

cultured in McCoy’s 5a (modified) medium supplemented with 10% fetal bovine serum 

(FCS), 100 U/ml penicillin and 100 µg/ml streptomycin at humidified conditions (37°C, 

5% CO2 atmosphere).  

 

As non-cancerous cell line, BJ-5ta fibroblasts were used in this study. The hTERT 

immortalized foreskin cells were cultured in DMEM: M199 (4:1) medium supplemented 

with 10% fetal bovine serum, 100 U/ml penicillin and 100 µg/ml streptomycin. To keep 

the cells in the immortalized state 10 µg/ml Hygromycin B was added to the 

supplemented medium. The cells were incubated at humidified conditions (37°C, 5% 

CO2 atmosphere).  
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5.2.1.2 Maintenance and plating of cells 

To keep the cells in a healthy state, they were subcultured in a ratio of 1:5 to 1:15 every 

two to three days if the confluence of 80-90% was reached. The medium was aspirated 

and the cells were washed once with warm 1 x PBS (137 mM NaCl, 10 mM Na2HPO4 x 

2 H2O, 3 mM KH2PO4, pH 7.4). 1 ml (T75) 0.25% Trypsin-EDTA was added and the cells 

were incubated for 1-2 min (HeLa cells) or 3-4 min (U2-OS and BJ-5ta cells) at 

humidified conditions to detach. To inactivate the trypsin reaction an appropriate amount 

of around 10 ml medium was added to the cells and they were harvested via 

centrifugation for 5 min at 270 x g at RT. The cell pellet was resuspended in 

supplemented medium and transferred into a clean culture flask. For experiments, the 

cells were seeded in a defined number into cell culture dishes. The cell number was 

determined after resuspension of the cell pellet. Cells were counted using the CASY 

Counter TT (Roche, Basel, Switzerland) according to the manufacturer’s protocol. The 

defined cell number was diluted in the appropriate amount of fresh medium, spread into 

the culture dishes and incubated at humidified conditions for at least 24 h. By using ibidi 

dishes (ibidi, Martinsried, Germany) the dishes were carefully knocked after 10 min of 

incubation for a better cell distribution.  

 

5.2.1.3 Cryoconservation of cells 

For longer storage, the cells were conserved in liquid nitrogen preferably in an early cell 

passage. Cells were harvested as described in 5.2.1.2. The cell pellet was resuspended 

in an appropriate amount of freeze medium (supplemented medium, 10% FCS and 10% 

DMSO) to reach a cell density of 1 * 106 cells/ml (HeLa) or 3 * 106 (U2-OS). 1 ml of the 

dilution was transferred into a cryovial and immediately frozen in a freezing container at 

-80°C. The next day the vials were transferred into liquid nitrogen.  

 

5.2.1.4 Thawing of cells 

For thawing the cells, the frozen cryovial was warmed up in a 37°C water bath until about 

20% of the cell solution was still frozen. The cell suspension was transferred into 49 ml 

of pre-warmed medium and harvested via centrifugation (270 x g, 5 min, RT). The cell 

pellet was resuspended in fresh medium, transferred to a new culture flask and incubated 

at humidified conditions. The cells should be passaged once before using them for 

experiments.  

 

5.2.1.5 Transfection of cells with Effectene® 

For the transient expression of fluorescently labeled proteins, cells were transfected with 

the desired plasmids using the Effectene® Kit (Qiagen; Hilden, Germany) according to 

the manufacturer’s protocol. Cells were seeded as described in chapter 5.2.1.2 24 h prior 

to the experiment. The plasmid DNA was diluted in EC buffer to a total amount of 100 µl. 

Additionally, 8 x the µg weight of DNA Enhancer was added. The reaction mix was 
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vortexed for 1 sec and incubated for 4 min at room temperature (RT). For complex 

formation 10 x of the µg amount of DNA Effectene® was added and the mix was vortexed 

again for 7 sec and incubated for 10 min at RT. To stop the reaction, 50 µl of fresh 

medium was added. The medium of the cells was changed and the reaction mix was 

added drop-wise. After 4 h of incubation, the medium was changed again to remove 

excessive transfection complexes. For protein expression, the cells were subsequently 

incubated for 24 h at humidified conditions (37°C, 5% CO2). For experiments with double 

transfected cells, the amounts of Enhancer and Effectene were adjusted to the whole 

DNA amount.  

The best transfection conditions for the transient expression of different proteins used in 

this study are listed in Table 5.1: 

 

Cell line Plasmid Cell number/ibidi µg DNA 

HeLa Kyoto pEGFP-C1-XRCC1 105 1 µg 

 PAGFP-H1.2 0.75 * 105 0.2 µg  

 pcDNA5_FRT_eGFP-XRCC1 4 * 105 1 µg 

 pcDNA3.1-macroH2A1.1-GFP 105 0.5 µg 

 pc1156-pmRFP-XRCC1 105 0.5 µg 

 pEGFP-N1_PARP1 + mutants 105 0.5 µg 

    

HeLa FRT pcDNA5_FRT_eGFP-XRCC1 105 1 µg  

 pOG44 4 * 105 1 µg 

 pEGFP-C1-XRCC1 105 1 µg 

    

Table 5.1: Plasmids used for the transfection with Effectene® 

 

5.2.1.6 Transfection of cells with Lipofectamine™ 

Plasmid DNA was transiently introduced into U2-OS cells via Lipofectamine™ 

(Invitrogen, Germany). The cells were seeded 24 h prior to the experiment and 

subsequently incubated until a confluence of 70-90% was reached. For the transfection 

reaction, the desired plasmid DNA (see Table 5.2) was diluted in 200 µl Opti-MEM® and 

2.5 µl P3000. In a second tube, 5 µl Lipofectamine™ was diluted in 200 µl Opti-MEM®. 

To start complex formation of Lipofectamine™ and the nucleic acid, the diluted DNA was 

transferred to the tube containing Lipofectamine™ and the combined reaction mix was 

incubated for 5 min at RT. The DNA-lipid complex was added drop-wise to the cells and 

the expression was visualized via light microscopy 24 h after incubation (37°C, 5% CO2). 

 

Cell line Plasmid Cell number/ibidi µg DNA 

U2-OS pEGFP-N1-hDEK 2 * 105 2 µg 

 pEGFP-C1 2 * 105 0.5 µg  

 pENmRFP-PCNAL2 2 * 105 1 µg 

    

Table 5.2: Plasmids used for the transfection with Lipofectamine™ 
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5.2.1.7 Fluorescence-activated cell sorting (FACS) 

The FACS analysis was used for single cell sorting during the establishment of the stable 

cell lines expressing a fluorescently labeled protein (see 5.2.1.8 and 5.2.1.9).  

The method is based on a high-throughput single cell measurement and their emission 

of light. For this, the cells were detached and diluted 5 - 7.5 * 106 cells/ml in FACS buffer 

(1 mM EDTA, 1% FCS in 1 x PBS, sterile filtered) and analyzed in the FACS facility of 

the University of Konstanz by Stefanie Bürger. Depending on the different emission 

properties of the cells the positively transfected cells were separated in 96-well plates 

containing conditioned medium (used medium, sterile filtered). 

 

5.2.1.8 Establishment of a stable HeLa cell line expressing eGFP-XRCC1 using 

the FRT/Flp-In™ System 

For the stable cell line expressing the fluorescently labeled repair protein eGFP-XRCC1 

the FRT/Flp-In™ System (Invitrogen, Germany) was used. It allows the integration and 

expression of the gene of interest in mammalian cells based on the DNA recombination 

ability at the FRT site (O'Gorman, Fox et al. 1991). The FRT site (Flp Recombination 

Target) was randomly introduced into the cellular genome via lentiviral infection of the 

cells. At this site, the vector carrying the gene of interest was integrated into the genome 

via site-directed recombination. The initial HeLa FRT cell line and HeLa FRT H2B-

mCherry cell line were kindly provided by the group of Thomas U. Mayer of the University 

of Konstanz, Germany.  

For the establishment of the stable cell line expressing eGFP-XRCC1 both initial cell 

lines, HeLa FRT and HeLa FRT H2B-mCherry were used.  

The first day 8 * 105 cells were seeded in a 6 cm dish and incubated for 6 h to allow the 

cells to attach to the surface. After the incubation time the cells were double transfected 

as described above (5.2.1.5) with 1 µg pcDNA5_FRT_eGFP-XRCC1 and 1 µg pOG44, 

the expression vector for the Flp recombinase. The next day the medium was changed 

to remove the Effectene® reaction mix. When the cells reached 90% confluence they 

were expanded into two 10 cm dishes for sorting experiments. After one week of 

incubation, the cells which integrated the gene of interest and expressed a fluorescence 

signal for GFP that could be analyzed by FACS analysis (see 5.2.1.7) were determined 

as positive. The positive cells were collected in 96-well plates (1 cell/well) containing 

50% fresh medium and 50% conditioned medium (used medium, frozen and sterile 

filtered) and immediately incubated at 37°C. The next days the plates were checked for 

single colonies positive for a fluorescence signal for GFP. These clones were amplified 

and frozen for long-term storage in liquid nitrogen as described in 5.2.1.3. The behavior 

of the cells and the recruitment ability of eGFP-XRCC1 was subsequently tested.  
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5.2.1.9 Establishment of a stable U2-OS cell line expressing endogenous level of 

eGFP-DEK using TALEN technology 

A second method to establish a stable cell line in mammalian cells is the TALEN 

technology based on the introduction of a double-strand break and the homology-

directed repair (Wright, Li et al. 2014). TALENs are fusion proteins consisting of a site-

specific TAL effector DNA binding domain coupled with a nuclease. Through the 

introduction of a site-specific DNA double-strand break and the availability of an 

exchange matrix carrying the sequence for a fluorescence signal, the endogenous 

proteins can be constantly coupled with a fluorescence tag via a gene knock-in. The 

TALENs used in this study were designed by Magdalena Ganz (Bioimaging Center, 

University of Konstanz, Germany) and synthesized by Cellectis Bioresearch 

(Romainville, France).  

The establishment of the stable U2-OS cell line is based on the triple transfection of both 

TALENs (forward and reverse) and the pEGFP-N1-eGFP-DEK exchange matrix. For this 

3 * 105 cells were seeded into a 6-well 24 h prior the experiment. They were transfected 

with 0.2 µg DNA per TALEN and 0.6 µg DNA of the exchange matrix using the 

Effectene® kit described in 5.2.1.5 and incubated for one week to get rid of the transiently 

transfected cells. Amplification into a 6 cm dish results in having enough positive cells 

for subsequent cell sorting. FACS analysis and cell sorting were performed in the FACS 

facility of the University of Konstanz by Stefanie Bürger (5.2.1.7). The cells positive for 

an eGFP signal were collected as single cells or 100 cells/well in 96-well plates 

containing 50% of fresh medium and 50% of conditioned medium (used medium, frozen 

and sterile filtered) and immediately incubated at 37°C, 5% CO2. Cells were cultivated 

until they reached 90% confluence of a 6-well plate format. Subsequently, cells were 

treated with 2 µg/ml Ganciclovir to ensure the insertion of only the eGFP-tag into the 

genome. The exchange matrix encodes a gene for the expression of a thymidine kinase 

of the Herpes Simplex Virus as a negative selection marker (Karreman 1998). After 

selection for at least four days, the viable clones were amplified. At a suitable cell number 

(10 cm dish) the cells were frozen in one vial for a long-term storage and used for 

continuative experiments (see 5.2.1.3). For the characterization of the cell line 

proliferation, morphology, DEK expression level, and nuclear area were monitored.  

 

5.2.1.10 Proliferation assay using alamarBlue® reagent 

Cell viability can be measured by a variety of experiments including cell proliferation. 

This can be performed by using the alamarBlue® reagent (Invitrogen, UK) which 

functions as viability indicator via the reducing property of living cells. The dark blue non-

fluorescent resazurin solution was added into the growth medium of cells and the 

resazurin was reduced to resorufin by metabolically active cells (Nakayama, Caton et al. 

1997). The resorufin is a red highly fluorescent dye and can be measured by a 

photometer.  

The alamarBlue® reagent proliferation assay was performed to monitor the cell viability 

and proliferation properties of the stable U2-OS cell line expressing eGFP-DEK. 1 * 104 

cells were seeded 24 h prior the experiment in 96-well plates. The next day the medium 
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was replaced by fresh medium containing 10% alamarBlue® reagent and the cells were 

incubated for 1 h at 37°C. Afterward, the fluorescence signal of the reduced resorufin 

was monitored in an Infinite Pro200 plate reader (TECAN) at λex=550 nm and 

λem=590 nm. For data analysis, the average of triplicates was reduced by the value of 

the medium only control. The values were normalized to U2-OS WT. Because of the 

direct proportion between the fluorescence signal and the cell number the proliferation 

ability of the different clones could be monitored.  

 

5.2.2 DNA damage induction via irradiation 

5.2.2.1 Using X-Ray irradiation for the generation of DNA strand breaks 

The induction of DNA damage using X-Ray irradiation was performed in the laboratory 

of Prof. A. Bürkle (University of Konstanz, Germany). 24 h prior the experiment 1 * 105 

HeLa Kyoto or BJ-5ta cells were seeded into 12-well plates containing washed 

coverslips. The next day cells were irradiated in an uncovered plate in an X-RAD® 225 

X-Ray biological irradiator cabinet (PXI – Precision X-Ray, North Branford, USA). The 

plates were placed into a cooled plate holder and experiments were performed by 

adjusted programs for 10 Gy, 5 Gy, and 3 Gy. After irradiation, the plates were incubated 

for the indicated time points either on ice (PAR detection) or at room temperature (γH2AX 

and 53BP1 detection) for a subsequent fixation (see 5.2.4).  

 

5.2.2.2 DNA damage induced by UV-irradiation 

The irradiation using UV-light was performed in two different ways. First, by the use of 

an UV-chamber with defined UV bulbs emitting short-wave irradiation. Second, locally 

induced DNA damage by using a 405 nm diode at a confocal microscope (LSM780, 

Zeiss, Germany).  

For the first experiments, 24 h prior the irradiation process 1 * 105 HeLa or BJ-5ta cells 

were seeded into 12-well plates containing washed coverslips. The next day the 

uncovered plate was irradiated at 150 mJ/cm² in a GS Gene Linker UV chamber and 

subsequently incubated for the indicated time points at room temperature. Afterward, the 

cells were fixed for DNA damage detection (see 5.2.4).  

The evaluation of the recruitment efficiency of the established cell line expressing eGFP-

XRCC1 was performed with a confocal microscope (LSM780, Zeiss) equipped with a 

Plan-Apochromat 40 x/ 1.4 oil objective, a 405 nm laser (diode) used for the induction of 

DNA damage, 488 nm (Argon-ion laser) and 561 nm (DPSS-laser) laser lines for live-

cell imaging. 1 * 105 HeLa Kyoto cells were seeded two days prior to the experiment and 

transfected 24 h later with the expression vector pEGFP-C1-XRCC1 and 

pcDNA5_FRT_eGFP-XRCC1 (5.2.1.5). Additionally, 1 * 105 HeLa FRT eGFP-XRCC1 

cells were seeded on µ35 mm, high-dishes (ibidi, Martinsried, Germany) and incubated 24 h 

at 37°C, 5%CO2. The next day the medium was changed to phenol red-free medium and 

incubated for 15 min at the microscope incubator at 37°C. DNA damage was induced 

with 80% laser power at 405 nm (scan speed: 5, three iterations within a region of 10 x 90 
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pixels). The recruitment was monitored every 5 sec for a total time of 2 min. The 

evaluation was performed with the ImageJ line analysis macro which is available for 

download on http://www.bioimaging-center.uni-konstanz.de (BIC toolbox, University of 

Konstanz, Germany). For each time point, the background-corrected signal intensity of 

the irradiated region was divided by the total fluorescence intensity of the GFP-signal in 

the nucleus deducting the background. Thereafter, data were normalized to the time 

point before irradiation and the relative changes in fluorescence intensity were 

calculated. For data analysis and plotting GraphPad Prism 5.02 (GraphPad Software, La 

Jolla, USA) was used.  

 

5.2.3 Near-infrared femtosecond pulsed laser irradiation as tool for 

DNA damage induction 

Laser irradiation to induce local DNA damage was carried out using near-infrared 

ultrashort laser pulses as described previously (Trautlein, Deibler et al. 2010). Therefore, 

a commercially available 775 nm femtosecond-pulsed fiber laser (Toptica, Munich, 

Germany) with a repetition rate of 40 MHz was coupled into a confocal laser scanning 

microscope (LSM700 or LSM 5 Pascal, Zeiss, Germany). The LSM700 was additionally 

equipped with an independent scanner system (Rapp Optoelectronics, Hamburg, 

Germany) for a more automated irradiation process. The microscopes were equipped 

with an EC Plan-Neofluar 40 x/ 1.3 oil objective and laser lines with 488 nm and 561 nm 

for live-cell imaging. Imaging was facilitated by an automated macro (LIC macro, Life 

Imaging Center, University of Freiburg, Germany). 

 

5.2.3.1 Characterization of the irradiation volume in biological samples 

For the characterization of the irradiation volume, cells were irradiated and immediately 

fixed for a detection of a signal corresponding to the irradiation volume. First, HeLa Kyoto 

cells were seeded and transfected with the expression vector pEGFP-C1-XRCC1 as 

described in 5.2.1.5. The next day the medium was changed to phenol red-free medium 

and incubated at the microscope incubator for 15 min. Cells were irradiated with 775 nm 

at the LSM700 with an average power of 8 mW and at LSM 5 Pascal with an average 

power of 4 mW. Subsequently, cells were fixed with 4% paraformaldehyde in 1 x PBS 

for 15 min at RT. After three washing steps with 1 x PBS the cells were labeled with 

200 ng/ml Hoechst in 1 x PBS for 15 min at room temperature and stored in 1 x PBS 

until microscopy.  

For a more direct method to detect the irradiation volume, the TUNEL assay was 

performed (see 5.2.4.6). Here, non-transfected HeLa Kyoto cells were irradiated with 

775 nm and an average power of 12 mW (LSM700) or 6 mW (LSM Pascal) and 

immediately pre-extracted and fixed for the following TUNEL detection (see 5.2.4.6). 

Evaluation of the irradiation volume was performed by Z-stacks using a confocal 

microscope (LSM780, Zeiss) with 1 AU and 0.3 µm interval. Data evaluation was 

performed using ImageJ (see 5.2.3.2).  
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The third method of evaluation of the irradiation volume was the activation of PAGFP 

using a low range of average power of the laser system (see 5.2.3). Therefore, HeLa 

Kyoto cells were transfected with PAGFP-H1.2 (see 5.2.1.5) and irradiated the next day 

with an average power range from 0.5 mW to 2.5 mW in 0.25 mW steps. For the 

analysis, the Gaussian distribution along the fluorescence signal in y-direction was 

determined and the full-width half maximum (FWHM) was plotted using GraphPad Prism 

5.02 (GraphPad Software, La Jolla, USA). 

 

5.2.3.2 Analysis of the irradiation volume using the pixel method 

For the calculation of the irradiation volume, the monitored Z-stacks of the biological 

samples (see 5.2.3.1) were used. Using ImageJ five different randomly chosen pixels 

along the middle of the irradiated line were chosen and the distribution of the 

fluorescence signal intensity along the Z-stack of each pixel was shown. The FWHM of 

the Gaussian curves were calculated and averaged about the five chosen pixels to 

determine the irradiation volume of a biological sample. The graphs were plotted using 

ImageJ.  

 

5.2.3.3 Determination of the irradiation volume in bleaching samples 

For the production of the bleaching samples, green fluorescent polymer slides (Chroma, 

Bellows Falls, USA) were cut and 20 mg crumbles of the slides were solved in 1 ml 

chloroform on the shaker to get a homogenous solution. The mixture can be stored at -

20°C. Clean 24 x 60 mm coverslips (Menzel, Thermo Scientific, Germany) were warmed 

on a heating plate (around 50°C). The long sides were equally covered with a parafilm 

strip. The coverslip was cooled down to room temperature and 20 µl of the polymer 

solution were dropped between the two parafilm strips and stretched along the 

longitudinal side using a second coverslip. The film was dried out on the heating plate 

for a few seconds. This step was repeated ten times to reach a layer thickness of around 

10-15 µm. At the end, a final drying step was performed for 2 min on the heating plate 

and the layer was covered with a microscope slide. The bleaching sample was cooled 

down to room temperature and could be stored in the dark. 

For recording the data and the following analysis the bleaching samples were irradiated 

using the standard irradiation sequence with constant average power (2 mW) but 

increasing irradiation times. For data evaluation Z-stacks were monitored with a defined 

size of 1536 x 256 pixels and an interval of 0.2 µm in the z-direction. The scan speed 

was adjusted to a pixel dwell time of 4.2 µsec. Data analysis was performed with ImageJ.  

 

5.2.3.4 Calculation of the irradiation volume using a “quantification of 

bleaching”- method 

The quantification of the bleaching efficiency (see 5.2.3.3) was determined via the 

intensity signal of the maximum bleaching (Imin) and their corresponding background 

signal (I0) for each irradiation power. The values of the increasing power were plotted 
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against their ratio of Imin/I0 using GraphPad Prism 5.02 (GraphPad Software, La Jolla, 

USA). Afterward, the nonlinear fit was performed using a one-phase decay - stretched 

exponential with the following formula 

 

𝑌 = (𝑌0 − 𝑌𝑜𝑓𝑓𝑠𝑒𝑡) ∗  𝑒(−𝐾∗𝑋𝑏) + 𝑌𝑜𝑓𝑓𝑠𝑒𝑡 

 

to determine the values of the stretching exponent b, the exponential decay factor K and 

the Yoffset for the remaining signal in the y-direction. The distribution of the bleaching 

efficiencies could be monitored by creating a line of the maximum intensity within a 

calculated spot for the y-direction and the z-direction. Each value of the directions was 

normalized to its corresponding maximum and transformed with the created inverse 

stretched exponential formula. The single curves were fitted with the Gaussian  

 

𝑌 = 𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 ∗ 𝑒𝑥𝑝 (−
(𝑋 − 𝑀𝑒𝑎𝑛)2

𝑆𝐷2 ) 

 

to determine the values of the amplitude, the mean and the standard deviation (SD) for 

each triplicate. For the calculation of the irradiation volume of the two-photon irradiation 

event, the FWHM was calculated with  

 

𝐹𝑊𝐻𝑀 = 𝑆𝐷 ∗ 2 ∗ √ln (2) 

 

using the derived standard deviation from the Gaussian square fitting of the y-direction 

and the z-direction. The FWHM was plotted against the corresponding energy using 

GraphPad Prism. The whole evaluation process was performed with ImageJ.  

 

5.2.3.5 Recruitment studies of the repair protein eGFP-XRCC1 

1 * 105 HeLa Kyoto or HeLa FRT eGFP-XRCC1 cells were seeded on µ-slides (ibidi, 

Martinsried, Germany) 24 h before irradiation. At the day of the experiment, the medium 

was changed to phenol red-free complete medium (DMEM, 31053-028, Gibco, Waltham, 

USA). Within the eGFP-positive cell nuclei, a 6 µm line was irradiated for a total 

irradiation time of 3.78 sec using average power as indicated. The recruitment of the 

protein was observed using a Zeiss EC-Plan-Neofluar 40x/1.3 oil immersion objective 

and a solid-state 488 nm imaging laser with open pinhole settings.  

 

5.2.3.6 Recruitment studies of PARP1-GFP and its variants 

1 * 105 HeLa Kyoto PARP1 knockout cells were seeded on µ-slides (ibidi, Martinsried, 

Germany) 24 h before transfection with 1 µg PARP1-GFP plasmids (PARP1-WT, 

PARP1::L713F; PARP1::E988K and PARP1::V762A::F304L) using Effectene® 

transfection reagent (see 5.2.1.5). The proteins were expressed for 24 h. On the day of 

irradiation, the medium was changed to phenol red-free medium (DMEM,31053-028, 

Gibco, Waltham, USA). Within the GFP-positive cell nuclei, a 6 µm line was irradiated 
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for a total irradiation time of 3.78 sec using 5 mW average power. The recruitment of the 

protein was observed using a Zeiss EC-Plan-Neofluar 40x/1.3 oil immersion objective 

and a solid-state 488 nm imaging laser with open pinhole settings.  

For the recruitment studies of double-transfected cells, HeLa Kyoto PARP1 knockout 

cells were transfected with PARP1-GFP plasmids and XRCC1-RFP. Irradiation was 

performed as described above.  

 

5.2.3.7 Recruitment studies of 2TMR-NAD+ 

For this recruitment studies, all cell culture steps were performed by Annette Buntz from 

the laboratory of Prof. A. Zumbusch (University of Konstanz, Germany). 

1 * 105 HeLa cells were seeded on µ35 mm, high-dishes (ibidi, Martinsried, Germany) two 

days before the experiment. For addition of 2TMR-NAD+ on the day of irradiation, 300 µl 

transfection mix containing 100 µM Pep-1-cysteamine and 25 µM 2-TMR-NAD+ 

supplemented with 1 mM DTT in PBS was prepared and incubated for 30 min at RT in 

the dark for complex formation. Subsequently, cells were washed once with PBS and 

incubated with the transfection mix for 1 h at 37°C and 5% CO2. The transfection mix 

was replaced by phenol-red free complete medium (DMEM, 31053-028; Gibco) after 

three times washing with PBS. For PARP1 inhibition, cells were incubated with 10 µM 

ABT-888 (Selleck Chemicals, Houston, USA) 30 min prior to 2TMR-NAD+ delivery. ABT 

were present during all following experimental steps. Within TMR-positive cell nuclei, a 

6 µm line was irradiated for a total irradiation time of 3.78 sec using 7 mW average 

power. The kinetics of the fluorescence signal of 2-TMR-NAD+ was observed using an 

EC-Plan-Neofluar 40x/1.3 oil immersion objective, a DPSS 555 nm imaging laser with 

an LP560 filter and open pinhole settings. 

 

5.2.3.8 Analysis of recruitment studies 

Analysis of the kinetics of the repair proteins and 2TMR-NAD+ was performed with a line 

analysis macro for ImageJ which is available for download on http://www.bioimaging-

center.uni-konstanz.de (BIC toolbox, University of Konstanz, Germany). For each time 

point, the background-corrected signal intensity of the irradiated line was divided by the 

total fluorescence intensity of the fluorescence signal in the nucleus deducting the 

background. Thereafter, data were normalized to the time point before irradiation and 

the relative changes in fluorescence intensity were calculated and plotted using 

GraphPad Prism 5.02. 

For the power-dependent recruitment of eGFP-XRCC1, the fluorescence intensity of the 

line at the time point 4 min was reduced by the fluorescence signal of the background at 

this time point. The enhancement was related to the intensity of the nuclear signal before 

irradiation and plotted as relative enhancement of eGFP-intensity. The analysis was 

facilitated by an ImageJ macro written by M. Stöckl (Bioimaging Center, University of 

Konstanz).  
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5.2.3.9 DNA damage induction of non-transfected cells 

For the subsequent immunofluorescence detection of DNA damage markers, HeLa 

Kyoto cells were irradiated. 1 * 105 cells were seeded in µ35 mm Grid-500 dishes 24 h prior 

the experiment. The next day the medium was changed to phenol red-free medium and 

incubated at the microscope for at least 15 min at 37°C. Within the cell nuclei, a 6 µm 

line was irradiated for a total irradiation time of 3.78 sec using an average power as 

indicated. For the detection of DNA damage markers, the cells were immediately fixed 

for subsequent immunocytochemistry (see 5.2.4). The irradiation process was facilitated 

by using the LIC macro (Life Imaging Center, University of Freiburg, Germany).  

 

5.2.4 Immunocytochemistry and Microscopy 

5.2.4.1 Immunofluorescence detection of γH2AX, 53BP1, DEK, PCNA, Cyclin A 

and HP1α 

24 h prior to the experiment 0.8 * 105 cells (HeLa Kyoto, BJ-5ta, U2-OS WT or U2-OS 

eGFP-DEK) were seeded in either 12-well plates containing a washed coverslip or µ35 mm 

Grid-500 dishes for microirradiation experiments and incubated at 37°C, 5% CO2 until 

experiment starts. If not stated otherwise, all the experimental steps were performed at 

RT. Cells were treated as indicated and subsequently fixed with 4% PFA in 1 x PBS for 

15 min. Cells for detection of γH2AX after microirradiation were incubated for 10 min in 

the microscope incubator before fixation. The coverslips were transferred into a staining 

rack and cells were washed once with 1 x PBS for 5 min followed by an incubation step 

with 50 mM NH4Cl/PBS for 10 min. After two washing steps with 1 x PBS for 5 min the 

cells were permeabilized for 4 min using 0.2% Triton X-100/PBS and subsequently 

washed twice with 1 x PBS for 5 min. For the detection of PCNA cells were permeabilized 

with 100% ice-cold methanol for 5 min at -20°C instead. To reduce background staining, 

cells were incubated in 1% BSA/PBS for 30 min. Meanwhile, the primary antibody was 

diluted as stated below (Table 5.3) and centrifuged prior to use at 16100 x g for 15 min 

at 4°C. The following incubation was performed in a dark, humid chamber at 4°C 

overnight. The next day, cells were washed three times with 1 x PBS (5 min, 10 min, and 

15 min) followed by the appropriate secondary antibody incubation for 30 min in the dark. 

Prior to use the antibody was diluted in 10% NGS/PBS and centrifuged (16100 x g, 

15 min, 4°C). After additional washing steps with 1 x PBS (5 min, 10 min, 15min) cell 

nuclei were counterstained with 200 ng/ml Hoechst 33342 in 1 x PBS for 15 min. The 

glass slides were mounted on microscope slides using Aqua Polymount and stored at 

least 24 h at 4°C for hardening before microscopy. Cells in ibidi-dishes were stored in 

1 x PBS at 4°C. 

 

Primary antibody Dilution Diluent 

Monoclonal mouse α-10H (PAR) 1:300 5% milk/PBS + 0.05% Tween20 

Monoclonal mouse α-6-4-PP 1:3000 5% FCS/PBS 

Monoclonal mouse α-CPD 1:1000 5% FCS/PBS 
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Monoclonal mouse α-Cyclin A 1:200 1% BSA/PBS 

Monoclonal mouse α-Ku80 1:100 5% BSA/PBS + 0.1% Triton X-100 

Monoclonal mouse α-PCNA 1:400 10% NGS/PBS 

Monoclonal mouse α-γH2AX 1:1000 10% NGS/PBS 

Polyclonal rabbit α-53BP1 1:200 1% BSA/PBS 

Polyclonal rabbit α-DEK-877 1:5000 10% NGS/PBS 

Polyclonal rabbit α-H3K9me3 1:200 5% BSA/PBS + 0.5% Triton X-100 

Polyclonal rabbit α-HP1α 1:400 10% NGS/PBS 

Polyclonal rabbit α-PAR  1:1000 Complete DMEM + 0.05% Sodium 

Azide 

Table 5.3: Primary antibodies for immunofluorescence detection and their corresponding 
dilutions.  

 

5.2.4.2 Immunofluorescence detection of H3K9me3 

24 h prior the experiment 0.8 * 105 cells U2-OS GFP-DEK cells were seeded in 12-well 

plates containing a washed coverslip and incubated at 37°C, 5% CO2 until the beginning 

of the experiment. If not stated otherwise, all experimental steps were performed at RT. 

Cells were fixed with 4% PFA in 1 x PBS for 20 min. The coverslips were transferred into 

a staining rack and the cells were washed once with 1 x PBS for 5 min followed by an 

incubation step with 50 mM NH4Cl/PBS for 10 min. After two washing steps with 1 x PBS 

for 5 min the cells were permeabilized for 4 min using 0.6% Triton X-100/PBS and 

subsequently washed twice with 1 x PBS for 5 min. For blocking, cells were incubated in 

5% BSA/PBS + 0.5% Triton X-100 for 30 min. Meanwhile, the primary antibody was 

diluted (Table 5.3) and centrifuged prior to use at 16100 x g for 15 min at 4°C and the 

following incubation was performed in a dark, humid chamber at 4°C overnight. The next 

day, cells were washed three times with 1 x PBS (5 min, 10 min, and 15 min) followed 

by the appropriate secondary antibody incubation for 60 min in the dark. Prior to use the 

antibody was diluted in 1% BSA/PBS and centrifuged (16100 x g, 15 min, 4°C). After 

additional washing steps with 1 x PBS (5 min, 10 min, 15min) the cell nuclei were 

counterstained with 200 ng/ml Hoechst 33342 in 1 x PBS for 15 min. The glass slides 

were mounted on microscope slides using Aqua Polymount and stored at least 24 h at 

4°C for hardening before microscopy. 

 

5.2.4.3 Immunofluorescence detection of PAR 

For the detection of Poly(ADP)-ribose two different antibodies were used. 24 h prior to 

the experiment 0.8 * 105 cells (HeLa Kyoto, BJ-5ta, U2-OS WT or U2-OS DEK KO) were 

seeded in either 12-well plates containing a washed coverslip or µ35 mm Grid-500 dishes 

for microirradiation experiments and incubated at 37°C, 5% CO2 until the beginning of 

the experiment. If not stated otherwise, all the experimental steps were performed at RT. 

Cells were treated either with 500 µM H2O2 for 30 min at 37°C or with UV-light or X-Ray 

irradiation (see 5.2.2.1 and 5.2.2.2) and incubated for the indicated time points.  
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Detection of the DNA double-strand break induced Poly(ADP)-ribose was performed by 

immunocytochemistry using the 10H antibody. Here, the cells were fixed after the 

treatment with a 3:1 methanol: acetate solution for 5 min and the coverslips were 

transferred into a staining rack. After two washing steps with 1 x PBS/ 1 mM MgCl2, the 

cells were incubated in the primary antibody solution (Table 5.3) overnight at 4°C in a 

dark, humid chamber. The next day the cells were washed 3 x 10 min with 1 x PBS and 

incubated for 1 h at 37°C with the appropriate secondary antibody diluted in 5% milk in 

PBS/ 0.05% Tween20. After three washing steps in 1 x PBS for 10 min, the cell nuclei 

were counterstained with 200 ng/ml Hoechst 33342 for 15 min. Glass slides were 

mounted on microscope slides using Aqua Polymount and stored at least 24 h at 4°C for 

hardening before microscopy. 

In contrast to the 10H-antibody immunochemistry analysis, the PAR polyclonal antibody 

detects additionally short PAR chains and proteins modified with Poly(ADP)-ribose. Cells 

were fixed in 4% PFA/PBS for 12 min. The coverslips were transferred into a staining 

rack and cells were washed once with 1 x PBS for 5 min followed by a permeabilization 

for 5 min using 0.2% Triton X-100/PBS and subsequently washed twice with 1 x PBS for 

5 min. The primary antibody was diluted (Table 5.3) and centrifuged prior to use at 

16100 x g for 15 min at 4°C. The following incubation was performed in a dark, humid 

chamber at room temperature for 2 hours. Cells were washed three times with 1 x PBS 

(5 min, 10 min, and 15 min) followed by the appropriate secondary antibody incubation 

for 60 min in the dark. Prior to use, the antibody was diluted in complete DMEM 

containing 0.05% sodium azide and centrifuged (16100 x g, 15 min, 4°C). After 

additional washing steps with 1 x PBS (5 min, 10 min, 15min) cell nuclei were 

counterstained using 200 ng/ml Hoechst 33342 in 1 x PBS for 15 min. Glass slides were 

mounted on microscope slides using Aqua Polymount and stored at least 24 h at 4°C for 

hardening before microscopy. 

 

5.2.4.4 Immunofluorescence detection of CPD and 6-4-PP 

24 h prior to the experiment 0.8 * 105 cells (HeLa Kyoto or BJ-5ta) were seeded in either 

12-well plates containing a washed coverslip or µ35 mm Grid-500 dishes for 

microirradiation experiments and incubated at 37°C, 5% CO2 until experiment starts. If 

not stated otherwise, all the experimental steps were performed at RT. Cells were treated 

as indicated with UV-light or by microirradiation and subsequently fixed with 4% PFA in 

1 x PBS for 15 min. The coverslips were transferred into a staining rack and were 

washed with 1 x PBS/0.1% Tween20 three times short and 2 x 10 min. Following 

permeabilization for 8 min using fresh 0.7 M NaOH/PBS, cells were subsequently 

washed with 1 x PBS/0.1% Tween20 again three times short and 2 x 10 min. For 

blocking, cells were incubated in 20% FCS/PBS for 30 min. Meanwhile, the primary 

antibody was diluted (Table 5.3) and centrifuged prior to use at 16100 x g for 15 min at 

4°C. The following incubation was performed in a dark, humid chamber at 4°C overnight. 

The next day, cells were washed with 1 x PBS/0.1% Tween20 three times short and 

2 x 10 min followed by the appropriate secondary antibody incubation for 1 h in the dark. 

Prior to use the antibody was diluted in 5% FCS/PBS and centrifuged (16100 x g, 15 min, 

4°C). After additional washing steps with 1 x PBS/0.1% Tween20, three times short and 
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2 x 10 min, the cell nuclei were counterstained with 200 ng/ml Hoechst 33342 in 1 x PBS 

for 15 min. The glass slides were mounted on microscope slides using Aqua Polymount 

and stored at least 24 h at 4°C for hardening before microscopy. Cells in ibidi-dishes 

were stored in 1 x PBS at 4°C. 

 

5.2.4.5 Immunofluorescence detection of Ku80 

0.8 * 105 HeLa Kyoto cells were seeded into µ35 mm Grid-500 dishes for microirradiation 

experiments (see 5.2.3.9). If not stated otherwise all experimental steps were performed 

at RT. After microirradiation, cells were immediately pre-extracted twice for 3 min using 

the CSK+R pre-extraction buffer (10 mM PIPES pH 7.0, 100 mM NaCl, 300 mM sucrose, 

3 mM MgCl2 and freshly added 0.7% Triton X-100 and 0.3 mg/ml RNAse A) and 

subsequently fixed with 4% PFA/PBS for 15 min. Cells were washed with 1 x PBS for 

5 min followed by a permeabilization for 5 min using 0.2% Triton X-100/PBS and washed 

again twice with 1 x PBS for 5 min. For blocking, cells were incubated in 5% BSA/PBS 

containing 0.1% Triton X-100 for 30 min. Meanwhile, the primary antibody was diluted 

(Table 5.3) and centrifuged prior to use at 16100 x g for 15 min at 4°C. The following 

antibody incubation was performed in a dark, humid chamber for 1 h. Afterward, the cells 

were washed with 1 x PBS/0.1% Tween20 three times (5 min, 10 min, and 15 min) 

followed by the appropriate secondary antibody incubation for 30 min in the dark. Prior 

to use, the antibody was diluted in 5% BSA/PBS containing 0.1% Triton X-100 and 

centrifuged (16100 x g, 15 min, 4°C). After additional washing steps (5 min, 10 min and 

15 min) with 1 x PBS/0.1% Tween20, cell nuclei were counterstained with 200 ng/ml 

Hoechst 33342 in 1 x PBS for 15 min. Cells were stored in 1 x PBS at 4°C. 

 

5.2.4.6 TdT dUTP nick end labeling (TUNEL) assay 

After DNA damage induction strand breaks can be detected by the TUNEL assay. 

Nucleotides modified with an alkyl group are incorporated by the Terminal 

deoxynucleotidyl Transferase (TdT) at free 3‘-OH ends. The detection of these 

nucleotides was performed via click chemistry with a fluorescently labeled azide.  

0.8 * 105 HeLa Kyoto cells were seeded into µ35 mm Grid-500 dishes for microirradiation 

experiments (see 5.2.3.9). If not stated otherwise all experimental steps were performed 

at RT. After microirradiation, cells were immediately pre-extracted twice for 3 min using 

the CSK+R pre-extraction buffer (10 mM PIPES pH 7.0, 100 mM NaCl, 300 mM sucrose, 

3 mM MgCl2 and freshly added 0.7% Triton X-100 and 0.3 mg/ml RNAse A) and fixed 

with 4% PFA/PBS for 15 min. Cells were washed with 1 x PBS followed by the 

permeabilization for 20 min using 0.25% Triton X-100/PBS and subsequently washed 

again twice with deionized water. Cells were incubated for 10 min in 70 µl TdT-buffer and 

covered with a clean coverslip for a proper buffer distribution. Meanwhile, TdT reaction 

mix was prepared containing 1.5 µl EdUTP (50 x solution), 3 µl TdT (15 U/µl) filled with 

TdT reaction buffer to a total volume of 75 µl. 70 µl of the TdT reaction mix was added 

to the cells, covered and incubated for 1 h at 37°C. After two washing steps with freshly 

diluted 3% BSA/PBS for 2 min, the Click-iT® solution was prepared containing 2.5 µl 

Click-iT® reaction buffer additive (40 x solution) in a total volume of 100 µl Click-iT® 

https://en.wikipedia.org/wiki/Terminal_deoxynucleotidyl_transferase
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reaction buffer. 80 µl of the Click-iT® reaction mix was added to the cells and incubated 

for 30 min in a dark, humid chamber. The cells were washed once with 3% BSA/PBS for 

5 min and an immunofluorescence staining can be proceeded. The cells were stored in 

1 x PBS at 4°C in the dark.  

 

5.2.4.7 Confocal microscopy 

Confocal microscopy was performed at an LSM780 (Zeiss, Germany) equipped with a 

Plan-Apochromat 40 x /1.4 oil objective and 405 nm (diode), 488 nm (Argon-ion laser), 

561 nm (DPSS-laser) and 633 nm (HeNe-laser) laser lines for imaging.  

For the detection of lesion foci of DNA damage markers and for the intensity experiments 

of endogenously expressed eGFP-DEK, cells were monitored with a pixel size of 100 nm 

with a scan speed of 7. At least 100 cells per condition were recorded.  

The fluorescence signal of the DNA damage markers after microirradiation was detected 

with a pixel size of 50 nm.  

 

5.2.4.8 Analysis of the fluorescence signal of Ku80 and TUNEL 

Analysis of the fluorescence signal of DNA damage markers Ku80 and the TUNEL-assay 

an ImageJ macro written by Martin Stöckl (Bioimaging Center, University of Konstanz) 

was used. First, the region within irradiated cell nuclei was defined and used for every 

cell in the following. Signal intensity within the pre-defined region was reduced by the 

fluorescence intensity of background staining in the nucleus. The values were plotted 

using GraphPad Prism 5.02 (GraphPad Software, La Jolla, USA).  

 

5.2.4.9 Analysis of lesion foci 

The analysis of the lesion foci was performed with ImageJ (National Institute of Health, 

USA) using the foci counter or colocalization counter tool of the ImageJ BIC macro 

toolbox (Deutzmann, Ganz et al. 2015). The detection threshold for each channel was 

determined manually and defined using untreated control cells. Threshold settings were 

used for all images within one experiment. Determination of the region of interest was 

performed using the Hoechst channel. The results were averaged for every condition 

and plotted as mean foci count per cell using GraphPad Prism 5.02 (GraphPad Software, 

La Jolla, USA).  

 

5.2.4.10 Analysis of fluorescence signal intensity and nuclear area 

For the analysis of the eGFP intensity signal and the nuclear area for the comparison 

between the different clones of the established U2-OS eGFP-DEK cell line at least 100 

cells were recorded (see 5.2.4.7). The eGFP signal was measured by the average of the 

fluorescence signal intensity within the nuclei as defined region of interest. The nuclear 
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area was measured via ImageJ and was given as µm². For comparison, results were 

plotted using GraphPad 5.02 (GraphPad Software, La Jolla, USA). 

 

5.2.4.11 Live-cell imaging of eGFP-DEK 

Live-cell imaging of U2-OS GFP-DEK cells was performed at a Zeiss Cell observer HS 

(Zeiss, Germany) equipped with a full incubation, an LD Plan-Neofluar 40 x/1.3 oil 

objective and an HXP1210 lamp for widefield microscopy. 0.75 * 104 U2-OS cells (WT 

or eGFP-DEK) were seeded into a µ-slide 8-well (ibidi, Martinsried, Germany) and 

incubated for 24 h. The next day, cells were transfected with indicated plasmids (see 

5.2.1.6) and again incubated for 24 h for protein expression. After an incubation time of 

1 h in the microscope incubator, cells were monitored for 24 h taking a picture every 

10 min in twelve regions per condition using an EVOLVE 512 camera (Photometrics, 

Tucson, Arizona, USA). Images were taken with a pixel size of 330 nm, exposure times 

of 50 msec (eGFP) and 150 msec (RFP) and laser intensities of 20% (GFP) and 10% 

(RFP) with a gain of 700. For inhibitor experiments, cells were observed directly after 

inhibitor addition for 24 h. Analysis of the cell cycle was performed using ImageJ. 

5.2.5 Biochemical methods 

5.2.5.1 Extraction of genomic DNA from eukaryotic cells 

For the extraction of genomic DNA cells were detached and 8 * 105 cells were pelleted 

and diluted in 500 µl DNA extraction buffer (100 mM Tris, 5 mM EDTA, 200 mM NaCl, 

0.2% SDS, pH 8.0 and 100 µg/ml Proteinase K) and mixed by inversion of the tube. The 

cells were completely dissolved by overnight incubation shaking (300 rpm) at 55°C. The 

next day cell debris was pelleted (16000 x g, 5 min, room temperature) and the 

supernatant was transferred to a new reaction tube containing 500 µl ice-cold 

isopropanol and mixed by inversion. DNA was pelleted by centrifugation (16000 x g, 

10 min, 4°C) and resuspended in 500 µl ice-cold 70% ethanol and again mixed by 

inversion. After centrifugation (16000 x g, 5 min, 4°C) the supernatant was discarded 

and the pelleted DNA was allowed to air-dry and was resolved in 500 µl MQ-water. The 

quality and the amount of DNA was determined by measuring absorption at 260 nm and 

the ratios of 260 nm/230 nm and 260 nm/280 nm using a BioDrop Duo 7144V1.0.3 

(BioDrop, Cambridge, UK).  

 

5.2.5.2 Amplification of DNA fragments using PCR 

For amplification of DNA fragments or parts of the genomic DNA (see 5.2.5.1), the 

polymerase chain reaction (PCR) was used. First, the reaction mix was prepared on ice 

by dilution of 50 ng DNA in 1 x HF-buffer mixed with dNTPs (200 nM each), 0.5 µM fwd 

primer, 0.5 µM rev primer and 0.5 U Phusion polymerase. The initial denaturation step 

was performed at 95°C for 5 min followed by 35 amplification cycles including 

denaturation (98°C, 20 sec), annealing (dependent on the previously performed gradient 
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PCR) and extension (72°C, 1 min/kb). After a final extension at 72°C for 5 min, the 

samples were stored at 4°C. They were analyzed by agarose gel electrophoresis 

(5.2.5.3) and the correct amplified samples were purified using the Qiagen PCR 

purification kit according to the manufacturer’s protocol for further use.  

 

5.2.5.3 Agarose gel electrophoresis 

Separation and visualization of the amplified and purified DNA fragments (see 5.2.5.2) 

were performed by agarose gel electrophoresis. For the gels, the appropriate amount of 

agarose (w/v) was solved in 1 x TAE-buffer (40 mM Tris-acetate, 5 mM EDTA, pH 8.2) 

by heating. The melted solution was poured into a tray containing a sample comb. The 

agarose was allowed to become solid and was covered with 1 x TAE within the chamber. 

Samples were prepared by mixing DNA fragments in a ratio of 6:1 with 6 x DNA loading 

dye. Afterward, the mixtures were applied onto the gel and separated using an electric 

field with 80-100 V. For visualization of the DNA bands the gel was incubated in a 

0.5 µg/ml ethidium bromide solution for at least 10 min and subsequently exposed to UV-

light. The desired DNA bands were cut and purified via the MinElute Gel Extraction kit 

(Qiagen, Hilden, Germany) according to the manufacturer’s protocol.  

 

5.2.5.4 Gibson assembly 

The Gibson assembly was performed to assemble the amplified and purified DNA 

fragments (see 5.2.5.2 and 5.2.5.3) with their desired overlapping sequences to a 

complete plasmid. An overall DNA amount of around 100 ng was used in a molar ratio 

of 3:1 (insert/vector) by calculation the amounts via the following formula:  

 

𝑛𝑔 𝑜𝑓 𝑣𝑒𝑐𝑡𝑜𝑟 ∗ 𝑘𝑏 𝑜𝑓 𝑖𝑛𝑠𝑒𝑟𝑡

𝑘𝑏 𝑜𝑓 𝑣𝑒𝑐𝑡𝑜𝑟
∗ 𝑚𝑜𝑙𝑎𝑟 𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 

𝑖𝑛𝑠𝑒𝑟𝑡

𝑣𝑒𝑐𝑡𝑜𝑟
= 𝑛𝑔 𝑜𝑓 𝑖𝑛𝑠𝑒𝑟𝑡 

 

For preparing the assembly mix, DNA was diluted in 2 x Gibson Assembly Master Mix 

(New England Biolabs GmbH, Frankfurt am Main, Germany) filled with MQ-water to a 

total volume of 20 µl. Samples were incubated at 50°C for 1 h and subsequently stored 

at 4°C. Afterward, the newly synthesized plasmid was transformed into competent 

bacteria E.coli DH5α for amplification (see 5.2.5.5). 

 

5.2.5.5 Transformation of plasmids in DH5α by heat shock 

E.coli DH5α were used for the amplification of plasmids. First, they were thawed on ice 

and subsequently 50 µl bacteria were mixed with 2 µl of the 1:4 diluted Gibson assembly 

product (see 5.2.5.4) respectively 100 ng of a purified plasmid. For a negative control, 

bacteria were mixed with the corresponding amount of MQ-water. Bacteria/DNA mixture 

was incubated for 15 min on ice followed by a heat shock at 42°C for 2 min. Again on ice 

for 2 min 1 ml LB medium (0.5% bacto yeast extract, 1% bacto tryptone,1% NaCl, pH 7) 

without antibiotics was added to the bacteria/DNA mixture and samples were incubated 
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at 37°C for 1 h shaking at 300 rpm for expression of the resistance protein. Bacteria were 

pelleted with 16000 x g for 1 min at room temperature and resuspended in 100 µl LB 

medium and plated on two LB plates (LB medium + 1.5% bacto agar) containing the 

appropriate antibiotic. For single colonies, only 5 µl of the suspension were plated. Plates 

were incubated overnight at 37°C.  

 

5.2.5.6 Amplification and purification of plasmids 

Single grown colonies were picked from the plates and added to 5 ml LB medium 

containing the appropriate antibiotic followed by an incubation at 37°C with 220 rpm. 6-

8 h later 100 ml LB medium supplemented with their corresponding antibiotic was 

inoculated with 100 µl - 1 ml pre-culture dependent on the growth efficiency and 

incubated overnight at 37°C with 220 rpm. The desired plasmid was purified with the 

NucleoBond Xtra Maxi (Macherey-Nagel, Düren, Germany) according to the 

manufacturer’s protocol. Quality and amount of DNA were measured using a BioDrop 

Duo 7144V1.0.3 (BioDrop, Cambridge, UK). 

 

5.2.5.7 Hot SDS-Lysis for protein extraction 

2 * 106 U2-OS cells (WT and eGFP-DEK) were seeded into a 10 cm dish and incubated 

for 24 h at 37°C, 5%CO2. For lysis, the cell culture dish was put on ice and 660 µl 3 x 

PBS containing 80 μl 25 x complete inhibitor mix and 3 mM DTT filled to 2 ml PBS were 

added and the cell layer was scraped to harvest the cells. The cell suspension was 

transferred to 2 ml ice-cold 1 x PBS containing DTT and the complete inhibitor mix. They 

were pelleted with 320 x g for 5 min at 4°C and the supernatant was discarded. Further 

washing steps with 2 ml ice-cold 1 x PBS and centrifugation for 1 min, with 1242 x g at 

4°C result in a cell pellet, which was resuspended in 200 µl pre-warmed SDS-lysis buffer 

(50 mM Tris pH 7.5, 0.5% SDS,1 mM DTT) and transferred to a reaction tube. The 

suspension was incubated for 10 min at 95°C with mixing every 2 min. Cell debris was 

pelleted at 16300 x g for 10 min at 4°C and the protein-containing supernatant was 

transferred to a new reaction tube and was immediately shock-frozen in liquid nitrogen.  

 

5.2.5.8 Determination of protein yield using the BCA assay 

For the determination of the total protein amount of the previously collected lysates, the 

BCA assay kit (Pierce, Thermo Fisher, Waltham, USA) was used. 5 µl of standard BSA-

solutions (0-1.2 mg/ml) were added in triplicates to a 96-well culture plate. Two times 

independently diluted 1:5 in MQ-water, the protein lysates were added in duplicates to 

the plate (5 µl/well). The provided solutions A and B from the BCA protein assay kit were 

mixed with a ratio of 50:1 and 95 µl of the mixed working solution was added free from 

air bubbles to the wells containing the standard or the cell lysates. The culture plate was 

incubated at 37°C in the dark for 30 min. Evaluation of the protein yield was performed 

by measuring the absorption of the color change from green to purple at a wavelength 

of 562 nm in each well using a Tecan Infinite 200Pro (Tecan Group Ltd., Männedorf, 
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Switzerland). Absorption values of the standard solutions were plotted and a linear 

regression line was calculated. The concentration of the unknown samples can be 

determined due to the regression formula.  

 

5.2.5.9 SDS-PAGE and Western Blotting 

Samples for the separation by SDS-PAGE were prepared by mixing the appropriate 

amount of cell lysate 4:1 with 4 x SDS sample buffer (200 mM Tris pH 6.8, 1.5% SDS, 

40% glycerin, 0.8% bromphenol blue) supplemented with freshly added 12.5% β-

mercaptoethanol. They were incubated at 95°C for 5 min. Determination of the correct 

protein size was reached by using a biotinylated marker mix (1 µl biotinylated marker, 

7.5 µl 4 x SDS sample buffer, 2 µl β-mercaptoethanol). This mix was heated at 95°C for 

5 min and after cooling 10 µl prestained protein marker was added. Electrophoresis gels 

were prepared according to Thomas and Kornberg protocol. A 12.5% running gel 

consists of 3.75 ml Roti A (Rotiphorese Gel A, 30% acrylamide) mixed with 281 µl Roti B 

(Rotiphorese Gel B, 2% bis-acrylamide) and 3 ml 3 x running buffer (750 mM Tris-base, 

0.1% SDS, pH 8.8), which was filled with MQ-water up to 9 ml. Polymerization started 

after the addition of 80 µl 10% APS and 20 µl TEMED. After hardening the stacking gel 

was prepared. Therefore, 666 µl Roti A, 50 µl Roti B and 2 ml 2 x stacking buffer 

(125 mM Tris-HCl, 0.1% SDS, pH 6.8) were filled with MQ-water up to 4 ml. Again 

polymerization was started by adding 50 µl 10% APS and 10 µl TEMED and a sample 

comb was put into the gel mass.  

25 µg protein per sample were applied to the gel and proteins were separated at 

10 mA/gel in the stacking gel and 25 mA/gel in the running gel using SDS running buffer 

(50 mM Tris, 380 mM glycine, 0.1% SDS). After gel electrophoresis proteins were 

transferred onto a nitrocellulose membrane with 8 V/h in a semidry blotter using 1 x Blot 

buffer (50 mM Tris, 380 mM glycine, 20% MeOH). To prove the quality of the transfer of 

the proteins they were visualized by incubating the membrane in ponceau-red solution 

for 5 min. For blocking the membrane was incubated in 5% milk/TNT (10 mM Tris pH 8, 

150 mM NaCl, 1.5% Tween20) for 1 h at room temperature. Afterward, the membrane 

was incubated in the appropriate antibody solutions according to Table 5.4 overnight at 

4°C for protein detection.  
 

Polyclonal rabbit α-DEK-877 1:20000 5% milk/TNT 

Monoclonal mouse α-PCNA 1:2000 1% BSA/TNT 

Monoclonal mouse α-Actin 1:50000 5% milk/TNT 

Monoclonal mouse α-GFP 1:1000 5% milk/TNT 

Goat α-rabbit HRP 1:2000 5% milk/TNT 

Goat α-mouse HRP 1:2000 5% milk/TNT or 1% BSA/TNT 

Streptavidin-biotinylated-HRP 1:5000 TNT 

Table 5.4: Antibodies and dilutions used for polyacrylamide gels 

The next day the membrane was washed three times in TNT followed by incubation with 

the secondary HRP-coupled antibody solution for 1 h at RT. After an additional washing 

step with TNT, proteins were detected by chemiluminescence using an Amersham 

Imager 600 (GE Healthcare, Little Chalfont, UK).  
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6 Results 

6.1 Establishment of DNA damage marker detection in HeLa 

Kyoto and BJ-5ta cells 

Induction of DNA damage in cells leads to the activation of signal transducers for the 

damage response. They can be used as marker proteins to characterize different types 

of damage. In human fibroblasts, BJ-5ta, and cancer cells, HeLa Kyoto, DNA damage 

was induced to compare the response and efficiency of marker protein recruitment. As 

a convenient readout for DNA damage γH2AX, an early damage response marker, and 

53BP1, a tumor suppressor protein, were used. Colocalization of these two proteins 

serves as a commonly used indication for DNA double-strand breaks (Markova, Schultz 

et al. 2007, de Feraudy, Revet et al. 2010). UV-photoproducts were identified directly by 

antibodies specific for cyclobutane pyrimidine dimers (CPDs) and 6-4-photoproducts (6-

4-PPs). Additionally, the posttranslational modification Poly(ADP-ribose) (PAR) as a 

signal molecule for the base excision repair and the single-strand breaks repair was 

detected.  

 

6.1.1 Chemical induction of DNA damage with neocarzinostatin and 

H2O2 

Neocarzinostatin (NCS) is an antitumor antibiotic drug, which is able to artificially induce 

DNA double-strand breaks through radical reactions (see chapter 3.4.1, (Goldberg 

1991)). Optimal working conditions for NCS treatment were determined by dose-

response and incubation time courses and subsequent detection of marker expression 

(Figure 6.1 A-B). The mean fluorescence intensity of the γH2AX and 53BP1 specific 

nuclear signal was measured and is displayed in the graphs. An increase of γH2AX 

fluorescence according to the increase in NCS concentration can be observed. The 

signal decreases after two hours of incubation. In contrast, detection of the fluorescence 

signal of 53BP1 results in a constant intensity upon treatment with 100 nM and 200 nM 

NCS. This leads to an optimal working condition with a well-detectable γH2AX and 

53BP1 marker induction using 200 nM NCS and an incubation time of at least 30 min. 

Both cell lines, HeLa Kyoto and BJ-5ta cells, display an evenly distributed nuclear signal 

of γH2AX in damaged cells, which is almost absent in untreated control cells (Figure 

6.1 C-D). Quantitative analysis of the nuclear fluorescence intensities reveals a general 

γH2AX increase upon damage induction in both cell lines while displaying a huge 

variation in the intensity of individual BJ-5ta cells (Figure 6.1 D). In contrast to γH2AX, 

53BP1 is equally distributed in the nuclei of untreated cells and displays small foci in the 

response to the presence of NCS indicating repair processes. Regardless of foci  
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Figure 6.1: Damage induction upon treatment with NCS. A-B: To determine the optimal DNA 
damage inducing conditions using NCS, HeLa Kyoto cells were incubated with increasing 
concentrations for the indicated time points (30 min: white bars, 1 h: gray bars, 2 h: black bars). 
The mean fluorescence intensities of γH2AX (A) and 53BP1 (B) were measured within the 
nucleus using ImageJ. Results from at least 60 cells per condition are shown and error bars 
represent the SEM. C-D: HeLa Kyoto and BJ-5ta cells were treated with 200 nM NCS for 30 min 
or left untreated and γH2AX (green) and 53BP1 (red) were detected by immunostaining using 
specific antibodies. DNA was counterstained with Hoechst33342 (cyan). Representative confocal 
images of each cell line and condition are shown. Scale bar: 5 µm (C). Quantitative analysis was 
performed as in A and B (D). Box plots of at least 100 untreated and treated HeLa Kyoto (white) 
and BJ-5ta (gray) cells are shown. Boxes extend from the 25th to the 75th percentiles and the 
median is plotted as a black line. Whiskers represent the 5th and 95th percentiles.  

 

formation, the overall fluorescence intensity is similar in untreated and NCS treated cells 

in both cell lines indicating no upregulation of 53BP1 after damage induction.  

Poly(ADP-ribose) is a damage signal involved in the response to single-strand breaks 

and is part of the base excision repair pathway. Chemical DNA damage induction was 

performed by the treatment with 500 µM H2O2 leading to the formation of base 

modifications and trigger PAR-dependent repair processes. Both cell lines display a 

bright and evenly distributed nuclear fluorescence pattern, but the overall intensity of the 

signal varies again between individual BJ-5ta cells (Figure 6.2 A-B).  

Taken together, these results support findings that DNA lesions can be chemically 

induced in HeLa Kyoto as well as in BJ-5ta cells using NCS or H2O2 while demonstrating 

huge differences in marker expression between individual fibroblasts.  
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Figure 6.2: PAR signal detection in response to DNA damage. HeLa Kyoto and BJ-5ta cells 
were treated either with H2O2 (A-B) or UV-light (C-D). Control experiments were performed with 
untreated cells. A-B: Cells were treated with 500 µM H2O2 for 30 min and PAR signal was 
detected using the 10H PAR-specific antibody. Representative confocal images for each cell line 
and condition are shown. Scale bar: 20 µm (A). The mean fluorescence intensity was measured 
within the nucleus. Box plots of at least 100 untreated and treated HeLa Kyoto (white) and BJ-5ta 
(gray) cells are shown. Boxes extend from the 25th to the 75th percentiles and the median is plotted 
as a black line. Whiskers represent the 5th and 95th percentiles. (B). C-D: Induction of DNA 
damage was performed using a UV chamber with 150 mJ/cm². Radiation-induced foci were 
detected using the 10H PAR-specific antibody. Representative confocal images for each 
condition are shown. Scale bar: 5 µm (C). Quantitative analysis of PAR foci in HeLa Kyoto (white) 
or BJ-5ta (gray) cells are shown as mean foci count of at least 100 cells per condition. Error bars 
represent the SEM (D). 

 

6.1.2 UV-light-dependent DNA damage in BJ-5ta and HeLa Kyoto 

cells  

Induction of DNA damage using radiation leads to the recruitment of different repair 

signaling factors building small discrete nuclear foci (Fernandez-Capetillo, Lee et al. 

2004). They are a characteristic mark for the cellular damage response and can be 

visualized by immunofluorescence analysis. Therefore, the efficiency of damage 

induction can be measured by means of induced foci. 

BJ-5ta and HeLa Kyoto cells were irradiated with 150 mJ/cm² UV-light to generate PAR 

formation at DNA-damaged sites (Figure 6.2 C-D). The quantitative analysis presents a 

clear induction of foci in both cell lines, but also differences in efficiency between the 

cancer cell line and the fibroblasts: HeLa Kyoto cells demonstrate three times more foci 
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per cell as BJ-5ta cells upon UV irradiation indicating a more effective damage induction 

in HeLa Kyoto cells.  

As mentioned above, colocalization of γH2AX and 53BP1 characterizes DNA double-

strand breaks and can therefore be detected as radiation-induced foci. For this purpose, 

HeLa Kyoto and BJ-5ta cells were irradiated with 150 mJ/cm² UV-light and labeled with 

antibodies specific for γH2AX and 53BP1 (Figure 6.3 A). Untreated cells show an 

equally distributed 53BP1 signal, but a few small foci were detectable in both cell lines 

(2-4 foci/cell). After damage induction, the number of foci per cell is doubled and they 

are clearly visible particularly in HeLa Kyoto cells. In contrast to 53BP1, untreated HeLa 

Kyoto cells do not show any γH2AX foci; however, there are clearly measurable foci in 

untreated BJ-5ta cells. Quantitative analysis of foci formation after damage induction 

indicates a clear increase of the amount of induced γH2AX and 53BP1 foci (Figure 

6.3 B). A 5-fold increase in γH2AX foci formation in HeLa Kyoto cells (white bars) in 

contrast to a 1.5-fold increase in BJ-5ta cells (gray bars) suggests a more efficient 

damage induction in HeLa Kyoto cells.  

Additionally to UV-light induced DNA strand breaks, direct absorption of 260 nm photons 

by the nucleobases leads to the formation of DNA photolesions, covalent connections of  

 

 

Figure 6.3: Damage foci induction efficiency after irradiation using UV-light. HeLa Kyoto 
and BJ-5ta cells were treated with 150 mJ/cm² in a UV chamber or left untreated. Cells were 
labeled with γH2AX (green) and 53BP1 (red) specific antibodies. DNA was counterstained using 
Hoechst33342 (cyan). Representative confocal images for each cell line and condition are shown. 
Scale bar: 5 µm (A). The induced foci were counted using ImageJ and the results are shown as 
mean foci count per cell for γH2AX (B, left) and 53BP1 (B, right). For each cell line and each 
condition at least 50 cells were analyzed. Error bars indicate the SEM. HeLa Kyoto cells: white 
bars, BJ-5ta cells: gray bars. 
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neighboring thymine DNA bases. They are detectable using antibodies specific for 

cyclobutane-pyrimidine-dimers (CPDs) or 6-4-photoproducts (6-4-PPs). Generation of a 

huge amount of DNA photolesions using 150 mJ/cm² UV-light results in a bright nuclear 

signal, which is absent in untreated control cells. In both cell lines, CPDs (Figure 6.4 A) 

and 6-4-PPs (Figure 6.4 C) can be visualized and an obvious increase in the 

fluorescence intensity was quantified (Figure 6.4 B, D). This signal intensity of the 

induced photolesions is higher in HeLa Kyoto cells compared to BJ-5ta cells; twice as 

high for the CPD signal and even 3-fold for the 6-4-PPs. Apart from the successful 

generation of photolesions, BJ-5ta cells display a huge variation in their induction 

efficiency compared to HeLa Kyoto cells.  

Taken together, UV-light-dependent DNA damage leads to the detection of different 

damage markers in both HeLa Kyoto and BJ-5ta cells. However, the human fibroblast 

cell line displays huge variations in their marker response compared to the signal of HeLa 

Kyoto cells. Therefore, the cancer cell line HeLa Kyoto seems to be more suitable as a 

cell line for subsequent experiments.  

 

 

Figure 6.4: Detection of DNA photolesions in different human cell lines in response to the 
treatment with UV-light. HeLa Kyoto and BJ-5ta cells were treated with 150 mJ/cm² UV-light or 
left untreated. Cells were labeled with CPD (A) or 6-4-PP (C) specific antibodies. DNA was 
counterstained using Hoechst33342 (cyan). Representative confocal images of each 
experimental condition and cell line are shown. Scale bar: 20 µm. B, D: Quantitative analysis of 
the mean fluorescence intensity signal of CPD (B) and 6-4-PP (D) within the nucleus. Box plots 
of at least 100 untreated and treated HeLa Kyoto (white) and BJ-5ta (gray) cells are shown. Boxes 
extend from the 25th to the 75th percentiles and the median is plotted as a black line. Whiskers 
represent the 5th and 95th percentiles. 
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6.2 Characterization of parameters for laser microirradiation 

6.2.1 Determination of the multiphoton excitation volume by different 

biological endpoints 

Multiphoton absorption with near-infrared femtosecond pulsed fiber lasers leads to 

locally restricted excitation within the nucleus, resulting in three-dimensionally defined 

DNA damage induction. This process requires focusing a laser beam to a small volume 

to reach a reasonable photon density for multiphoton absorption and thus the generation 

of DNA strand breaks as well as UV-photolesions. The better the focusing the lower 

average powers can be used. Previous research of the group showed a wavelength-

dependent discrimination of damage induction between strand breaks and photolesions 

with a 107 MHz Er:fiber laser coupled into an LSM 5 Pascal (Trautlein, Deibler et al. 

2010). For process optimization and a facilitated handling, a new microirradiation system 

was built with an independent scanner system to allow for DNA damage induction during 

the imaging process. The new system consists of a Toptica Femtofiber Pro femtosecond 

pulsed Er:fiber laser emitting at a wavelength of 775 nm coupled through an independent 

scanner UGA-40 into an LSM700 confocal microscope (see chapter 3.4.2.2). To 

reproduce previously published results with the new microirradiation system it is 

essential to characterize the focal volume and achieve a similar one as in the LSM 5 

Pascal damaging system.  

In conventional confocal microscopy, the focal excitation volume is given by the point 

spread function (PSF), which is measured using fluorescently labeled subresolution 

beads. However, the external scanner of the new microirradiation system was not able 

of such small incremental steps necessary for imaging these beads. Therefore, to 

compare the two microirradiation systems in their excitation volume it was necessary to 

establish methods for spotsize characterization compatible with both systems.  

 

All experiments for the determination of the excitation volume (= irradiation volume) of 

the two systems were performed with irradiation at 775 nm and the indicated average 

power levels. As biological endpoints, the recruitment of the repair protein XRCC1 and 

the TUNEL assay (terminal deoxynucleotidyl transferase dUTP nick end labeling) were 

used (Figure 6.5, see chapter 6.2.3.2). Microirradiation with the LSM700 was performed 

with a twofold average power as compared to the LSM 5 Pascal because the new system 

possesses more optical components, which necessitate more initial input power (data 

not shown).  

HeLa Kyoto cells transiently expressing eGFP-XRCC1 were irradiated and fixed one 

minute after damage induction. Since recruitment measurements provide possible 

amplification signals, the TUNEL assay was performed to directly identify DNA strand 

breaks. Confocal Z-stacks of the irradiated and labeled cells were acquired for 

subsequent analysis (Figure 6.5 A). The focal volume was determined by calculating the 

full-width half maximum (FWHM) using a Gaussian fit of the fluorescence intensity in the 

axial direction. To this end, five independent pixels within the irradiated line were chosen 

to measure the axial distribution (z-profile) of the fluorescence intensity in each nucleus.  
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Figure 6.5: Impact of the different microirradiation systems on the excitation volume of the 
damaging laser. HeLa Kyoto cells were irradiated with a 775 nm laser at the LSM 5 Pascal (left) 
and the LSM700 (right). A, upper panel: Cells were transfected with plasmid DNA encoding 
pEGFP-C1-XRCC1 and incubated for 24 h for maximal protein expression. 1 min after damage 
induction (4 mW average power for the LSM 5 Pascal and 8 mW average power for the LSM700) 
cells were fixed and DNA was counterstained using Hoechst33342 (cyan). The recruitment 
volume of eGFP-XRCC1 (red) was analyzed performing confocal Z-stacks. Scale bar: 10 µm A, 
lower panel: After microirradiation (6 mW average power for the LSM 5 Pascal and 12 mW 
average power for the LSM700) cells were pre-extracted with CSK+R buffer and fixed with PFA. 
DNA strand breaks were visualized by the TUNEL reaction (red) and DNA was counterstained 
using Hoechst33342 (cyan). Confocal Z-stacks were acquired for subsequent analysis. Scale bar: 
10 µm B: Determination of the irradiated volume. Fluorescence intensity was measured along the 
Z-axis of five independent pixels within the irradiated line of each cell. The full width half maximum 
(FWHM) was calculated by means of the Gaussian fit for each breakpoint. C: Data are given in 
[nm] with the SD of the mean FWHM for at least 15 cells per condition. 

A Gaussian distribution was fitted (red line) to calculate the FWHM and a representative 

graph is shown in Figure 6.5 B. Results show that in both biological assays the axial 

excitation volume obtained at the LSM700 system is approx. 2.8 µm, whereas a FWHM 

of 2 µm was measured at the LSM 5 Pascal system (Figure 6.5 C). Therefore, further 

optimization is required both in the biological assays and in the physical setup to reduce 

the excitation volume at the microirradiation system LSM700. Optimization of the setup 

includes the removal of apochromatic optics at the fluorescence port of the microscope 

as well as the change of the dichroic mirror to correct the optical components for using 

near-infrared light sources. The second step in the optimization process was to adjust 

biological endpoints for an optimal measurement of the excitation volume of multiphoton 

excitation at 775 nm. For this purpose, following experiments were performed; a dose-

response curve of the recruitment of eGFP-XRCC1, an immunofluorescence labeling of 

CPDs in fixed cells and the activation of PAGFP-H1.2 (Figure 6.6).  

Previous recruitment experiments using eGFP-XRCC1 were performed at 8 mW 

average power, which induces massive DNA damage that in turn leads to a huge re-

localization of eGFP-XRCC1. Setup optimization processes and application of lower  
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Figure 6.6: Similar irradiation volumes of the optimized LSM700 microirradiation system 
with different biological endpoints. A: HeLa Kyoto cells were transfected with plasmid DNA 
encoding pEGFP-C1-XRCC1 and incubated for 24 h for maximal protein expression. eGFP-
XRCC1-positive cells were irradiated with 775 nm and indicated average power. The analysis 
was performed as described in Figure 6.5 and FWHM are plotted. Error bars represent the SEM. 
B: UV damage detection in fixed cells. U2-OS cells were fixed either before (upper panel) or after 
(middle panel) damage induction with 150 mJ/cm² UV-light or left untreated (lower panel). 
Subsequent immunofluorescence analysis was performed using CPD specific antibodies. DNA 
was counterstained using Hoechst33342 (cyan). Scale bar: 30 µm. C: Determination of the 
irradiation volume using CPD analysis in fixed cells. HeLa Kyoto cells were fixed prior the 
experiment and irradiated with 775 nm and 7 mW average power. Cells were labeled with CPD 
specific antibodies and analysis of the irradiation volume was performed as described in Figure 
6.5. Scale bar: 5 µm. Box plots show the FWHM of at least 40 cells given in [nm]. Boxes extend 
from the 25th to the 75th percentiles and the median is plotted as a black line. Whiskers represent 
the 5th and 95th percentiles. D: HeLa Kyoto cells were transfected with plasmid DNA encoding 
PAGFP-H1.2 and incubated for 24 h for maximal protein expression. Activation of PAGFP-H1.2 
occurred at laser-irradiated sites using 775 nm and 2 mW average power. The analysis was 
performed as in Figure 6.5, with the exception of measuring along the y-axis. Box plots show the 
FWHM. Boxes extend from the 25th to the 75th percentiles and the median is plotted as a black 
line. Whiskers represent the 5th and 95th percentiles.  

average powers (4-7 mW) result in the reduction of the excitation volume to values of 

approx. 2.1 µm (Figure 6.6 A). For direct assessment of the excitation volume, 

immunofluorescence analysis of CPDs was performed in fixed cells. Experiments show 

that CPDs are detectable after damage induction with UV-light in fixed cells, making it 

possible to determine the excitation volume (Figure 6.6 B). Damage induction with 7 mW 

average power and calculation of the volume was performed as described above. 

Results show that the excitation volume could be reduced to approx. 2 µm, which is 

similar to the results of the microirradiation system LSM 5 Pascal (Figure 6.6 C).  
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Calculating the spotsize by biological DNA damage markers is not sufficient to determine 

the excitation volume of the irradiating laser, because of amplifying processes and 

possible early repair events. Therefore, a photoactivatable GFP (PAGFP) was used for 

a potentially more precise measurement of the excitation volume by two-photon 

excitation at 775 nm. To achieve this, HeLa Kyoto cells were transfected with plasmid 

DNA encoding PAGFP-H1.2 and activated with low average power (2 mW) to ensure 

that no damage is induced (Diaspro, Testa et al. 2006). Additionally, it is assumed that 

the reduction of the axial intensity profile simultaneously corresponds with a reduction of 

the lateral profile. The FWHM of the lateral fluorescence intensity profile was calculated 

and results show a y-profile of approx. 1 µm (Figure 6.6 D).  

In summary, biological endpoints for the determination of the excitation volume of the 

damaging laser provide robust and reproducible results, but they might not be sufficient 

for getting clear information about the initial spotsize due to biological effects and 

amplification processes.  

 

6.2.2 Development of a suitable test sample for the determination of 

the irradiation volume 

Under the aspect of precision, biological assays are not suitable for a reliable 

determination of the irradiation volume of the damaging laser. Therefore, we developed 

a physical test sample for measuring bleaching events and an in turn re-calculating the 

initial irradiation volume.  

This physical test sample consists of a thin fluorescent layer covering a microscope slide 

(see chapter 5.2.3.3). Bleaching events were induced using increasing average power 

and data were recorded by taking confocal Z-stacks. A schematic overview for such a 

bleaching event and the resulting y- and z- intensity profiles are shown in Figure 6.7 A. 

Juxtaposed fluorescence intensity profiles of different irradiating powers display also 

different FWHM (Figure 6.7 B, FWHM: red line). The first step in re-calculating the actual 

irradiation volume is the quantification of the bleaching efficiency for each power, which 

is described in the methods section of this thesis (see chapter 5.2.3.4). The values of the 

irradiating power are plotted against the ratio of the maximum bleaching intensity and 

their corresponding background signal. They represent a one-phase decay, which is non-

linearly fitted by the stretched exponential to determine different decay factors for further 

calculation steps (Figure 6.7 C). Each value of the originally measured intensity profiles 

of the individual bleaching events is then normalized to its corresponding maximum and 

transformed with the inverse stretched exponential function. The thusly corrected results 

show now a similar FWHM for each irradiating input power by an unchanged increase of 

the general bleaching efficiency (Figure 6.7 D, FWHM: red line). Using the Gaussian 

square function for fitting these normalized and transformed values, the FWHM for each 

power is calculated and the irradiation volume of two-photon events are determined in 

the lateral (y-profile) and axial (z-profile) direction. Results display constant and similar 

values of re-calculated FWHM of around 360 nm (lateral) and 1300 nm (axial) over a 

wide range of irradiating powers (Figure 6.7 E, axial: black, lateral: blue).  
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Figure 6.7: Determination of the two-photon irradiation volume using a physical bleaching 
sample and the “quantification of bleaching events” method. A: Schematic overview of the 
extent of the bleaching volume. A defined line was irradiated with 775 nm in a green fluorescent 
polymer slide and confocal Z-stacks were taken to determine the fluorescence intensity of y- and 
z-profiles. B: Comparison of the FWHM (red lines) of z-profiles of the bleaching volume between 
different average powers before correction. C: For each irradiation event, the ratio of the intensity 
of maximum bleaching and their corresponding background signal (Imin/I0) was calculated and 
plotted against the average power. Using the non-linear stretched exponential fit, the correction 
factors were determined. Results are shown from three independent experiments. D: Bleaching 
efficiencies of increasing powers after the correction with the stretched exponential factors. The 
FWHM (red lines) are shown for representative profiles. E: Results of the calculation of the two-
photon irradiation volume of the lateral (blue line) and axial (black line) extent. Results are shown 
from three independent experiments. F: Comparison of the physical bleaching method (blue dots) 
and the biological endpoint PAGFP activation (red dots). HeLa Kyoto cells were transfected with 
plasmid DNA encoding PAGFP-H1.2 and incubated for 24 h for maximal protein expression. Cells 
were fixed with PFA and irradiated with increasing average powers. The FWHM of the biological 
samples was calculated by the determination of the Gaussian fit of the fluorescence intensity of 
the y-profile. The ratios of the FWHM and the corresponding median for the biological and the 
physical samples were plotted against their proportional value of the amplitude of the Gaussian 
fit.  
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To test robustness and reliability of the developed bleaching method, the re-calculated 

FWHM were compared to the FWHM of biological samples represented by the activation 

of PAGFP- H1.2. The amplitude of either the bleaching efficiency (test sample, blue dots) 

or the fluorescence intensity (PAGFP-H1.2, red dots) was plotted against the ratio of 

their calculated FWHM and the corresponding median given as black line for reference 

(Figure 6.7 F). Red dots representing the activation of PAGFP-H1.2 display a cloud 

formation in the lower amplitude percentages beyond the median and with higher 

amplitude values, corresponding to higher input power, above the median. In contrast to 

this dispersive distribution, results of the bleaching sample (blue dots) show evenly 

distributed values above and below the reference line. They seem to converge on the 

median at increasing amplitude values.  

Taken together, the development of a fluorescent test sample and its “quantification of 

bleaching events” method seems to be more valuable than the determination of the 

irradiation volume by biological endpoints.  

 

6.2.3 Effects of 775 nm near infrared femtosecond laser pulses on 

nuclear DNA 

6.2.3.1 Power-dependent DNA damage induction in cells 

After the determination of the excitation volume of our microirradiation system, suitable 

working conditions for biological assays had to be defined. Application of increasing 

levels of average power for damage induction might lead to more DNA lesions and 

simultaneously to an increase in the damage response.  

γH2AX as a commonly known marker for DNA damage, especially for strand breaks, is 

used to identify irradiating conditions that induce locally constrained DNA damage 

(Figure 6.8 A). The fluorescence signal is absent in control cells and in cells irradiated 

at 775 nm and 3 mW average power. Increasing levels of average power (4-6 mW) lead 

to an induction of locally restricted DNA damage along the irradiated line visualized by a 

distinct fluorescence signal specific for γH2AX. Further increase of the input power up to 

7 mW causes the γH2AX specific signal to distribute in the whole nucleus.  

Apart from damage detection using immunofluorescence analysis, live-cell experiments 

were performed to test different conditions for localization dynamics of the repair protein 

XRCC1. For this purpose, HeLa FRT eGFP-XRCC1/H2B-mCherry cells were irradiated 

at 775 nm and 2-7 mW average power (Figure 6.8 B). These cells constitutively 

overexpress eGFP-XRCC1 to reduce the variability in expression levels obtained after 

transient transfection procedures. The establishment of this reporter cell line is described 

in chapter 6.4. After microirradiation, the fluorescently labeled protein accumulates at 

sites of induced DNA damage. Signal enhancement was calculated 4 min after damage 

induction relative to the expression level before microirradiation.  
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Figure 6.8: Levels of low average power as optimal conditions for the microirradiation 
system LSM700. A: HeLa Kyoto cells were irradiated at 775 nm and indicated average power. 
They were labeled with γH2AX specific antibodies and confocal images were taken. The 
fluorescence signal specific for γH2AX is shown in green and DNA counterstaining was performed 
using Hoechst33342 (cyan). Scale bar: 10 µm. B: Power-dependency of the recruitment of eGFP-
XRCC1 to laser-induced DNA damage sites. HeLa FRT eGFP-XRCC1/H2B-mCherry cells were 
irradiated at 775 nm and indicated average power. The increasing accumulation of the eGFP 
signal at sites of DNA damage was monitored using an LSM700 confocal microscope and 
recruitment efficiency was calculated 4 min after irradiation and shown as enhancement relative 
to the expression level before irradiation. Box plots of three independent experiments are shown. 
Boxes extend from the 25th to the 75th percentiles and the median is plotted as a black line. 
Whiskers represent the 5th and 95th percentiles. 

The graph presents the power-dependency of the increase of the fluorescence signal at 

the irradiated line indicating an increase of the underlying DNA damage. It displays a 

sigmoidal slope starting with a hardly detectable enhancement at low average power 

levels, followed by a strong signal increase, which flattens again at higher average power 

levels indicating a saturation of the response.  

In summary, the microirradiation system can now be used with optimal conditions 

between 4 mW and 7 mW for damage induction. In this range, damage markers used in 

biological assays show a clearly visible and locally restricted fluorescence signal and the 

expected localization dynamics to irradiated sites.  

 

6.2.3.2 Optimization of the detection of direct DNA damage after microirradiation 

The detection of γH2AX as damage marker is indeed commonly used, but because of 

its response-dependent amplification, it does not allow for the direct recognition of DNA 

strand breaks. To this end, the TUNEL assay (Terminal deoxynucleotidyl transferase 

dUTP Nick End Labeling, (Loo 2011)) was optimized for a precise detection of strand 

breaks at a cellular level. In this enzymatically based assay, labeled dUTP nucleotides 

are incorporated at sites of DNA strand breaks, followed by a detection via click 

chemistry. First experiments resulted in an unexpected bright fluorescence signal in the 

cytoplasm of the untreated control, NCS treated and irradiated cells (Figure 6.9 A). Only 

in DNAse I treated cells, which were used as positive control, the TUNEL signal is 

restricted to the nucleus. Additionally to the TUNEL signal, immunofluorescence analysis  
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Figure 6.9: TUNEL assay and Ku80 immunofluorescence microscopy for DNA damage 
detection after microirradiation. A-B: Optimization of the TUNEL reaction for single-cell 
measurement. A: HeLa Kyoto cells were either treated with NCS, DNAse I, or irradiated at 775 nm 
and 8 mW average power or left untreated for the subsequent TUNEL reaction (green). DNAse I 
treatment of fixed cells served as a positive control. Additionally, an immunofluorescence analysis 
using γH2AX specific antibodies (red) was performed. DNA was counterstained by Hoechst33342 
(cyan). Representative confocal images are shown. Scale bar: 10 µm. B: Advantages of using a 
pre-extraction buffer containing RNase. HeLa Kyoto cells were irradiated at 775 nm and 6 mW 
average power. Cells were either pre-extracted with CSK or CSK+R buffer or directly fixed with 
PFA followed by the TUNEL reaction (green). Additional immunofluorescence analysis with Ku80 
specific antibodies (red) was performed. DNA was counterstained using Hoechst33342 (cyan). 
Representative confocal images are shown. Scale bar: 5 µm. C: Power dependency of the 
fluorescence signal of cells labeled with antibodies specific for Ku80 (left) or with the TUNEL 
assay (right). HeLa Kyoto cells were irradiated at 775 nm and indicated average power. After pre-
extraction with CSK+R buffer and subsequent fixation, cells were labeled with the indicated 
antibodies. For each cell, the fluorescence intensity was normalized to the corresponding 
background intensity. Means of at least 20 cells of two independent experiments are shown. Error 
bars represent the SEM. 



Results  6.2 

71 

of γH2AX was performed to verify the induced DNA damage. This signal is clearly 

detectable in NCS treated and irradiated cells. In untreated control cells and DNAse I 

treated cells, it is absent because cells were fixed prior to the enzymatic treatment. 

Figure 6.9 A demonstrates a specific TUNEL signal at damaged sites only in irradiated 

cells (8 mW), where the cross-like irradiation pattern is not continuously visible in all of 

the γH2AX-positive cells. In NCS treated cells, a TUNEL signal extension over the whole 

nucleus should be present due to massive induction of DNA damage, but there is no 

difference in the intensity and distribution of the TUNEL signal compared to untreated 

control cells.  

Further optimization of the assay was performed by using a pre-extraction buffer as 

described in Britton et al. (Britton, Coates et al. 2013). The cytoskeleton buffer (CSK) is 

known for the extraction of non-chromatin bound proteins while preserving the 

cytoskeleton (Cramer and Mitchison 1995). The addition of RNase to the pre-extraction 

buffer leads to the degradation of chromatin-bound RNA and a further reduction of 

possible background signals. Here, Ku80, which is involved in NHEJ, was used as a 

direct non-amplifying marker for DNA double-strand breaks. Irradiation at 775 nm and 

6 mW average power and a subsequent fixation with PFA resulted in an evenly 

distributed Ku80 fluorescence signal, which is not restricted to damaged sites. Also, no 

TUNEL signal is detectable (Figure 6.9 B). By using the pre-extraction buffer without 

RNase (CSK), the TUNEL signal, but still no defined Ku80 signal becomes visible. A 

fluorescence signal specific for both Ku80 and TUNEL is only reached by the additional 

pre-extraction using the RNase-containing CSK-buffer (CSK+R).  

As the power-dependency of the eGFP-XRCC1 recruitment demonstrates (Figure 

6.8 B), more DNA damage might be induced by using increasing levels of average 

power. Therefore, also the signal deriving from the damage markers Ku80 and TUNEL 

should increase accordingly, as is clearly shown in Figure 6.9 C. The more average 

power is used for the irradiation of cells, the more intense the fluorescence labeling of 

Ku80 (left) and the TUNEL assay (right) is obtained. Immunofluorescence staining of 

Ku80 and the TUNEL can be used for specific and damage-dependent direct detection 

of DNA strand breaks for further experiments if it is combined with a pre-extraction and 

RNase treatment step. 

To verify biological endpoints suitable for the characterization of the microirradiation 

system, cells were irradiated at 775 nm and different markers were detected 

representing different types of DNA damage. Using 775 nm as irradiating wavelength 

leads to direct three-photon absorption by the nucleobases of the DNA and the formation 

of UV-photolesions visualized with antibodies specific for CPDs and 6-4-PPs (Figure 

6.10). Simultaneously, the generation of reactive oxygen species of the surrounding 

water molecules results in radical species that attack the DNA backbone, leading to 

strand breaks. As a cellular response, the phosphorylation of H2AX (γH2AX) and the 

recruitment of Ku80 and XRCC1 to DNA-damaged sites can be detected (Figure 6.8 B, 

Figure 6.10).  
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In summary, the results presented here offer a valuable and characterized tool for the 

artificial induction of locally restricted DNA damage in cells. The irradiation volume of the 

femtosecond pulsed laser is determined and different markers for direct and indirect DNA 

damage can be visualized. From now on, the microirradiation system can be used for 

studying DNA repair factors in cells either by immunofluorescence analysis or by live-

cell monitoring of fluorescently labeled proteins.  

 

 

Figure 6.10: Established markers for DNA damage detection in cells after microirradiation. 
HeLa Kyoto cells were irradiated at 775 nm and 6 mW average power. Immunofluorescence 
analysis of different types of DNA damage markers was performed. After irradiation cells were 
fixed and labeled for CPD, 6-4-PP, γH2AX and Ku80 using specific antibodies. For the detection 
of Ku80 and the TUNEL reaction cells were pre-extracted using CSK+R buffer prior fixation. Scale 
bar: 5 µm 

 

6.3 Application of femtosecond pulsed laser irradiation for DNA 

repair studies in living cells 

6.3.1 Analyzing structure-function relationships of artificial and 

cancer-associated PARP1 variants by reconstituting TALEN-

generated HeLa PARP1 knock-out cells 

The following experiments were performed in collaboration with the laboratory of Prof. 

Alexander Bürkle at the University of Konstanz.  

PARP1, a member of the PARP superfamily and also known as ARTD1, is involved in 

the cellular base excision repair mechanism of chemically modified DNA bases or ROS-

induced DNA strand breaks. Upon binding to single-stranded DNA or DNA lesions, 

PARP1 is activated to auto-PARylate itself and triggers the PAR-dependent recruitment 

of other DNA repair factors like XRCC1 (Schuhwerk, Atteya et al. 2016).  

Different existing mutations of PARP1 have a potential impact on DNA repair and are  
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Figure 6.11: Recruitment characteristics of natural PARP1 variants. A: HeLa Kyoto PARP1 
knockout (KO) cells were transfected with plasmid DNA encoding PARP1-GFP WT or the 
indicated variants and incubated for 24 h for maximal protein expression. Cells were irradiated 
with a pulsed laser at 775 nm and 5 mW average power to induce DNA damage. Cells were 
treated with 10 µM ABT for 30 min prior to damage induction where indicated. Kinetics of PARP1 
variants are monitored for 6 min and representative images of the recruitment and the dissociation 
phase are shown. White arrows indicate sites of laser-induced damage. Scale bar: 5 µm. B: 
Quantitative analysis of localization kinetics of the natural PARP1-variants. Kinetics were 
background corrected and calculated as relative enhancement to the fluorescence signal before 
irradiation. Results from at least 35 cells from three independent experiments are shown. Error 
bars display the SEM. Statistical analysis was performed using the 2-way ANOVA and Bonferroni 
posttest. ***p<0.0001 
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linked to a higher risk of cancer development. One of them is the single nucleotide 

polymorphism (SNP)-variant V762A, which shows a reduced enzymatic activity. 

Additionally, the newly discovered germline and cancer-associated PARP1 mutant 

F304L is used in this study as a natural PARP1 variant (Cottet, Blanche et al. 2000, 

Rank, Veith et al. 2016). Artificial mutations (L713F and E988K) within the PARP1 gene 

are described to affect the enzymatic activity. The L713F variant is constitutively active 

in cells and therefore shows a hypermorphic behavior compared to the wildtype. In turn, 

the variant E988K represents a mutation within the catalytic triad of the PARP1 enzyme, 

strongly reducing its activity (Rolli, O'Farrell et al. 1997). To study the recruitment of 

PARP1 to laser-induced DNA damage, HeLa PARP1 knockout cells (KO) were 

reconstituted with expression plasmids carrying the GFP-tagged coding sequence for 

either PARP1 WT or the individual variants. DNA damage was induced by femtosecond 

laser pulses at 775 nm and 6 mW average power and kinetics were monitored for 6 min. 

Representative images for each variant are shown in Figure 6.11 A and kinetics were 

quantitatively analyzed in Figure 6.11 B. By analyzing reconstituted knockout cells with 

either one of the natural PARP1 variants or the double mutation PARP1\V762A\F304L it 

became evident that all cells display a significantly reduced maximum recruitment level 

to damaged sites compared to PARP1 WT. Additionally, PARP1\F304L and 

PARP1\V762A\F304L show dissociation dynamics similar to the wildtype. In contrast, 

PARP1\V762A persists longer at sites of laser-induced DNA damage. Interestingly, cells 

reconstituted with PARP WT and treated with the PARP1 inhibitor ABT, exhibit a strongly 

reduced maximum recruitment level along with an attenuated dissociation from the 

damaged DNA, observable by a longer persistence of PARP1 at the damage sites.  

Physiological consequences of a reduced recruitment of different PARP1 variants 

became clear by the simultaneous monitoring of the kinetics of its downstream factor 

XRCC1. HeLa PARP1 KO cells were co-transfected with expression constructs encoding 

different natural and artificial GFP-tagged PARP1 variants and RFP-labeled XRCC1 

wildtype (Figure 6.12 A). Analyzing recruitment kinetics of PARP1 WT highlights again 

a clear enhancement at sites of laser-induced DNA damage within the first minute after 

irradiation and a consistent dissociation until the original intensity level is reached after 

around 6 min (Figure 6.12 B, black line). Compared to PARP1 WT dynamics, the 

recruitment behavior of the natural double mutant V762A\F304L displays no significant 

change. A strong increase of the fluorescence enhancement at damaged sites is 

observed in the case of the artificial constitutively active PARP1\L713F variant, in 

contrast to the PARP1\E988K variant that shows indeed an increase in the fluorescence 

intensity, but no dissociation over time. Simultaneous monitoring of the fluorescence 

signal of XRCC1-RFP shows that the recruitment of this protein depends on the different 

PARP1 variants, which were co-expressed (Figure 6.12 C). In cells reconstituted with 

PARP1 WT, XRCC1 recruitment shows a clear 4-fold increase within a few seconds after 

irradiation and a subsequent almost linear dissociation behavior. In cells reconstituted 

with PARP1\V762A\F304L, the maximum recruitment level for XRCC1 is similar to the 

WT, but dissociation kinetics are significantly more rapid. On a PARP1\L713F-

reconstituted background, recruitment kinetics of XRCC1 resemble the one observed in 

the previous case, but with a significantly higher maximum level compared to 

PARP1\V762A\F304L-dependent XRCC1 recruitment. Expression of the inactive  
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Figure 6.12: XRCC1 recruitment depends on the expression of different PARP1 variants. 
A: HeLa Kyoto PARP1 KO cells were transfected with plasmid DNA encoding PARP1-GFP 
variants and XRCC1-RFP and incubated for 24 h for maximal protein expression. Cells were 
irradiated with a pulsed laser at 775 nm and 5 mW average power to induce local DNA damage. 
Recruitment and dissociation kinetics of proteins were monitored for 6 min and representative 
images of the kinetics are shown. White arrows display the site of laser-induced DNA damage. 
Scale bar: 5 µm. B-C: Quantitative analysis of the kinetics of the recruitment of PARP1-GFP 
variants (B) and XRCC1-RFP in a PARP1-variant dependent manner (C) D: Impact of the double 
transfection on the recruitment of PARP1 WT. HeLa Kyoto PARP1 KO cells were transfected 
either with plasmid DNA encoding PARP1-GFP only or additionally with DNA encoding XRCC1-
RFP and incubated for 24 h for maximal protein expression. Recruitment kinetics were 
background corrected and data are given as relative enhancement. Statistical analysis was 
performed using 2-way ANOVA and Bonferroni posttest. ***p<0.001. Error bars indicate the SEM. 
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PARP1 variant E988K results in no enhancement of the XRCC1 signal at sites of DNA 

damage. Of note, the maximum recruitment level of PARP1 WT differed between cells 

expressing exogenous PARP1 (Figure 6.11 B) and those expressing PARP1-GFP and 

XRCC1-RFP (Figure 6.12 B). Therefore, the co-transfection might have an impact on 

the recruitment of PARP1-GFP and further experiments directed at investigating this 

behavior showed a higher maximum level of recruitment of the PARP1 protein in single 

transfected than in double-transfected cells (Figure 6.12 D).  

Taken together, recruitment analyses of artificial and natural PARP1 variants 

demonstrate significant changes in the recruitment efficiency of those proteins and show 

differences in the cellular consequences as assessed by simultaneous monitoring of 

XRCC1 recruitment.  

 

6.3.2 Real-time cellular imaging of protein Poly(ADP-ribos)ylation 

The following experiments were performed in collaboration with the laboratories of Prof. 

Andreas Zumbusch and Prof. Andreas Marx at the University of Konstanz.  

As mentioned in chapter 6.3.1, members of the PARP protein family are highly involved 

in the cellular damage response by targeting itself or acceptor proteins with the 

posttranslational modification Poly(ADP-ribose) (PAR). PAR consists of long and 

branched chains formed by the linkage of single ADP-ribose molecules derived from the 

precursor molecule NAD+. PAR polymers are known to exist transiently on acceptor 

proteins, which is due to the rapid turnover mediated by the PAR glycohydrolase (PARG) 

degrading PAR chains. These PAR chains are main regulator signals in a variety of 

cellular processes including chromatin modification, DNA repair, inflammation and 

transcriptional regulation (Swindall, Stanley et al. 2013).  

Covalent tagging of the precursor molecule NAD+ with a rhodamine derivative 

carboxytetramethylrhodamine (TAMRA, TMR) enables monitoring the PAR turnover in 

real-time and offers the ability to directly record PARylation (Wallrodt, Buntz et al. 2016). 

Cellular uptake of the negatively charged 2TMR-NAD+ mixture was facilitated by the use 

of the protein carrier Pep1. At sites of laser-induced DNA damage, an accumulation of 

the fluorescence signal over time is detectable and indicate a successful formation of 

PAR. (Figure 6.13 A). Quantitative analysis reveals a strong 3-fold enhancement of the 

2TMR-NAD+ signal within a minute from irradiation followed by a consistent decay of the 

signal within 8 min of observation. Treatment with ABT to inhibit PARP activity leads to 

a complete abrogation of the fluorescence signal (Figure 6.13 B). 

An important function of the formation of PAR polymers is the recruitment of other repair 

factors by non-covalent interactions between the PAR chains and specific domains of 

target proteins. One sensor domain for such a non-covalent PAR binding is the 

macrodomain, which is present, amongst others also at the C-terminus of the 

mammalian core histone variant macroH2A (Karras, Kustatscher et al. 2005). The ability 

of the newly synthesized PAR polymer to recruit other proteins was investigated by 

transfecting HeLa cells with a plasmid for the expression of macroH2A-GFP and the  
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Figure 6.13: Live-cell monitoring of PARylation after the induction of DNA damage. A: HeLa 
cells were incubated with a transfection mix containing 2TMR-NAD+ and Pep1-cysteamine and 
incubated for 30 min. Transfection-positive cells were irradiated with 775 nm and 7 mW average 
power. Accumulation of the fluorescence signal at sites of DNA damage was observed and 
representative time-lapse images are shown. Scale bar: 5 µm. B: Quantitative analysis of the 
relative enhancement of the fluorescence signal at laser-induced damaged sites. In the case of 
ABT treatment, cells were incubated with 10 µM ABT for 30 min prior to damage induction. 
Results from at least 30 cells from three independent experiments are shown. Statistical analysis 
was performed using 2-way ANOVA and Bonferroni posttest. ***p<0.0001 C: Physiological effect 
of PARylation upon DNA damage. HeLa cells were transfected with the plasmid DNA pcDNA3.1-
macroH2A1.1-GFP and incubated for 24 h for maximal protein expression. After addition of the 
2TMR-NAD+ transfection mix for 30 min, double-positive cells were irradiated as described in A 
and kinetics were monitored for 6 min. Representative images are shown. Scale bar: 10 µm. D: 
Quantitative analysis of the relative enhancement of the accumulation of the fluorescence signal 
at laser-induced damaged sites. Negative control experiments were performed by incubating the 
cells with 10 µM ABT for 30 min prior to damage induction. E: Impact Pep1 on the kinetics of 
macroH2A-GFP. HeLa cells were transfected with plasmid DNA pcDNA3.1-macroH2A1.1-GFP 
and additionally treated with the protein carrier Pep1-cysteamine or left untreated. After damage 
induction recruitment was examined as in B and the impact of the protein carrier was analyzed. 
Results from at least 10 cells are shown. Error bars represent the SEM. 
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subsequent loading with the 2TMR-NAD+ mixture including Pep1 for uptake. Double- 

positive cells were irradiated and localization dynamics were monitored (Figure 6.13 C). 

By analyzing recruitment kinetics, it became evident that the dynamics of macroH2A-

GFP differs from the fluorescence signal of 2TMR-NAD+ (Figure 6.13 D). Interestingly, 

the signal of 2TMR-NAD+ exhibits a clear decay as shown in Figure 6.13 B, but the 

fluorescence signal of macroH2A-GFP persists longer at damaged sites and displays 

only a slight decrease over time. Treatment with ABT results in the complete reduction 

of the fluorescence signal of 2TMR-NAD+ and macroH2A-GFP. Previous studies have 

shown that localization kinetics of macroH2A-GFP displays a defined increase and decay 

curve similar to the 2TMR-NAD+ course (Kassner, Andersson et al. 2013). To define the 

influence of the cellular treatment with Pep1 on the recruitment behavior of macroH2A-

GFP, cells were transfected with plasmid DNA encoding macroH2A-GFP and treated 

with Pep1 or left untreated (Figure 6.13 E). Recruitment of macroH2A-GFP in the 

presence of Pep1 displays a similar course as in the previous experiment (Figure 

6.13 D). In contrast, localization kinetics of macroH2A-GFP in absence of Pep1 show a 

clear and defined decay of the fluorescence signal after the maximum recruitment level, 

indicating an impact of Pep1 on the recruitment of macroH2A-GFP.  

In summary, the experiments shown here reveal an increase of the fluorescence signal 

of 2TMR-NAD+ at laser-induced DNA damage and non-covalent interactions by 

recruiting the sensor protein macroH2A-GFP. Additionally, the developed approach of 

covalently coupled 2TMR-NAD+ offers new possibilities for studying PAR-modifications 

in living cells.  

 

6.4 Establishment of a reporter cell line expressing eGFP-

XRCC1 for DNA damage induction with femtosecond pulsed 

lasers 

Transfection procedures for the expression of fluorescently labeled proteins may result 

in huge differences in the expression levels of these proteins. To avoid these variances 

that hamper quantitative analyses, a reporter cell line with a stable and constitutive 

expression of the fluorescently labeled repair scaffold protein eGFP-XRCC1 was 

established. This cell line was generated using the FRT/Flp-In™ system, which is 

characterized by the genomic integration of the gene of interest mediated by 

recombinase interaction between two FRT sites (Flp Recombination Target). The FRT 

site consists of a twofold repeat of a 13 bp sequence, which is separated by a small 8 bp 

spacer from an additional but reversed repeat of the same 13 bp sequence (Senecoff, 

Bruckner et al. 1985). The first FRT site was randomly introduced into the host genome 

of the initial HeLa cell line by viral transduction carrying plasmid DNA encoding the FRT 

sequence (this step was performed by members of the laboratory of Prof. T. Mayer at 

the University of Konstanz). Subsequent successful integration of the gene of interest 

requires an expression plasmid carrying the second FRT site and the coding sequence 

for the protein of interest, in this case, eGFP-XRCC1. This plasmid was generated by 

PCR-based Gibson assembly. Different clones were subjected to restriction analysis and  
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Figure 6.14: Plasmid pcDNA5_FRT_eGFP-XRCC1 for the establishment of a reporter cell 
line for monitoring DNA repair. A: Analysis of the plasmid by agarose gel electrophoresis after 
Gibson assembly. Synthesized and control plasmids were digested with XbaI and BsrGI. Control 
experiments were performed using the original plasmid pcDNA5_FRT_TO_eGFP_FA. B: 
Schematic overview of the new expression construct carrying the eGFP-XRCC1 gene under the 
control of the CMV promoter, the FRT site for a successful recombination into the cell line and 
two different resistance markers for selection. C: Recruitment efficiency of plasmid encoded 
eGFP-XRCC1. HeLa Kyoto cells were transfected with either plasmid DNA pEGFP-C1-XRCC1 
(left) or pcDNA5_FRT_eGFP-XRCC1 (right, labeled as clone 11) and incubated for 24 h for 
maximal protein expression. Cells were irradiated with a 405 nm diode at a confocal microscope 
to induce local DNA damage. The recruitment of eGFP-XRCC1 was monitored for 4 min. Scale 
bar: 10 µm 

a gel electrophoresis of positive clones (labeled with 9-12) along with controls is 

displayed in Figure 6.14 A. A schematic overview of the resulting plasmid is shown in 

Figure 6.14 B.  

The establishment of a reporter cell line suitable for characterizing DNA damage 

induction requires similar recruitment behavior of the plasmid-encoded protein compared 

to the expression from the previously used plasmid. Therefore, HeLa Kyoto cells were 

transfected with either the expression plasmid pEGFP-C1-XRCC1 or the plasmid 

pcDNA5_FRT_eGFP-XRCC1 (clone 11). DNA damage was induced using a 405 nm 

diode at a confocal microscope and localization dynamics were monitored for 4 min. Both 

transfections yielded an evenly distributed nuclear fluorescence signal and a clear 
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accumulation upon damage induction at sites of locally induced DNA damage (Figure 

6.14 C).  

Taken together, the successful molecular cloning of an expression vector for eGFP-

XRCC1 carrying the FRT site offers the opportunity to establish a stable reporter cell line 

for the commonly used repair scaffold protein XRCC1 using the FRT/Flp-In™ System. 

Generation of the cell line is based on the co-transfection of the host HeLa FRT cells 

with the new plasmid pcDNA5_FRT_eGFP-XRCC1 and a vector for the expression of 

the Flp recombinase. After single-cell sorting, GFP-positive cells were amplified and the 

single surviving positive colony was expanded. It was subsequently analyzed according 

to the response to DNA damage using NCS or UV-light. HeLa FRT eGFP-XRCC1 and 

mock transfected cells were treated with 200 nM NCS or left untreated for control 

experiments. Immunofluorescence analysis reveals a bright nuclear signal using 

antibodies specific for γH2AX upon NCS treatment, which is absent in untreated cells 

(Figure 6.15 A, left). The stable cell line displays an evenly distributed nuclear GFP 

signal, which is not affected by NCS treatment. The signal pattern of 53BP1 is different 

from that observed for γH2AX between the mock transfected and the stable cell line. In 

both cases, big nuclear 53BP1-specific foci can be detected regardless of damage 

induction. Interestingly, the established cell line shows under untreated conditions, more 

foci than after NCS treatment indicating an altered basal level of the DNA damage 

response in this cell line (Figure 6.15 A, right). 

For using the established cell line expressing eGFP-XRCC1 as a reporter cell line for 

laser-induced DNA damage, recruitment abilities similar to transiently transfected cells 

should be recorded. Upon local damage induction, the nuclear eGFP-signal strongly 

accumulated at UV-irradiated sites within 2 min of observation (Figure 6.15 B). 

Analyzing localization dynamics, transient and stable eGFP-XRCC1 expressing cells 

exhibit comparable kinetics while demonstrating a non-significantly stronger recruitment 

of XRCC1 in cells transiently transfected with the corresponding new expression plasmid 

pcDNA5_FRT_eGFP-XRCC1 (Figure 6.15 C).  
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Figure 6.15: DNA damage characteristics of the stable expressing HeLa FRT eGFP-XRCC1 
cell line. A: HeLa FRT eGFP-XRCC1 or as control cells HeLa FRT mock transfected cells were 
treated with 200 nM NCS or left untreated. Cells were fixed and labeled with γH2AX (red, left) or 
53BP1 (red, right) specific antibodies. eGFP-XRCC1 is shown in green and DNA was 
counterstained using Hoechst33342 (cyan). Representative confocal images are shown. Scale 
bar: 10 µm. B: Comparison of the recruitment kinetics of transient or stable expressing eGFP-
XRCC1 cells. HeLa FRT cells were transfected with either plasmid DNA pEGFP-C1-XRCC1 or 
pcDNA5_FRT_eGFP-XRCC1 and incubated for 24 h for maximal protein expression. DNA 
damage was induced using a 405 nm diode at a confocal microscope and recruitment was 
observed for 2 min. C: Quantitative analysis of B. Transient transfected cells are shown in green 
and red, and the stable expressing cell line is shown in black. Kinetics were background corrected, 
normalized and data are given in relative enhancement. Results of at least 20 cells are shown. 
Error bars indicate the SEM. 

Additionally, a second cell line was developed with a constitutive and stable expression 

of both eGFP-XRCC1 and H2B-mCherry as chromatin marker. Similar experiments for 

the characterization of the response to DNA damage were performed. Chemical damage 

induction with 200 nM NCS resulted in a clear induction of damage visualized by the 

detection of γH2AX (Figure 6.16 A). 

In contrast to HeLa FRT eGFP-XRCC1 cells, the double expressing HeLa FRT eGFP-

XRCC1/H2B-mCherry cell line exhibits small and defined nuclear eGFP foci upon 

chemical damage induction with NCS indicating a functional damage response. There is 

no change in localization and intensity of the H2B-mCherry signal. Further recruitment 
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analysis of eGFP-XRCC1 in the double expressing HeLa cell line displays similar 

efficiencies between transiently transfected cells and the stable cell line with a non-

significant weaker recruitment signal in the case of the transfection with the previous 

expression plasmid pEGFP-C1-XRCC1 (Figure 6.16 B).  

In summary, two reporter cell lines expressing eGFP-XRCC1 were successfully 

established with a positive response to chemically induced DNA damage and similar 

localization dynamics upon UV-irradiation compared to transiently transfected cells.  

 

 

Figure 6.16: Characterization of the damage response of the HeLa cell line stably 
expressing eGFP-XRCC1 and H2B-mCherry. A: HeLa FRT eGFP-XRCC1/H2B-mCherry cells 
were either treated with 200 nM NCS or left untreated. Cells were fixed with PFA and labeled with 
antibodies specific for γH2AX (purple, left) or 53BP1 (purple, right). eGFP-XRCC1 is shown in 
green, H2B-mCherry in red and DNA was counterstained using Hoechst33342 (cyan). 
Representative confocal images are shown. Scale bar: 10 µm. B: Comparison of recruitment 
kinetics of transient or stable (black) expression of eGFP-XRCC1. HeLa FRT H2B-mCherry cells 
were transfected with plasmid DNA either pEGFP-C1-XRCC1 (red) or pcDNA5_FRT_eGFP-
XRCC1 (green) and incubated for 24 h for maximal protein expression. DNA damage was induced 
using a 405 nm diode at a confocal microscope and recruitment was observed for 2 min. 
Quantitative analysis was background corrected and data are given as relative enhancement. 
Results of at least 20 cells are shown. Error bars indicate the SEM. 
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6.5 Characterization of the role of the chromatin architectural 

factor DEK in the response to DNA damage 

The chromatin-associated factor DEK is known to be involved in different cellular 

processes (see chapter 3.5). Amongst others, it is responsible for the formation of the 

heterodimer Ku70/80 in the repair mechanism of DNA double-strand breaks by NHEJ. 

To evaluate DEK’s role in the DNA damage response, our established microirradiation 

setup was used to induce restricted DNA damage and study possible localization 

changes of DEK.  

For this purpose, U2-OS cells were transfected with an expression plasmid for GFP-DEK 

and irradiated at 775 nm and 5 mW average power. Live-cell monitoring of the cells 

showed no changes in fluorescence intensity distribution (data not shown). To 

circumvent overexpression of DEK, non-transfected U2-OS cells were irradiated and 

pre-extracted with the CSK+R buffer prior to fixation in order to enhance possible small 

changes that otherwise were not detectable. Sites of DNA damage were visualized by 

labeling cells with antibodies specific for γH2AX and endogenous DEK was detected by 

a specific polyclonal antibody (Figure 6.17). The results show that an accumulation of 

the fluorescence signal of DEK at sites of laser-induced DNA damage can be observed 

in some cells (first row), but other cells do not present any changes in their DEK 

localization (second row).  

Overall, no clear DEK accumulation at sites of laser-induced DNA damage can be 

visualized by immunofluorescence analysis.  

 

 

 

Figure 6.17: Accumulation of DEK at sites of 
laser-induced DNA damage. U2-OS WT cells 
were irradiated with femtosecond laser pulses at 
775 nm and 5 mW average power. Cells were pre-
extracted with CSK+R buffer, fixed and labeled with 
antibodies specific for γH2AX (red) and DEK 
(green). DNA was counterstained using 
Hoechst33342 (cyan). Negative control cells are 
non-irradiated cells. Scale bar: 10 µm. 
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6.5.1 DEK expression impacts response to ionizing radiation 

According to previous results, DEK does not clearly recruit to sites of laser-induced DNA 

damage, but it is known that it acts somehow in the DNA damage repair mechanisms or 

DNA damage response. Therefore, overall and not localized DNA damage was induced 

via X-ray irradiation and damage markers were detected to clarify alterations dependent 

on the DEK expression level using U2-OS cells bearing a TALEN-mediated genomic 

DEK knockout and their corresponding WT cells. Both cell lines were irradiated with 3 Gy 

and incubated for indicated time points. For the investigation of the DNA damage 

response, cells were labeled with antibodies specific for γH2AX and 53BP1. The amount 

of γH2AX-positive ionizing radiation-induced foci (IRIF) increases with time in both cell 

lines, whereas the maximum amount is reached after an incubation time of 15 min and 

differs significantly between WT and KO cells (Figure 6.18 A-B). The lower γH2AX 

signal in DEK KO cells exhibits a potential influence of DEK in the damage response. 

Within one hour of incubation after irradiation, the amount of γH2AX foci decreases, while 

foci formation of the downstream repair mediator 53BP1 increases indicating that repair 

processes may have started. The extent of these 53BP1 foci does not decrease during 

the specified incubation period. Interestingly, no significant differences in the formation 

of 53BP1 IRIFs between WT and KO cells are detectable. 53BP1 foci that are positive 

for γH2AX are indicative of the presence of DNA double-strand breaks. Visualization of 

colocalization between 53BP1 and γH2AX illustrates that not all γH2AX foci are 53BP1 

positive and in turn, not all 53BP1 foci show a signal specific for γH2AX (Figure 6.18 C). 

A lower amount of colocalized foci in the beginning of the incubation period corresponds 

with a lower amount of 53BP1 foci. Further increase of 53BP1 foci also results in an 

increase in the percentage of colocalized foci, but without any significant dependence of 

the DEK expression level (Figure 6.18 D).  

Taken together, a DEK-dependent difference in the expression of the phosphorylated 

histone variant H2AX indicates an influence of DEK on the first events of the DNA 

damage response. The subsequent appearance of the downstream target 53BP1 and 

the percentage of colocalized foci seems to be not affected by the expression level of 

DEK.  

 

Recent studies of the interplay of DEK and PARP1 in the replication stress response 

purpose an influence of PARP1’s activity on the cellular functions of DEK. Active PARP1 

modifies DEK with PAR and therefore its functions, its subcellular localization, and 

interaction with other proteins (Ganz 2016). In turn, it is not clear, whether DEK 

modulates the functions or activity of PARP1.  
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Figure 6.18: DEK-dependent DNA damage marker expression in response to ionizing 
radiation. A: U2-OS WT (left) or DEK knockout (KO, right) cells were irradiated with 3 Gy and 
incubated at 37°C for indicated time points. Cells were fixed and labeled with γH2AX (green) and 
53BP1 (red) specific antibodies. DNA was counterstained using Hoechst33342 (cyan). At least 
100 cells per condition were analyzed and representative confocal images are shown. Control 
experiments represent untreated cells. Scale bar: 10 µm. B: Quantitative analysis of A. The 
induced IRIF were quantified using ImageJ and data were plotted as mean foci count per cell for 
γH2AX (left) and 53BP1 (right). Statistical analysis was performed using the paired t-test.  
** p<0.01. WT: white, KO: gray C: Representative image of colocalization of γH2AX (green) and 
53BP1 (red). The white line is given as distance in the graph. Scale bar: 10 µm. D: Quantitative 
analysis of colocalizing foci. Bars represent the percentage of 53BP1 foci that also show a positive 
γH2AX signal. Results of three independent experiments with at least 100 cells are shown. WT: 
white, KO: gray  
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For this purpose, DEK-dependent PAR formation in response to damage induction using 

ionizing radiation was studied (Figure 6.19). U2-OS DEK KO and WT cells were 

irradiated with 10 Gy and incubated for the indicated time points. Subsequent labeling of 

PAR using the 10H antibody visualized the formation of branched and long PAR chains 

(Figure 6.19 A). Quantitative analysis reveals an increase of PAR foci upon damage 

induction in U2-OS WT cells over time. This increase is also observable in DEK KO cells, 

but with significantly less efficiency. Additionally, a time delay in PAR foci formation in 

KO cells indicated a potential role of DEK leading to considerations about the overall 

DEK-dependent PAR formation ability (Figure 6.19 B). For this purpose, PAR formation 

at sites of laser-induced DNA damage was visualized using an antibody, which is able 

to detect also short PAR chains. U2-OS WT and DEK KO cells were irradiated with 

femtosecond laser pulses at 775 nm and 5 mW average power. Interestingly, both cell 

lines present a comparable level of PAR at laser-induced damaged sites indicating no 

impact of DEK on the general PAR formation ability (Figure 6.19 C-D).  

Further experiments included the recruitment of target proteins containing the PAR-

binding macrodomain. This is a known PAR-dependent process as mentioned in chapter 

6.3.2. U2-OS DEK KO and WT cells were transfected with plasmid DNA pcDNA3.1-

macroH2A1.1-GFP, but localization kinetics display no significant differences between 

the cell lines specifying no influence of DEK in PAR-dependent recruitment abilities 

(Figure 6.19 E).  

In summary, a decreased and delayed formation of PAR foci in DEK KO cells suggested 

a potential role of DEK in the early damage response influencing the activity of PARP1 

in response to ionizing radiation. In turn, there was no impact of DEK on PAR formation 

at sites of laser-induced DNA damage and PAR-dependent recruitment processes of 

macroH2A-GFP.  

 

 



Results  6.5 

87 

 

Figure 6.19: DEK-dependent PAR detection in response to ionizing radiation and 
femtosecond pulsed laser microirraditation. A: U2-OS WT (left) and U2-OS DEK KO (right) 
cells were irradiated with 10 Gy and incubated on ice for indicated time points. Cells were fixed 
and labeled with the 10H PAR-specific antibody (green) and DNA was counterstained using 
Hoechst33342 (cyan). At least 100 cells per condition were analyzed and representative confocal 
images are shown. Control experiments represent untreated cells. Scale bar: 10 µm. B: Induced 
IRIFs were quantified using ImageJ and data are given as mean foci count per cell. WT cells 
(white bars) show a significant difference to DEK KO cells (gray bars) with increasing incubation 
time. Results from three independent experiments are shown. Statistical analysis was performed 
using the paired t-test. ***p<0.0001. Error bars indicate the SEM. C: PAR-level after laser-induced 
DNA damage. U2-OS WT and DEK KO cells were irradiated at 775 nm and 5 mW average power. 
Cells were fixed and labeled with a polyclonal antibody specific for PAR (green). DNA was 
counterstained using Hoechst33342 (cyan). Representative confocal images are shown. Scale 
bar: 10 µm. D: Quantitative analysis of the PAR-level in WT and DEK KO cells. Fluorescence 
intensity of the PAR-signal within the region of interest was analyzed using ImageJ. Error bars 
indicate the SEM. E: DEK-dependent recruitment kinetics of the PAR-sensing domain 
macroH2A1.1-GFP at laser-induced DNA damage. U2-OS WT and DEK KO cells were 
transfected with plasmid DNA pcDNA3.1-macroH2A1.1-GFP and incubated for 24 h for maximal 
protein expression. DNA damage was induced at 775 nm and 5 mW average power and kinetics 
were monitored for 3 min. Analysis of the accumulation of the fluorescence signal was performed 
using ImageJ. Results were background corrected and shown as relative enhancement. 
Recruitment of macroH2A1.1-GFP seems slightly faster in DEK KO cells (gray) than in WT cells 
(black). Results from at least 20 cells are shown.  
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6.6 Establishment of a stable U2-OS cell line expressing 

endogenous levels of eGFP-DEK 

According to previous results, it is obvious that DEK influences somehow the cellular 

damage response, but its exact role remains unclear. A stable U2-OS cell line expressing 

eGFP-DEK at endogenous levels was established to identify the role of DEK in a cellular 

context in undamaged and damaged cells. With this cell line, subcellular localization 

changes upon damage induction using live-cell imaging should be easier to perform and 

deliver more reproductive results.  

The cell line was created using a TALEN-mediated genomic knock-in of the eGFP-

sequence at the ATG start codon of the DEK gene. TALENs introduce a site-directed 

DNA double-strand break in non-dividing cells. The additional transfection of a plasmid 

bearing the sequence for the exchange matrix provides the possibility for homologous 

recombination and the integration of the genomic sequence of eGFP (Zu, Tong et al. 

2013). This exchange matrix carries the eGFP coding sequence surrounded by 

homology arms from the DEK genomic sequence. They mediate the binding of the matrix 

at the artificially created double-strand break and facilitate recombination. Additional 

genes encoding for bacterial and eukaryotic selection enable the development of a single 

clone derived cell line. A schematic overview of the created eGFP-DEK exchange matrix 

is shown in Figure 6.20 A. After triple-transfection of the basic U2-OS cell line with 

plasmids encoding for the TALENs and the exchange matrix, single eGFP-positive cells 

were selected by cell sorting. Amplification and further screening of fluorescent cell 

colonies resulted in four potentially positive eGFP-DEK clones containing a complete 

replacement of endogenous DEK with eGFP-DEK identified by Western Blot analysis 

(Figure 6.20 B). Appropriate loading controls, PCNA and actin, enable densitometric 

measurements for calculating relative DEK expression levels. Clone 8 exhibited a DEK 

expression level corresponding to 90% of the WT level after normalization to actin levels 

as internal standard (Figure 6.20 D). The other eGFP-positive clones (labeled as 5, 9 

and 12) show a decreased expression level of eGFP-DEK compared to endogenous 

expression.  

The reduced chemiluminescence signal of PCNA in clone 12 suggests possible 

influences of the transfection and sorting procedure on the proliferation and viability of 

the cells. The metabolism of resazurin is a commonly used assay for these properties 

(Figure 6.20 C). Clone 8 showed the most similar proliferation as compared to the WT 

followed by clone 9 and 5. A lower cell viability (65% of WT) of clone 12 suggested that 

these cells have an impaired proliferation.  

Further experiments to identify the optimal eGFP-DEK clone included quantitative 

analysis of the overall eGFP fluorescence intensity suitable for live-cell imaging. In all 

lines, the eGFP-DEK had a bright nuclear fluorescence signal, but the intensity of the 

individual clones differed with clone 12 showing the lowest signal (Figure 6.21 A-B). The 

best signal-to-noise ratio was found for clone 8 and 9 and representative confocal images 

of each eGFP-DEK clone are shown in Figure 6.21 A. Intensity measurement results 

also match Western Blot analysis using an antibody specific for GFP (Figure 6.20 B). 
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Figure 6.20: Establishment of a stable U2-OS cell line expressing endogenous level eGFP-
DEK using TALEN technology and characteristics of different expanded clones. A: 
Schematic view of the plasmid pEGFP_N1_exchange matrix eGFP-DEK. B: Western Blot 
analysis of U2-OS cells expressing endogenous eGFP-DEK. U2-OS WT cells were transfected 
with TALENs for the induction of a site-directed DNA double-strand break and the exchange 
matrix as a template for homologous recombination. After cell sorting, clones were expanded and 
lysates were analyzed by SDS gel electrophoresis. For the detection of proteins after Western 
Blotting antibodies specific for DEK and GFP were used. Loading controls were PCNA and actin. 
In the first lane, a lysate from U2-OS WT cells was loaded. Four independent positive clones are 
shown (labeled as 5,8,9 and 12). C: Proliferation of U2-OS eGFP-DEK cells compared to U2-OS 
WT. Cells were plated into 96-well plates at a density of 104 cells per well and incubated for 24 h. 
After addition of alamarBlue reagent, cells were incubated for 1 h and photometrically analyzed. 
Results from three independent experiments are shown. Error bars indicate the SEM. D: 
Quantitative analysis of DEK expression after Western Blot detection of B. The 
chemiluminescence signal was quantified using ImageJ and the DEK expression level was 
normalized to the corresponding actin signal. Data was normalized to WT, which was set to 100%. 
Error bars indicate the SD. 

The TALEN-mediated procedure for the creation of the stable cell line might lead to 

cellular stress, like oncogenic and oxidative stress that can result in cellular senescence 

(Sadaie, Dillon et al. 2015). Cellular senescence is a cell cycle arrest in a resting state 

characterized by different morphological changes including the enlargement of cell nuclei 

(Mitsui and Schneider 1976).  

Therefore, alterations in the nuclear size were investigated as an indicator for potential 

induction of senescence or other alterations of cellular processes. The nuclei of the 

different clones were analyzed and compared to the nuclear area of U2-OS WT cells. 

Clone 5 shows a significantly smaller nuclear area, whereas clones 8, 9 and 12 exhibit  

 



Results  6.6 

90 

 

Figure 6.21: Characterization of established U2-OS eGFP-DEK clones. A: U2-OS WT or 
eGFP-DEK cells were fixed and DNA was counterstained using Hoechst33342 (cyan). The eGFP-
DEK signal is shown in green and representative confocal images are shown. Scale bar: 20 µm. 
B: eGFP-DEK expression of the different clones. Fluorescence intensity was normalized to the 
background signal of U2-OS WT cells. Clone 8 (red) and 9 (green) show a higher fluorescence 
intensity than clone 5 (blue) and 12 (yellow). Results of at least 300 cells from three independent 
experiments are shown. Error bars indicate the SEM. C: Quantitative analysis of the nuclear area. 
Data from A were analyzed using ImageJ and the size of the nuclei was plotted and compared to 
that of WT nuclei. Clone 5 (blue) shows a significant decrease. Statistical analysis was performed 
using the paired t-test. *p>0.05.  

similar sizes of their nuclei compared to WT cells indicating no obvious cellular 

alterations.  

Taken together, a stable cell line expressing an endogenous level of eGFP-DEK was 

successfully established. The four positive clones obtained show a similar behavior 

concerning DEK expression, proliferation, fluorescence intensity and their nuclear area. 

Clone 8 was most similar to WT cells in all investigated parameters and was thus chosen 

for further experiments and named U2-OS eGFP-DEK cell line.  

 

Evaluation of DEK’s localization changes during DNA repair can now be studied by 

tracking the eGFP signal in real-time upon damage induction. Using microirradiation with 

femtosecond pulsed fiber lasers at 775 nm and 5 mW average power, DEK showed no 

alterations in its subcellular localization and no accumulation of the fluorescence signal 

at sites of DNA damage (data not shown).  
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Previous studies showed that in response to mild replication stress followed by a 

recovery of at least 36 h a complete abrogation of the nuclear DEK signal can be 

observed in immunofluorescence (Deutzmann 2013). The stable eGFP-DEK expressing 

U2-OS cell line facilitates the detection of localization changes in living cells and was 

employed in the attempt to reproduce these results. However, no reduction of the DEK 

signal after HU treatment could be observed (data not shown). Interestingly, transient 

aggregates of eGFP-DEK could be reproducibly detected suggesting a role of DEK 

during the cell cycle.  

6.6.1 Characterization of S-phase specific DEK bodies  

The chromatin architectural protein DEK is known to be DNA bound during the whole 

cell cycle in cancer cells (Kappes, Burger et al. 2001). In contrast, DEK is absent from 

chromatin during mitosis in untransformed but immortalized keratinocytes that also show 

a decreased DEK protein level in mitosis (Matrka, Hennigan et al. 2015). The 

identification of periodically appearing DEK bodies in U2-OS eGFP-DEK cells suggested 

new functions of DEK during the cell cycle.  

Time-lapse experiments of U2-OS eGFP-DEK cells revealed an evenly distributed 

nuclear eGFP-signal with sub-nuclear localization changes linked to structural chromatin 

alterations during mitosis, supporting the hypothesis of a constitutive chromatin-bound 

DEK. Additionally, transient accumulations of eGFP-DEK (so-called DEK bodies) during 

the cell cycle could be visualized (Figure 6.22 A). Counting the frames in the time-lapse 

video, in which DEK bodies appeared, revealed a mean duration of appearance of DEK 

bodies of approx. three hours (Figure 6.22 B). Measurement of the time extending from 

body disappearance until the formation of the metaphase plate during mitosis revealed 

that DEK accumulates during the S-phase of the cell cycle.  

To confirm that the accumulation of eGFP-DEK is not due to a GFP-artifact and is not 

dependent on the DEK expression level, live-cell imaging experiments were performed 

with cells transiently transfected with a plasmid encoding eGFP-DEK. Detection of body 

formation within these GFP-DEK cells supports the identification of subcellular 

accumulations of DEK and indicates no impact of the DEK expression level (Figure 

6.22 C, first row).  

Next, PCNA was used as a marker for S-phase for more precisely identifying the cell 

cycle phase, in which eGFP-DEK accumulation occurs (Schonenberger, Deutzmann et 

al. 2015). Both transiently and stably expressing eGFP-DEK cells show a clear 

colocalization of eGFP-DEK bodies with large RFP-PCNA foci characteristic for the late 

S-phase (Figure 6.22 C, lower two lanes). To exclude that DEK body formation occurs 

due to eGFP-mediated accumulation, cells were transfected with an expression plasmid 

encoding only the eGFP-tag. Control experiments exhibit an evenly distributed eGFP-

signal without the formation of any foci during late S-phase identified by the simultaneous 

visualization of large RFP-PCNA foci (Figure 6.22 D).  

In summary, both accumulation and subcellular localization changes of DEK during the 

cell cycle suggest potential new cellular functions of this chromatin architectural protein. 

Colocalization studies with RFP-PCNA foci enabled to assign this novel DEK 

accumulation to the late S-phase of the cell cycle. 
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Figure 6.22: Accumulation and relocation of eGFP-DEK during the cell cycle. A: Time-lapse 
images of untreated U2-OS eGFP-DEK cells monitored for 24 h. Images show S- and G2-phase 
(0-340 min), chromosome re-organization (650 min), mitosis and cell division (670-900 min). 
During late S-phase, accumulation of eGFP-DEK signal and the formation of DEK bodies can be 
visualized. Scale bar: 10 µm. B: Analysis of DEK body formation according to appearance 
duration (left) and time until mitosis start (right). DEK bodies are visible for approx. 3 h and they 
appear approx. 6 h before mitosis. Box plots of two independent experiments are shown. Boxes 
extend from the 25th to the 75th percentiles and the median is plotted as a black line. Whiskers 
represent the 5th and 95th percentiles. C: DEK body formation is independent of the DEK 
expression level. DEK bodies colocalize with RFP-PCNA. U2-OS WT cells were transfected with 
plasmid DNA either pEGFP-N1-hDEK or pENmRFP-PCNAL2 or double transfected with both 
plasmids and incubated for 24 h for maximal protein expression. U2-OS eGFP-DEK cells were 
transfected with pEN-mRFP-PCNAL2. Cells were monitored for 24 h (37°C, 5% CO2). 
Concomitant with DEK body formation, relocation of RFP-PCNA (red) can be detected both in 
transiently transfected cells and in the stable cell line. Single transfected cells (upper two lines) 
serve as control cells. Scale bar: 10 µm. D: Body formation is not an eGFP artifact. U2-OS cells 
were double transfected with pEGFP-C1 and pENmRFP-PCNAL2 and incubated for 24 h. During 
RFP-PCNA body formation, an equally distributed eGFP-signal can be visualized. Scale bar: 
10 µm. 
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To investigate whether posttranslational modifications mediate body formation, U2-OS 

eGFP-DEK cells were treated with different cellular inhibitors. The pharmacological 

PARP inhibitor ABT is known to reduce general PAR levels within cells. In this study, 

ABT treatment shows no impact on DEK body formation and duration time (Figure 6.23). 

Additionally, phosphorylation, one of the most important modifications for signal 

transduction in cells, was inhibited using TBB (4,5,6,7-tetrabromobenzotriazole) and KU-

55933. Treatment with TBB, an inhibitor of CK2, the main kinase responsible for DEK 

phosphorylation, did not alter DEK body formation. Furthermore, DEK bodies can also 

be detected in the presence of the ATM inhibitor (KU-55933) indicating that DEK body 

formation and appearance duration is independent of these posttranslational 

modifications.  

 

 

Figure 6.23: No impact of inhibitors of PARylation and phosphorylation on DEK body 
formation. A: U2-OS eGFP-DEK cells were incubated with 10 µM ATM inhibitor KU-55933, 
20 µM CK2 inhibitor TBB and 5 µM PARP inhibitor ABT for at least 1 h prior to the experiment or 
left untreated and monitored for 24 h. DEK body formation could be visualized in every condition 
as shown by representative images. Scale bar: 10 µm. B: Analysis of DEK body appearance upon 
different inhibitor treatments. Box plots of 25 cells are shown. Boxes extend from the 25th to the 
75th percentiles and the median is plotted as a black line. Whiskers represent the 5th and 95th 
percentiles. 

6.6.2 DEK body formation in late S-phase of the cell cycle 

To support the hypothesis that DEK body formation occurs during the late S-phase of 

the cell cycle, U2-OS eGFP-DEK cells were labeled with antibodies specific for PCNA to 

circumvent overexpression of RFP-PCNA. Visualization of the endogenous 

characteristic pattern of PCNA localization showed an evenly distributed fluorescence 

signal in G1- and G2-phase, the formation of small foci in the beginning of S-phase 

leading to large accumulations in late S-phase representing replication factories (Essers, 

Theil et al. 2005). Similar to PCNA expression in G-phase, the eGFP-DEK signal is 

evenly distributed throughout the whole cell cycle except the late S-phase. The 

detectable signal accumulations seem to colocalize with PCNA foci (Figure 6.24 A). 
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Figure 6.24: Colocalization of eGFP-DEK and PCNA during late S-phase of the cell cycle. 
A: U2-OS eGFP-DEK cells were fixed and labeled with PCNA specific antibodies. Characteristic 
relocation of PCNA (red) can be observed. In cells representing the late S-phase, similar eGFP-
DEK (green) and PCNA (red) localization patterns can be visualized. DNA was counterstained 
using Hoechst33342 (cyan). Representative confocal images are shown. Scale bar: 10 µm. B-C: 
Colocalization of PCNA and DEK bodies in stable expressing eGFP-DEK cells (B) or WT cells 
(C) labeled with antibodies specific for DEK. Representative images are shown and colocalization 
profiles were analyzed along the white line given as distance in the graphs. 

Colocalization profiles of U2-OS eGFP-DEK cells demonstrate overlapping peaks in 

fluorescence intensities of the labeled PCNA signal and the endogenous expression of 

eGFP-DEK (Figure 6.24 B). According to the profiles, colocalization in U2-OS WT cells 

labeled with antibodies specific for PCNA and DEK show similar results. Of note, all DEK 

bodies colocalize with PCNA, but in turn not all PCNA foci are positive for DEK (Figure 

6.24 C).  

Furthermore, a different approach using S-phase marker cyclin A for cell cycle analysis 

supports the hypothesis for DEK body formation during S-phase (see Figure 6.25 A).  

Taken together, colocalization with PCNA foci in either eGFP-DEK or WT U2-OS cells 

confirm DEK body appearance during late S-phase of the cell cycle.  
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6.6.3 DEK’s potential interaction with heterochromatin markers  

Chromatin organization plays an important role in all cellular processes, especially during 

genome replication. Identification of DEK bodies during the cell cycle and previous 

findings of DEK as heterochromatin-associated protein leads to the hypothesis that DEK 

regulates replication processes at heterochromatic regions. Heterochromatin is 

characterized by a defined pattern of epigenetic posttranslational modifications at flexible 

tails of the core histones including for example trimethylation at lysine 9 of histone 3 

(H3K9me3) (Grewal and Jia 2007). Associated with this epigenetic mark is the 

heterochromatin protein 1 alpha (HP1α), a known interaction partner of DEK (Kappes, 

Waldmann et al. 2011). 

For the investigation of the interaction of DEK with HP1α within the DEK bodies, U2-OS 

eGFP-DEK and WT cells were labeled with specific antibodies. In cells with detectable 

DEK bodies, an evenly distributed HP1α fluorescence signal can be observed without 

any accumulations (Figure 6.25 B).  

 

Apart from visualizing the direct interaction with HP1α, DEK possibly colocalizes with 

HP1α’s target structural mark, H3K9me3. Immunofluorescence analysis of H3K9me3 in 

U2-OS eGFP-DEK and WT cells reveal that some cells indeed show H3K9me3 

accumulation at sites of DEK bodies, but other cells demonstrate a uniform fluorescence 

signal (Figure 6.25 C). Colocalization profiles support these results and display intensity 

peaks of H3K9me3 that are negative for DEK, while in turn showing no peaks of the DEK 

signal, which are negative for H3K9me3 (Figure 6.25 D).  

 

In summary, using the stable expressing U2-OS eGFP-DEK cell line for studying its role 

in repair processes after laser-induced DNA damage results in no recruitment of DEK to 

damaged sites, which could be confirmed in live-cell experiments. Strikingly, the cell line 

demonstrates nuclear accumulations of DEK during the late S-phase in undamaged cells 

that potentially interact with the replication factor PCNA. The influence of DEK in the 

replication of heterochromatic regions is supported by findings of the possible 

colocalization of DEK with the heterochromatin-associated epigenetic mark H3K9me3.  

Overall, the establishment of the stable U2-OS cell line expressing an endogenous level 

of eGFP-DEK opens new prospects for the identification of its potential functions in 

various cellular processes and enables localization studies using live-cell imaging.   
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Figure 6.25: Colocalization of eGFP-DEK bodies with heterochromatin-associated 
markers. A: Cyclin A as cell cycle marker indicates DEK body formation in S-phase. U2-OS 
eGFP-DEK and WT cells were fixed and labeled with cyclin A specific antibodies. eGFP-DEK is 
shown in green and the signal of cyclin A is shown in red. DNA was counterstained using 
Hoechst33342 (cyan). Representative confocal images are shown. Scale bar: 10 µm. B: U2-OS 
eGFP-DEK or WT cells were fixed and labeled with HP1α specific antibodies. In the case of WT 
cells additionally, antibodies specific for DEK were used. DNA was counterstained using 
Hoechst33342 (cyan). In S-phase cells containing DEK bodies (green), no relocation of HP1α 
fluorescence signal (red) is visible. Representative images are shown. Scale bar: 10 µm. C: 
H3K9me3 as heterochromatin marker during DEK body formation. U2-OS eGFP-DEK or WT cells 
were fixed and labeled with H3K9me3 specific antibodies (red) and in the case of WT cells 
additionally with antibodies specific for DEK (green). DNA was counterstained using Hochst33342 
(cyan). Some eGFP-DEK cells, as well as WT cells, show a colocalization of DEK bodies with 
H3K9me3 regions. Representative confocal images are shown. Scale bar: 10 µm. D: 
Fluorescence intensity profiles of H3K9me3 (red) and DEK (green) for colocalization studies of 
the WT (right) or eGFP-DEK (left) cells. The white line is given as distance in the graph. 
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7 Discussion  

7.1 Determination of HeLa Kyoto cells as optimal cell line for 

microirradiation experiments 

The ability to conduct robust biological experiments including high recovery and 

reproducibility of the generated data is essential for the establishment of new hypotheses 

and heavily depends on the chosen experimental conditions and the used equipment. 

One central element is the choice of an appropriate cellular model system. The cell lines 

used in this study, BJ-5ta and HeLa Kyoto, differ fundamentally in their origin and 

characteristics. BJ-5ta cells are human foreskin fibroblasts immortalized by expression 

of the human telomerase reverse transcriptase subunit (hTERT, (Bodnar, Ouellette et al. 

1998)). They contain a diploid set of chromosomes and are non-cancerous cells. In 

contrast, HeLa Kyoto is a cancer cell line harboring a varying amount of partly mutated 

chromosomes, a feature, which is a hallmark of cancer (Hanahan and Weinberg 2011). 

They are derived from the initial HeLa cell line cultured in 1953 out of the cervix 

carcinoma of Henrietta Lacks.  

In this study, the two cell lines were compared concerning their response to chemically 

and radiation-induced DNA damage to identify the cell line, which is better suited for 

further microirradiation experiments. Pilot experiments demonstrated that the treatment 

with NCS leads to a strong increase in the detection of the DNA damage marker γH2AX 

depending on treatment time and concentration. A decrease of the signal after two hours 

in these experiments indicates that repair mechanisms may have started (Kinner, Wu et 

al. 2008). The optimal working condition for the treatment with NCS was identified as 

200 nM for 30 min, which was used for all further experiments. Chemical treatment with 

NCS or H2O2 lead to the induction of DSBs and base modifications as detected by the 

accumulation of γH2AX, 53BP1, and PAR. However, in BJ-5ta cells a huge variation 

between the fluorescence intensity of individual cells was measurable indicating that 

HeLa Kyoto cells might be able to balance the damage response to cellular insults due 

to their multiple sets of chromosomes.  

In contrast to chemical DNA damage, which induces mostly pan-nuclear staining of the 

studied markers, radiation is known to generate radiation-induced foci. Hereby, the 

number of foci is a precise indicator of the induction efficiency of DNA damage. Both cell 

lines were analyzed according to their UV-light induced γH2AX and 53BP1 foci. Similar 

results were obtained as compared to the chemical treatment experiments. In addition, 

untreated BJ-5ta cells show a positive γH2AX signal indicating that these cells might be 

more susceptible to endogenous DNA damage during culture conditions.  

Taken together, BJ-5ta cells is a non-cancerous cell line, which is closer to physiological 

conditions, compared to HeLa Kyoto cells, but the individual variation in their damage 

response is too high for a suitable evaluation. In contrast, HeLa Kyoto cells are cancer 

cells, which may have altered physiological properties, but they show a robust damage 

response to chemicals or UV-light. Therefore, this cell line was chosen for all further 

experiments directed at the characterization of the microirradiation setup.  
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7.2 Adjustment of parameters for laser microirradiation 

Apart from the determination of the cell line, the experimental setup had to comply with 

different requirements for a successful non-linear microirradiation. According to 

Gassman et al. near-infrared femtosecond pulsed fiber lasers, which are not employed 

conventionally in confocal microscopy, necessitate special adjustment and maintenance 

(Gassman and Wilson 2015). To exploit non-linear effects for damaging processes in 

cells, the lasers have to be kept in a good alignment to reach a small focal volume 

containing a high photon density. Standard methods for the determination of the 

illumination or excitation spot, which corresponds to the focal volume, include PSF 

measurements with subresolution fluorescently labeled beads. However, these 

measurements require widefield illumination conditions or laser scanners with high 

precision, which are not given by using the independent UGA-40 scanner system for 

coupling the pulsed laser into the microscope. Therefore, determination methods for the 

illumination spot of the damaging laser without direct imaging were established during 

this thesis.  

 

7.2.1 Illumination spot determination by analysis of DNA damage 

markers  

First approaches for the determination of the illumination spot were performed by the 

analysis of different biological damage markers at sites of laser-induced DNA damage. 

Previous results of our group concerning wavelength-dependent specific induction of 

DNA strand breaks had been achieved using an LSM 5 Pascal confocal microscope 

supplemented with a 107 MHz Er:fiber laser (Trautlein, Deibler et al. 2010). This system 

was able to measure the illumination volume with subresolution fluorescent beads and 

had reached lateral and axial dimensions close to theoretically calculated values 

(Träutlein 2009). Because of this, the recruitment volume of the repair protein XRCC1 to 

damaged sites and the dimensions of the TUNEL labeling for strand breaks were 

analyzed with the new system LSM700 and compared to the system described by Daniel 

Träutlein (Träutlein 2009). However, first results in the LSM700 system demonstrated a 

larger illumination volume as measured at the LSM 5 Pascal. A possible explanation 

were spherical aberrations caused by additional optical components like the independent 

scanner unit of the new system. Further optimization included the change of the dichroic 

mirror and the removal of apochromatic optics of the microscope. The additional 

reduction of the applied average power resulted in a smaller, but still not optimal 

illumination volume measured by the recruitment of XRCC1. Theoretically calculated 

dimensions for the illumination volume using 775 nm and an objective with a numerical 

aperture of 1.3 are 304 nm for the lateral extension and 929 nm of the axial direction 

(Amos, McConnell et al. 2012). It has to be considered that determining the illumination 

spot via recruitment of fluorescent marker proteins in living cells is not optimal due to 

possible expansions of the induced spot in consequence of unfolding processes of the 

chromatin surrounding the lesion (Price and D'Andrea 2013).  
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An alternative biological approach for the determination methods consisted in the indirect 

immunofluorescence detection with antibodies specific for CPDs in fixed cells. The 

results revealed a slight improvement in comparison to the recruitment of XRCC1, but 

the axial expansion of the illumination spot was still twice as big as the theoretically 

calculated one. This might indicate that the indirect antibody detection may expand the 

determination of the spot due to the size of the used antibodies.  

A third approach for the biological detection of the illumination spot was the activation of 

a photoactivatable variant of GFP-tagged histone H1.2 without the induction of DNA 

damage. This was ensured by applying low average power (Patterson and Lippincott-

Schwartz 2002). To avoid diffusion processes, cells were fixed before microirradiation. 

Interestingly, results revealed a measured lateral FWHM that is around three times the 

theoretical calculated value. This enlargement of the illumination spot by using PAGFP-

H1.2 might be based on the activation of PAGFP by out-of-focus light. Although the 

photon density and the laser intensity decreases drastically above and below the focal 

plane, the remaining power in the direct surrounding might be sufficient to excite PAGFP 

resulting in an extension of the measured illumination spot (Denk, Strickler et al. 1990).  

Taken together, biological detection methods for the determination of the illumination 

spot are reproducible in their results, but biological repair processes, cell-to-cell 

variability, and the photophysical properties of fluorescent proteins (PAGFP) might 

influence the measurements. Therefore, these methods are not sufficient to get precise 

information about the dimensions of the initial illumination spot.  

 

7.2.2 Establishment of a test sample for identifying the illumination 

spot of the pulsed laser  

For the physical determination of the size of the illumination spot, Dr. Martin Stöckl 

(Bioimaging Center; University of Konstanz) developed a fluorescent test sample by 

dissolving plastic particles of commercially available polymer slides in chloroform 

similarly to calibration samples from Zwier et al. (Zwier, Oomen et al. 2008). Here, the 

resulting thin and uniform fluorescent slides were used for the detection of bleaching 

events by the pulsed laser. Irradiation conditions were adjusted to achieve a linear 

dependency of bleaching events, whereas an increase in time of irradiation corresponds 

to an increase in energy deposition. The resulting values were fitted with the stretched 

exponential decay function, which was previously described as a realistic decay model 

for continuous fluorescence lifetime distributions in inhomogeneous samples and 

biological tissues (Lee, Siegel et al. 2001). Thereby, different bleaching efficiencies 

resulting from spatial arrangements and chemical configurations of the fluorophores 

were included. The subsequent calculation of the illumination spot has demonstrated 

promising results compared to the theoretically calculated values (described in detail in 

5.2.3.3, 5.2.3.4, and 6.2.2). In the lateral direction, our results of 360 nm are very close 

to the theoretically one, which is 304 nm. For the axial direction, 1300 nm was measured 

with our sample compared to 929 nm in the theoretical calculation.  

These results demonstrate that the developed test sample is suitable for a fast and 

robust characterization of a two-photon microirradiation system. It can be used for the 
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alignment of lasers and to identify illumination problems like astigmatisms and an 

incorrect coupling of the laser. However, high input laser power results in irreversible 

thermal damage of the sample.  

The developed sample can now be used to describe the influence of pulse length and 

peak power on the bleaching efficiency of the laser. For this purpose, the measurement 

of the pulse duration in the focal plane of the objective is essential to characterize 

precisely the irradiating laser pulses. These measurements were achieved by frequency-

resolved optical gating (FROG) and are described in the master thesis of Felix Schindler 

(in preparation: Department of Physics, Center for Applied Photonics, University of 

Konstanz). 

The measurement of the spot size of the employed femtosecond pulsed fiber laser is 

crucial for inducing non-linear irradiation processes with high efficiency and for the 

subsequent biological characterization of the system.  

 

7.3 Biological characterization of the effect of 775 nm 

femtosecond pulsed fiber lasers on nuclear DNA 

Femtosecond pulsed fiber lasers are a tool for the induction of localized DNA damage 

and subsequent study of DNA repair. Near-infrared 775 nm pulses lead to the generation 

of either UV-photoproducts by direct three-photon absorption or DNA strand breaks 

mediated by radicals produced from the surrounding water molecules (Trautlein, Deibler 

et al. 2010). Because of that, the biological characterization of our new microirradiation 

setup should result in the detection of these different types of DNA damage.  

To evaluate the optimal range of the input average power, indirect immunocytochemistry 

of the phosphorylated histone variant γH2AX was performed. This marker is commonly 

used as an indirect marker for DNA strand breaks and therefore represents a good 

choice for the first experimental approaches (Fernandez-Capetillo, Lee et al. 2004). 

According to Rogakou et al., cells were incubated for ten minutes after damage induction 

to achieve the maximum level of γH2AX signal (Rogakou, Pilch et al. 1998).  

In this study, it could be shown that the detection of γH2AX was restricted to the irradiated 

volume when using a low range of the applied input power. Increasing the input power 

resulted in spreading of the detection of γH2AX to the entire nucleus indicating that 7 mW 

average power is too high for localized damage detection. Based on these experiments 

the optimal input power was determined to be in the range between 4-6 mW. 

Additionally to the detection of γH2AX, monitoring of UV-photoproducts CPDs and 6-4-

PP demonstrated that the application of 775 nm pulses generates a mixture of different 

types of DNA damage. These results reproduce previous findings of our group performed 

with a repetition rate of 107 MHz and showed that the induction of different damage types 

is independent of the repetition rate of the applied laser (Trautlein, Deibler et al. 2010).  

Further experiments will identify the specificity of damage induction depending on 

different wavelengths, while the repetition rate can be neglected. Additionally, the use of 

femtosecond pulsed fiber lasers at 525 nm for damage induction is hypothesized to 

generate specifically UV-photoproducts in a defined power range. 
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7.3.1 CSK+R pre-extraction leads to an optimized detection of direct 

DNA strand break markers  

Since γH2AX as DNA strand break marker is a posttranslational modification regulating 

its own amplification, more direct detection methods for DNA strand breaks (Ku80 and 

TUNEL) were established during this thesis. They will expand the biological 

characterization of the microirradiation setup, which was previously published by our 

group (Trautlein, Deibler et al. 2010).  

The TUNEL assay had been typically performed to identify apoptotic cells by means of 

their fragmented DNA within a cell culture. Here, it was adapted to detect DNA strand 

breaks on a single-cell level at sites of laser-induced damage. The assay is based on 

the enzymatic incorporation of nucleotide analogs at free 3’-hydroxyl DNA ends, which 

are then fluorescently labeled via click chemistry (Loo 2011). After protocol optimization, 

it could be observed that the fluorescence signal of the TUNEL assay was only 

detectable by using the CSK or CSK+R pre-extraction prior to fixation. The detergent 

and sucrose based pre-extraction of the cells is widely used to remove soluble proteins 

before immunocytochemistry (Cramer and Mitchison 1995). Therefore, it can be 

assumed that many repair and DNA-associated proteins might be released from cells 

upon treatment with CSK buffer and, afterward, the TdT transferase is able to bind to 

exposed 3’-hydroxyl DNA ends. Taken together, the TUNEL assay can be used as a 

direct marker for DNA single and double-strand breaks after laser microirradiation on a 

single-cell level.  

Secondly, Ku80 as part of the heterodimer Ku70/80 is a direct sensor for DSBs. It binds 

at the generated loose DNA ends and protects them from degradation. The visualization 

of Ku80 at sites of DNA damage is, therefore, an appropriate direct marker specifically 

for DSBs. However, in this case, pre-extraction using the CSK buffer lead to an overall 

nuclear detection of Ku80 without any specificity for damaged sites. According to Britton 

et al., Ku binding to non-extractable chromatin is mediated by RNA (Britton, Coates et 

al. 2013). Therefore, the authors demonstrated a CSK pre-extraction supplemented with 

RNase to detect Ku at sites of laser-induced DNA damage. In this study, this treatment 

leads to a clear detection of Ku80 accumulation. The successful adaptation of this 

protocol to a single-cell level expands our detection methods for different DNA damage 

markers and provides an opportunity to visualize DNA double-strand breaks directly. 

 

7.3.2 Power-dependent accumulation of XRCC1 at sites of laser-

induced DNA damage 

As scaffold protein for the BER, XRCC1 exhibits a fast and highly reproducible 

recruitment behavior. Therefore, the recruitment of eGFP-labeled XRCC1 is a suitable 

reporter to determine an optimal range of input power, making it a novel standard for a 

fast biological response in laser adjustment processes.  

In this study, the HeLa FRT eGFP-XRCC1/H2B-mCherry cell line was established and 

used for the identification of the optimal power range (see chapter 7.5). Previous 
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experiments demonstrated that the accumulation of eGFP-XRCC1 at damaged sites is 

dependent on the applied input power, which could be reproduced in this study using our 

new microirradiation system (Trautlein, Deibler et al. 2010). At higher power ranges 

(6 mW-7 mW) a saturation of the signal enhancement can be observed. It could be 

hypothesized that this saturation is either due to steric problems of the recruited protein 

or to the competition of WT XRCC1 with the ectopic eGFP-XRCC1 during repair 

processes. Non-linear effects of 775 nm femtosecond pulsed fiber lasers induce DNA 

damage only in a small and defined volume (see 7.2.1) and therefore, the capacity for a 

possible accumulation is restricted. This hypothesis is supported by the power-

dependent accumulation of the damage markers Ku80 and the TUNEL, which were 

detected by indirect immunocytochemistry without the use of a fluorescence tag. Here, 

the fluorescence intensity exhibited an increase between 6 mW and 7 mW average 

power, hinting towards an increasing power-dependent amount of induced DNA lesions 

in this region. To identify the influence of the fluorescence tag on the recruitment 

efficiency of XRCC1, immunocytochemistry experiments using antibodies specific for the 

detection of WT XRCC1 would offer a more direct signal of its accumulation at sites of 

DNA damage. 

 

A second hypothesis for the saturation of eGFP-XRCC1 might be the cellular pool of 

NAD+. NAD+ is the cellular cofactor and precursor for the synthesis of PAR chains, 

which in turn represent a molecular damage signal and mediate the recruitment of 

XRCC1 to damaged sites. At higher power levels, one could assume that NAD+ levels 

become the limiting factor and restrict XRCC1 recruitment. However, being a cofactor of 

many metabolic processes, the NAD+ pool is essential and the cell should be able to 

handle the induced amount of DNA damage (Fouquerel and Sobol 2014, Verdin 2015). 

Therefore, the most likely interpretation is that steric hindrance in the small irradiated 

volume is the limiting factor for the recruitment efficiency of eGFP-XRCC1 to DNA 

damage sites.  

 

7.4 Application of laser irradiation for DNA repair studies 

The characterized microirradiation system LSM700 can now be used as a suitable tool 

to study DNA repair factors by live-cell monitoring or after DNA damage induction in fixed 

cells by immunocytochemistry.  

Fluorescence labeling of regulator proteins of DNA repair grants information about their 

localization changes or recruitment kinetics upon DNA damage.  
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7.4.1 Polymorphism-dependent recruitment of PARP1 and the 

corresponding physiological consequences 

Poly(ADP-ribose) polymerase 1 (PARP1) is tightly involved in different cellular processes 

and regulates the synthesis of the posttranslational modification PAR (Schreiber, 

Dantzer et al. 2006). Upon DNA base modifications and single-strands breaks PARP1 is 

activated by autoPARylation and modifies other repair factors with PAR leading to the 

recruitment to damaged sites and triggering repair processes.  

Knockout studies in mice and siRNA-mediated knockdown studies in cells have 

demonstrated that the loss of PARP1 leads to embryonic lethality and existing PARP1 

polymorphisms are linked to an increased risk of cancer development (Shall and de 

Murcia 2000, Blenn, Wyrsch et al. 2012). In turn, it was shown that PARP1 is 

overexpressed in different types of cancer (Swindall, Stanley et al. 2013).  

 

In this study, TALEN-mediated HeLa PARP1 knockout cells were reconstituted with 

different eGFP-PARP1 variants to analyze their recruitment to sites of laser-induced 

DNA damage. The naturally occurring polymorphisms, V762A and F304L, are variants 

with mutations in the enzymatically active center of the protein (Yu, Ma et al. 2012). A 

significant decrease of the maximum recruitment level of these variants may support the 

hypothesis of a reduced PARP1 activity resulting in an increased risk of cancer 

development based on genomic instability (Rank, Veith et al. 2016).  

In contrast to the two naturally occurring PARP1 variants, artificially generated PARP1 

mutants were studied as well. The mutant L713F was previously described as a gain-of-

function hypermorphic mutant with an increased level of active PARP1 (Miranda, Dantzer 

et al. 1995). Recruitment analysis of this variant supports the generation of the gain-of-

function mutant by a significant increase of the maximum recruitment level, but similar 

dissociation kinetics. Quite contrary to the described hypermorphic L713F variant, 

Mortusewicz et al. developed a hypomorphic variant (E988K), which incorporates a 

mutation within the catalytic triad. This mutation leads to a strongly reduced PARP1 

activity resulting only in mono(ADP-ribos)ylation of target proteins (Mortusewicz, Ame et 

al. 2007). The performed recruitment analysis of PARP1 E988K showed a delayed 

accumulation and a longer persistence at sites of laser-induced DNA damage. These 

findings are in line with the study of Mortusewicz et al. identifying that the catalytic activity 

is not only responsible for targeting the DNA damage, but also for the dissociation from 

damaged sites.  

The additional transfection of an RFP-tagged XRCC1 demonstrated physiological 

consequences of an impaired PARP1 recruitment. In the presence of the catalytic 

inactive PARP1 variant E988K, no recruitment of XRCC1-RFP could be observed. 

Supported by findings of Li et al., this result exhibit that the recruitment of subsequent 

repair proteins is mediated by PAR chains, but mono(ADP-ribos)ylation might not be 

sufficient for further signaling (Li and Yu 2013).  

In general, our microirradiation setup is a suitable tool for studying the recruitment 

behavior of PARP1 and its variants. Live-cell monitoring of fluorescently tagged PARP1 

variants offers information about localization changes upon damage induction. Using a 
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HeLa cell line with a TALEN-mediated PARP1 knockout enables the analysis of different 

protein variants in an easy, fast and reproducible manner.  

 

7.4.1.1 Negative influence of double transfection on recruitment 

During recruitment experiments of double transfected cells (PARP1-GFP and XRCC1-

RFP), it could be observed that the maximum recruitment level of PARP1 in the presence 

of XRCC1-RFP is significantly lower than the recruitment level in experiments without 

XRCC1-RFP. This might be explained by the size of the fluorophore-tagged proteins and 

the subsequent destruction of the fluorescence signal by quenching processes.  

PARP1 and XRCC1 are classified as strong recruiters to sites of laser-induced DNA 

damage (Polo and Jackson 2011). In this study, both of them are overexpressed and 

additionally labeled with fluorescent proteins. Upon damage induction, PARP1 recruits 

to damaged sites and mediates the recruitment of XRCC1 for further repair processes. 

Concerning the available small volume after non-linear damage induction and the size 

of the two fluorophores, the strong recruitment of these proteins may result in steric 

inhibition demonstrated in a reduced efficiency of the process compared to the single 

transfection. Additionally, the massive recruitment of both proteins may lead to 

quenching processes of their fluorophores with PARP1-GFP as donor and XRCC1-RFP 

as acceptor protein. GFP and RFP as fluorescence labels present overlapping emission 

and excitation spectra. In quenching processes, the emitting GFP signal is 

simultaneously used as excitation for the RFP fluorophore leading to a reduction in the 

GFP signal (Day and Davidson 2012).  

 

7.4.2 Real-time imaging of PARylation 

As mentioned above, upon DNA damage PARP1 is activated and further regulates the 

effective recruitment of repair proteins to the damaged sites by modifying them with PAR. 

In this study, the PAR turnover could be monitored in living cells, achieved by a 

successful tagging of its component NAD+ with the fluorescent dye TMR (Wallrodt, Buntz 

et al. 2016). To investigate the biological functionality of this 2TMR-NAD+ molecule, 

localized DNA damage was induced using the microirradiation system. It could be 

quantitatively shown that the fluorescently labeled 2TMR-NAD+ accumulates at laser-

induced DNA damage. Upon treatment with the PARP1 inhibitor ABT-888, no signal 

accumulation could be observed indicating that the effect is completely dependent on 

PARP1/2 activity. 

 

As described in the previous sections, PAR chains have the ability to mediate the 

recruitment of other factors for coordinating an efficient repair process (Tallis, Morra et 

al. 2014). One of the known PAR binding domains is the macrodomain, which represents 

the non-histone like C-terminus of the histone variant macroH2A (Angelov, Molla et al. 

2003). It binds PAR either covalently or non-covalently (Karras, Kustatscher et al. 2005). 

Here, the additional transfection of macroH2A-GFP in 2TMR-NAD+ treated cells was 

used to test simultaneously the accumulation of 2TMR-NAD+ and the subsequent 
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recruitment of macroH2A-GFP to sites of laser-induced DNA damage. According to the 

PAR turnover, the signal of 2TMR-NAD+ first accumulates and then decreases over 

time, while the dissociation of macroH2A-GFP was delayed indicating a longer 

persistence at damaged sites. Further evaluation of this effect revealed that the less 

efficient recruitment and the longer persistence of macroH2A-GFP are caused by the 

treatment with the protein carrier Pep1. This amphipathic carrier peptide was used to 

facilitate the cellular uptake of the negatively charged 2TMR-NAD+. It consists of a 

hydrophobic domain, which is responsible for interactions with proteins and the cell 

membrane. A hydrophilic domain ensures intracellular delivery and solubility (Morris, 

Depollier et al. 2001, Henriques and Castanho 2004). In macroH2A-GFP transfected 

cells, but without the presence of 2TMR-NAD+, Pep1 might interact with macroH2A via 

its hydrophobic properties. Because of the massive recruitment to sites of laser-induced 

DNA damage, Pep1 might not only interact with the protein but may influence its 

recruitment behavior. Through its hydrophobic interactions, Pep1 might stabilize the 

recruited macroH2A-GFP in the complex of the huge repair machinery resulting in a 

longer persistence at sites of DNA damage.  

 

7.5 Establishment of a reporter HeLa cell line expressing  

eGFP-XRCC1  

XRCC1 is known to be recruited to sites of DNA damage and represents the scaffold 

organizer protein for the BER (Caldecott 2003). Under this aspect, a stable cell line 

expressing fluorescently labeled eGFP-XRCC1 was established to develop a reporter 

cell line for microirradiation experiments, which enables live-cell imaging and facilitates 

experimental handling.  

The eGFP-XRCC1 expressing HeLa cell line was established using the FRT/Flp-In™ 

recombinase system. The interaction between two FRT sites and the additional 

expression of the Flp recombinase mediate the directed integration of the gene of interest 

into the host genome (see in detail in 6.4). The first FRT site was randomly introduced 

by viral infection of HeLa (H2B-mCherry) cells. The laboratory of Prof. T.U. Mayer at the 

University of Konstanz kindly provided these cells.  

The following transfection of this cell line with a plasmid carrying a second FRT site and 

the coding sequence for eGFP-XRCC1 lead to the directed insertion of the gene of 

interest into the host genome by the functional interaction of the two FRT sites mediated 

by the expression of the Flp recombinase. To ensure the integration into the genome the 

cells were subsequently incubated for one week before single eGFP-positive cells were 

isolated. To the best of my knowledge, the incubation time used is sufficient for a stable 

genomic integration and the elimination of transiently transfected cells. The single clones 

were amplified and characterized according to their behavior upon DNA damage.  

Due to the use of the CMV promoter for the overexpression of eGFP-XRCC1 this 

technique is not suitable for studying the gene function itself, but it is widely used for the 

establishment of stable cell lines (Sauer 1994). The random integration of the FRT site 

indeed lead to directed integration into the host genome but did not affect the 

endogenous gene locus. According to that, the used exogenous promoter CMV is not 
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regulated by epigenetic mechanisms as the endogenous promoter resulting in a 

constitutive overexpression of eGFP-XRCC1, while expressing the endogenous non-

tagged protein.  

 

7.5.1 Characterization of the established cell lines regarding their 

response to DNA damage 

In this study, the single-cell derived cell lines HeLa FRT eGFP-XRCC1 and HeLa FRT 

eGFP-XRCC1/H2B-mCherry were established as described in chapter 7.5. To act as 

reporter cell lines for laser-induced microirradiation experiments the cell lines had to 

exhibit similar physiological characteristics as their corresponding mock transfected or 

HeLa wildtype (WT) cells.  

In the response to chemical DNA damage using NCS, the two cell lines behave 

differently. HeLa FRT eGFP-XRCC1/H2B-mCherry cells show small recruitment foci of 

eGFP-XRCC1 upon DNA damage. In order to verify these damage foci, indirect 

immunocytochemistry experiments for the additional detection of γH2AX and 53BP1 

were performed. Results were difficult to interpret because of a weak signal-to-noise ratio 

using 647 nm as excitation wavelength. Repeating these experiments using adjusted 

staining conditions may help excluding possible mistakes due to poor antibody 

performance or suboptimal imaging processes. However, γH2AX as general DNA 

damage marker could be detected indicating a successful response to DNA damage. 

In contrast to the double expressing cell line, in HeLa FRT eGFP-XRCC1 localization 

changes of eGFP-XRCC1 could not be observed. This could be due to the viral infection 

for the random integration of the first FRT site, which can possibly lead to the 

incorporation of more than one target sites resulting in a massive XRCC1 

overexpression. Under these conditions, small localization changes within the bright 

nuclear fluorescence signal cannot be detected.  

Additionally, in untreated mock transfected cells, large 53BP1 foci were visible. These 

foci might represent OPT domains, which were initially identified as transcriptionally 

active areas (Spector 2001). Further studies of these domains revealed that replication 

stress induces 53BP1 positive OPT foci containing fragile genomic sites that might 

correspond to retarded DNA damage in the next G1-phase of daughter cells (Harrigan, 

Belotserkovskaya et al. 2011, Gelot, Magdalou et al. 2015). Single cell sorting during the 

establishment of the HeLa FRT eGFP-XRCC1 cell line could possibly result in replication 

stress and the induction of these OPT domains. Interestingly, these domains were not 

detectable in the other experimental conditions using this cell line.  

A successful establishment of a reporter cell line for recruitment studies is characterized 

by clear recruitment kinetics to sites of DNA damage. Time-lapse recruitment analysis of 

stable expressing HeLa FRT eGFP-XRCC1 (H2B-mCherry) cells upon laser-directed 

damage induction revealed no significant difference concerning their XRCC1 kinetics 

compared to transiently transfected cells.  

With regard to their recruitment results, both cell lines, HeLa FRT eGFP-XRCC1 and 

HeLa FRT eGFP-XRCC1/H2B-mCherry, can be used as reporter cell lines for 

microirradiation experiments and offer new biological standards with minimal variability 
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due to experimental procedures. However, the presence of morphological abnormalities 

(changes in nuclear size and multinucleated cells) in the culture of HeLa FRT eGFP-

XRCC1 cells requires attention in the use of the derived data and, amongst others, these 

characteristics have to be further evaluated.  

 

7.6 Characterization of DEK’s role in cellular functions 

The chromatin-associated factor DEK is known to be involved in various cellular 

processes. In this study, the role of DEK in the radiation-induced DNA damage response 

was characterized using a DEK knockout human U2-OS cancer cell line (Ganz 2016). 

DNA damage was induced by ionizing radiation using X-ray or microirradiation with near 

infrared femtosecond pulsed fiber lasers.  

 

7.6.1 DEK is necessary for the DNA damage response 

Ionizing radiation is able to induce DNA strand breaks, which can be visualized by 

immunofluorescence labeling of ionizing radiation-induced foci (IRIF) of γH2AX, 53BP1, 

and PAR.  

In this study, the influence of DEK was investigated by using a human DEK knockout cell 

line generated with TALEN technology. In previous studies, the phenotypical 

characterization of the cells revealed an impact of DEK in proliferation and in the 

response to genotoxic stress (Ganz 2016). Here, it could be demonstrated that DEK also 

influences the DNA damage response to ionizing radiation. After damage induction, cells 

were incubated for indicated time points to visualize early damage response markers. A 

significantly lower amount of γH2AX IRIF in DEK knockout (KO) cells compared to their 

corresponding DEK-expressing cells suggests that DEK might support the early 

formation of γH2AX foci. The subsequent recruitment and formation of 53BP1 damage 

foci and the colocalization with γH2AX are not affected indicating that the amount of 

generated γH2AX might be sufficient for the further damage response. Due to similar 

levels between DEK KO and WT cells in non-irradiated control cells, it can be assumed 

that DEK depletion alone has no impact on the formation of DNA lesions, which is in 

contrast to findings of Kavanaugh and colleagues. They reported that DEK 

downregulation itself leads to the stimulation of the sensor kinase ATM resulting in an 

increased level of γH2AX (Kavanaugh, Wise-Draper et al. 2011).  

Previous research of our group proposed that DEK suppresses the accumulation of 

53BP1 upon induction of mild genotoxic stress with aphidicolin and hydroxyurea (HU, 

(Deutzmann, Ganz et al. 2015)). This could not be observed after damage induction with 

ionizing radiation. The major difference in these experiments was the usage of cells with 

downregulated DEK expression instead of a complete DEK knockout. sh-mediated DEK 

knockdown cells show a hypersensitivity to genotoxic agents and an elevated level of 

53BP1 accumulations after treatment, indicating a role of DEK in suppressing these 

53BP1 foci (Deutzmann, Ganz et al. 2015). In these sh-mediated knockdown cells, little 
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amounts of functional protein are still present, but cells seem to be more sensitive to 

genotoxic stress. Contrarily, DEK KO cells, which were used in this study, contain 

alterations in the promoter region of the DEK sequence resulting in the destruction of 

genetic information. Considering the time needed for subcloning during the 

establishment of the cell line, DEK KO cells might be able to compensate the lack of 

DEK protein explaining the lack of differences in 53BP1 foci formation between KO and 

WT cells.  

In addition to DNA strand breaks, ionizing radiation induces DNA base modifications as 

well. Proteins of the BER recognize them and start repair processes, which are amongst 

others characterized by the automodification of PARP1 with PAR as a signal for the 

recruitment of other repair factors as mentioned above. It is known that the amino acid 

sequence of DEK contains three PAR binding motifs as targets of non-covalent 

interaction with PAR chains (Privette Vinnedge, Kappes et al. 2013). How PARylation 

modulates the function of DEK or conversely, how DEK influences PARP1, is still 

unclear, but results of this study show that DEK depletion has a negative impact on PAR 

foci formation upon ionizing radiation using the 10H antibody. This antibody is specific 

for long PAR chains ((Kawamitsu, Hoshino et al. 1984), A. Fischbach, personal 

communication), which leads to the hypothesis that DEK promotes the generation of long 

and complex PAR polymers after damage induction and therefore might modulate 

PARP1’s activity. These findings are in line with experiments of Fahrer et al., who 

reported that DEK interacts strongly with long PAR chains in vitro (Fahrer, Popp et al. 

2010). Differences in the formation of PAR chains in DEK KO cells after damage 

induction might influence PAR-dependent recruitment of macroH2A-GFP. However, the 

recruitment of this sensor protein for PARylation seems to be not affected by the 

depletion of the DEK protein suggesting that the recruitment of macroH2A-GFP might be 

dependent on the formation of short PAR polymers.  

Taken together, DEK is involved and necessary for the formation of damage foci upon 

ionizing radiation. As less γH2AX foci are generated in DEK KO cells and the 

accumulation of 53BP1 and colocalization with γH2AX is not affected, it seems that the 

detected lower level of γH2AX might be sufficient for further repair processes. 

Furthermore, results suggest that DEK depletion may influence the composition of PAR 

chains, the “PAR code”, at sites of DNA damage, but the recruitment of PAR-dependent 

proteins might not be changed.  

 

To validate thoughts of Fahrer et al. that PAR could be involved in the recruitment of 

DEK to sites of local DNA damage, experiments were performed using our near-infrared 

femtosecond pulsed fiber laser system. After pre-extraction with the cytoskeleton buffer 

(CSK+R), DEK was detected using specific polyclonal antibodies. Although it could not 

be clearly demonstrated that DEK recruits to damaged sites by immunofluorescence 

labeling, hardly detectable accumulations at laser-directed damaged sites indicate a 

possible short-term recruitment of DEK, but the binding and recruitment mechanisms 

remain unclear.  

 

Further experiments with a precise choice of time points or time-lapse monitoring with 

fluorescently labeled DEK will provide more information about the behavior of DEK at 

locally induced DNA damage.  
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7.6.2 Analysis of the newly established stable U2-OS cell line 

expressing endogenous levels of eGFP-DEK 

Transcription activator-like effector nucleases (TALENs) are a suitable tool to introduce 

site-specific DNA double-strand breaks. This technology is based on the functional fusion 

of FokI nuclease mediated by DNA binding domains acting on opposite DNA strands of 

the target sequence to generate a double-strand break (Wright, Li et al. 2014). Afterward, 

repair mechanisms are activated dependent on the cell cycle phase, leading to different 

possibilities for genome editing (Joung and Sander 2013). Site-specific precise genomic 

insertion occurs in the presence of an exchange matrix carrying the coding sequence of 

the gene of interest. In this study, the eGFP coding sequence is flanked by approx. 

800 bp of sequences homolog to the genomic DEK promoter region, which were 

sufficient for targeting according to manufacturer’s instructions. Therefore, cells in S-

phase were able to incorporate successfully the eGFP-sequence in their promoter region 

(N-terminal to the DEK coding sequence) via homologous recombination (described in 

detail in 5.2.1.9 and 6.6). In four clones, subsequent Western blot analysis using 

antibodies specific for DEK demonstrated a complete shift of the DEK band of around 

30 kDa compared to WT DEK, which corresponds to the known molecular weight of 

eGFP (Chalfie 1995). These four positive clones (named 5, 8, 9 and 12) were analyzed 

with respect to their proliferative potential, DEK expression, nuclear area and their 

nuclear eGFP fluorescence intensity in order to identify the best clone for further usage.  

 

A weak Western blot signal in the detection of the proliferating cell nuclear antigen 

(PCNA) of clone 12 indicated potential difficulties in proliferation, which was further 

analyzed by the Alamar Blue proliferation assay. This assay is based on the metabolic 

reduction of resazurin to the insoluble violet-colored resorufin in viable cells. Exploiting 

this process, differences in proliferation were identified by photometrical measurements 

and confirmed aberrations in the proliferation of clone 12. Due to these results and a 

morphologically conspicuous cell culture (data not shown), clone 12 was discarded.  

Different studies demonstrate that alterations in the size of cell nuclei are possibly linked 

to different amounts of nuclear DNA (Webster, Witkin et al. 2009). In this study, 

experiments revealed that clone 5 exhibits significantly smaller cell nuclei than WT U2-

OS cells, indicating less amount of nuclear DNA resulting from a potential 

misincorporation of the template DNA, which is also supported by a reduced eGFP 

fluorescence intensity. Because of these inconsistencies, also clone 5 was discarded.  

The U2-OS eGFP-DEK clones 8 and 9 demonstrated the most similar results as 

compared to WT cells. While clone 8 showed a comparable and therefore sufficient 

proliferation, clone 9 exhibited a more intense nuclear eGFP signal. However, according 

to reliable densitometric measurements of Western blot signals, expression of eGFP-

DEK in clone 8 is most similar to the endogenous expression level of DEK in WT cells. 

Therefore, clone 8 was further used and named as U2-OS eGFP-DEK cell line.  

 

To sum up, the successfully established U2-OS cell line for an endogenous stable 

expression of eGFP-DEK should offer new possibilities to study the behavior of DEK 

during the cell cycle in stressed and unstressed conditions. It is now possible to robustly 
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visualize DEK’s subcellular localization and, in turn, the potential influence of DNA 

damage on its subcellular localization or gene expression.  

For further experiments, it might be useful to confirm the correct insertion of the eGFP 

sequence into the U2-OS cell line by genomic sequencing of the DEK gene. Additionally, 

Southern blot analysis using eGFP-specific probes might clarify that the eGFP sequence 

was only incorporated at the targeted DEK promoter for fluorescent labeling. Although it 

was inserted by homologous recombination, which is mostly error-free, possible 

mistakes might lead to truncated isoforms and non-functional versions of the protein.  

 

7.6.3 A new role of DEK during the cell cycle 

The heterochromatin associated protein DEK is known to be chromatin-bound during the 

whole cell cycle (Kappes, Burger et al. 2001). In previous studies of our group, it was 

shown that DEK diffuses into the cytoplasm under HU-induced replication stress after 

allowing two days of recovery (Deutzmann 2013).  

To reproduce these experiments for DEK’s localization changes under replication stress, 

time-lapse experiments of U2-OS cells expressing endogenous eGFP-DEK were 

performed. Although these findings could not be reproduced, the experiments revealed 

to this point unreported periodic accumulations of the DEK-specific fluorescence signal 

during the cell cycle. These DEK bodies appear specifically in a distinct cell cycle phase, 

which was identified as late S-phase according to colocalization studies with PCNA. This 

essential replication fork component is known to be organized in big nuclear replication 

machineries in late S-phase (Schonenberger, Deutzmann et al. 2015). Here, it could be 

shown that these huge (1 µm) PCNA foci colocalize with the fluorescent accumulations 

of eGFP-DEK assuming a potential new role of DEK during replication.  

According to Waldmann et al., DEK preferentially binds to specific cruciform DNA 

structures, characterized by supercoiled DNA or four-way junctions (Waldmann, Baack 

et al. 2003). Additionally, it is thought that in late S-phase inactive genes and structurally 

complex DNA forms are replicated (Kaufman, Cordeiro-Stone et al. 2007). Because of 

this, it might be possible that DEK is recruited to replication machineries and supports 

replication of cruciform DNA and persistent heterochromatin in late S-phase. This might 

be also supported by findings of colocalization between DEK and the heterochromatin 

associated marker H3K9me3. Interestingly, DEK does not colocalize with PCNA in 

superresolution microscopy and iPOND experiments, suggesting that DEK is not a 

replication fork component and must exert its functions more indirectly (C. Vogel, 

personal communications).  

 

The second hypothesis for a role of DEK during replication is a possible function in DNA 

damage tolerance. Translesion synthesis (TLS) takes place during S- and G2-phase of 

the cell cycle and is a process in which replication-blocking lesions are temporarily 

tolerated and bypassed to allow repair of the lesion just after replication (Waters, 

Minesinger et al. 2009, Ghosal and Chen 2013). The mechanism is characterized by 

posttranslational modifications of the DNA polymerase cofactor PCNA that organizes the 

recruitment of other replication factors to the replication fork (Moldovan, Pfander et al. 
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2007). Studies revealed that monoubiquitination of PCNA is directly linked to TLS and 

results in an exchange of the replicative DNA polymerase to low-processing polymerases 

(Ghosal and Chen 2013). Because of the distinct appearance of DEK bodies during late 

S-phase and previous findings of an influence of DEK on monoubiquitination of PCNA 

(Ganz 2016), one could hypothesize a potential involvement of DEK in TLS. In this 

context, the visualized DEK bodies might be the sites of active TLS.  

 

Treatment with the PARP inhibitor ABT-888 and the phosphorylation inhibitors KU-55933 

and TBB demonstrated no influence on the formation of DEK bodies suggesting that 

direct protein-protein interactions or protein-independent DNA binding might be 

responsible for the recruitment of eGFP-DEK and the formation of these bodies. A high-

throughput siRNA screen of potential target genes will be performed in 2017 and will 

hopefully identify possible interaction partners or modifiers of DEK. Taken together, 

during the course of this study, the formation of novel DEK bodies was discovered and 

qualitative immunocytochemistry experiments of potential interactions partners were 

performed. For further and quantitative evaluation of these DEK bodies, the project was 

given over to Christopher Vogel.  

 

7.7 Conclusion 

Femtosecond pulsed fiber lasers are a suitable tool for the induction of localized and 

restricted DNA damage. To achieve non-linear effects in the focal plane of the laser, 

optimal alignment and coupling are essential. In this study, a robust polymer sample was 

developed for a fast determination of the illumination spot of the 775 nm pulsed laser 

and for the identification of illumination problems. Previous studies of the group of Prof. 

Elisa May demonstrated a wavelength-dependent discrimination of the induction of 

specific DNA damage types based on the detection of γH2AX and UV-photoproducts. 

These detection methods for DNA damage upon microirradiation were optimized and 

additional protocols were established for a direct detection of strand breaks including 

immunocytochemical labeling of Ku80 and the TUNEL assay. This study represents a 

set of detection protocols for different types of DNA damage and includes pre-

experiments for further biological characterization of the setup with regard to the 

influence of wavelength, peak power, and pulse duration.  

Furthermore, a reporter cell line constitutively expressing eGFP-XRCC1 was 

successfully established as a standard cell line for microirradiation experiments using 

the FRT/Flp-In system. First biological applications of the microirradiation system were 

performed in collaboration with other researchers: (i) to monitor the PAR synthesis by 

2TMR-NAD+ and (ii) the recruitment efficiency of PARP1 and different variants to laser-

induced damaged sites.  

 

Finally, previous findings of an influence of the chromatin architectural protein DEK on 

the DNA damage response could be advanced by the finding that DEK is necessary for 

the establishment of γH2AX foci in the response to X-ray irradiation. For detailed 

analyses of the function of DEK a reporter cell line expressing eGFP-DEK at endogenous 
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levels was established using TALEN technology. During the biological characterization 

of this cell line, nuclear accumulations of eGFP-DEK during the cell cycle were observed. 

These DEK bodies were identified to appear in late S-phase based on colocalization 

studies with PCNA. Different inhibitors were tested with regard to foci formation, but, 

interestingly, no influence could be observed. This lead to the hypothesis of an important 

role for DEK during replication of a specific subset of DNA structures or sequences, for 

example, repetitive and hard-to-replicate sequences, or as part of the translesion 

synthesis process.  
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8 Abbreviations 

 

 

(e)GFP (enhanced) green fluorescent protein 

53BP1 p53-binding protein 1 

5’-dRP 5’-deoxyribophosphate 

ABT-888 Veliparib (PARP inhibitor) 

ARTD1 ADP-ribosyl transferase with diphtheria toxin homology 1 

ATM Ataxia telangiectasia mutated 

AU airy unit 

BCA bicinchoninic acid assay 

bgd background 

BRCT BRCA1 C-Terminus domain 

BSA bovine serum albumin 

CPD cyclobutane pyrimidine dimer 

CSK+R cytoskeletal buffer (Nickerson, Krockmalnic et al. 1997) 

DDB damaged DNA binding protein 

DMEM Dulbecco’s modified eagle medium 

DMSO dimethyl sulfoxide 

DNA deoxyribonucleic acid 

dNTPs deoxynucleoside triphosphates 

DTT dithiothreitol 

EDTA ethylenediaminetetraacetic acid 

FACS fluorescence-activated cell sorting 

FCS fetal calf (bovine) serum  

Flp recombinase flippase recombinase 

FRAP fluorescence recovery after photobleaching 

FRT flippase recognition target 

fwd forward 

FWHM full width at half maximum 

GGR global genome repair 

Gy gray 

h hour 

HP1α Heterochromatin protein 1 (chromo box homolog 5) 

hTERT human Telomerase Reverse Transcriptase 

HU hydroxyurea 

kb kilobase 

Ku80 X-ray repair cross-complementing protein 5 

LB Lysogeny broth 

LIC Life Imaging Center (University of Freiburg) 

LSM laser scanning confocal microscopy 

min minute 

MQ-water Milli-Q water (purified water) 

NAD+ nicotinamide adenine dinucleotide 
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NCS neocarzinostatin 

NGS normal goat serum 

NIR near infrared  

PAGFP photoactivatable green fluorescent protein 

PAR Poly(ADP-ribose) 

PARG Poly(ADP-ribose) glycohydrolase 

PARP1 Poly(ADP-ribose) polymerase 1 

PBS phosphate buffered saline 

PCNA proliferating cell nuclear antigen 

PCR polymerase chain reaction 

PFA paraformaldehyde 

rev reverse 

RFP red fluorescent protein 

rpm rounds per minute 

RT room temperature 

SD standard deviation 

SDS sodium dodecyl sulfate 

sec second 

SEM  standard error of the mean 

SNP Single nucleotide polymorphism 

SSBR Single-strand break repair 

TALEN transcription activator-like effector nuclease 

TBB 4,5,6,7-tetrabromobenzotriazole 

TCR Transcription-coupled repair 

TdT terminal deoxynucleotidyl transferase 

TMR tetramethylrhodamine 

TUNEL terminal deoxynucleotidyl transferase dUTP nick end labeling 

UV ultraviolet 

WT wild type 

XRCC1 X-ray repair cross-complementing protein 1 

γH2AX phosphorylated histone H2AX 
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10 Record of Contributions 

 

 

If not stated otherwise, experiments were performed by myself or under my direct 

supervision.  

 

In the course of this thesis, Bachelor students, supervised by myself, and other 

researchers of our group were involved in the performance of the experiments: 

 

Dr. Martin Stöckl developed the bleaching sample for the determination of the irradiation 

volume and established the “quantification of bleaching”-method (see chapter 5.2.3.4.). 

 

During his Bachelor thesis, Sven Höhn was involved in the assembly of the 

pcDNA3_FRT_eGFP-XRCC1 plasmid for the establishment of the HeLa FRT eGFP-

XRCC1 (H2B-mCherry) cell lines.  

 

Lena Schneider and Katharina Collins were involved in the synthesis of the exchange 

matrix pEGFP-N1_exchange matrix eGFP-DEK. Katharina has amplified parts of the 

genomic sequences of the DEK promoter during the advanced course “Molecular 

Toxicology” and Lena conducted the assembly of the exchange matrix during her 

Bachelor thesis.  

 

 

 

 



Bibliography  11 

118 

11 Bibliography 

 

Al-Hakim, A., C. Escribano-Diaz, M. C. Landry, L. O'Donnell, S. Panier, R. K. Szilard and 
D. Durocher (2010). "The ubiquitous role of ubiquitin in the DNA damage response." 
DNA Repair (Amst) 9(12): 1229-1240. 

Alexiadis, V., T. Waldmann, J. Andersen, M. Mann, R. Knippers and C. Gruss (2000). 
"The protein encoded by the proto-oncogene DEK changes the topology of chromatin 
and reduces the efficiency of DNA replication in a chromatin-specific manner." Genes 
Dev 14(11): 1308-1312. 

Almeida, K. H. and R. W. Sobol (2007). "A unified view of base excision repair: lesion-
dependent protein complexes regulated by post-translational modification." DNA Repair 
(Amst) 6(6): 695-711. 

Ame, J. C., V. Rolli, V. Schreiber, C. Niedergang, F. Apiou, P. Decker, S. Muller, T. 
Hoger, J. Menissier-de Murcia and G. de Murcia (1999). "PARP-2, A novel mammalian 
DNA damage-dependent poly(ADP-ribose) polymerase." J Biol Chem 274(25): 17860-
17868. 

Amos, B., G. McConnell and T. Wilson (2012). Confocal microscopy Comprehensive 
Biophysics. E. Egelman, Elsevier. 1. 

Angelov, D., A. Molla, P. Y. Perche, F. Hans, J. Cote, S. Khochbin, P. Bouvet and S. 
Dimitrov (2003). "The histone variant macroH2A interferes with transcription factor 
binding and SWI/SNF nucleosome remodeling." Mol Cell 11(4): 1033-1041. 

Aparicio, T., R. Baer and J. Gautier (2014). "DNA double-strand break repair pathway 
choice and cancer." DNA Repair (Amst) 19: 169-175. 

Avery, O. T., C. M. Macleod and M. McCarty (1944). "Studies on the Chemical Nature of 
the Substance Inducing Transformation of Pneumococcal Types : Induction of 
Transformation by a Desoxyribonucleic Acid Fraction Isolated from Pneumococcus Type 
Iii." J Exp Med 79(2): 137-158. 

Balakrishnan, L. and R. A. Bambara (2013). "Flap endonuclease 1." Annu Rev Biochem 
82: 119-138. 

Balliano, A. J. and J. J. Hayes (2015). "Base excision repair in chromatin: Insights from 
reconstituted systems." DNA Repair (Amst) 36: 77-85. 

Baron, E. D. and A. K. Suggs (2014). "Introduction to photobiology." Dermatol Clin 32(3): 
255-266, vii. 

Basu, B., T. A. Yap, L. R. Molife and J. S. de Bono (2012). "Targeting the DNA damage 
response in oncology: past, present and future perspectives." Curr Opin Oncol 24(3): 
316-324. 

Beukers, R. and W. Berends (1960). "Isolation and identification of the irradiation product 
of thymine." Biochim Biophys Acta 41: 550-551. 



Bibliography  11 

119 

Beukers, R., A. P. Eker and P. H. Lohman (2008). "50 years thymine dimer." DNA Repair 
(Amst) 7(3): 530-543. 

Blenn, C., P. Wyrsch and F. R. Althaus (2012). "The Sound of Silence: RNAi in Poly 
(ADP-Ribose) Research." Genes (Basel) 3(4): 779-805. 

Blumhardt, P. (2012). "Nichtlineare Photopertubation mit kompakten Femtosekunden-
Faserlasern." Universität Konstanz Masterarbeit. 

Bodnar, A. G., M. Ouellette, M. Frolkis, S. E. Holt, C. P. Chiu, G. B. Morin, C. B. Harley, 
J. W. Shay, S. Lichtsteiner and W. E. Wright (1998). "Extension of life-span by 
introduction of telomerase into normal human cells." Science 279(5349): 349-352. 

Bork, P., K. Hofmann, P. Bucher, A. F. Neuwald, S. F. Altschul and E. V. Koonin (1997). 
"A superfamily of conserved domains in DNA damage-responsive cell cycle checkpoint 
proteins." FASEB J 11(1): 68-76. 

Botchway, S. W., P. Reynolds, A. W. Parker and P. O'Neill (2010). "Use of near infrared 
femtosecond lasers as sub-micron radiation microbeam for cell DNA damage and repair 
studies." Mutat Res 704(1-3): 38-44. 

Bowman, G. D. and M. G. Poirier (2015). "Post-translational modifications of histones 
that influence nucleosome dynamics." Chem Rev 115(6): 2274-2295. 

Branzei, D. and M. Foiani (2008). "Regulation of DNA repair throughout the cell cycle." 
Nat Rev Mol Cell Biol 9(4): 297-308. 

Britton, S., J. Coates and S. P. Jackson (2013). "A new method for high-resolution 
imaging of Ku foci to decipher mechanisms of DNA double-strand break repair." J Cell 
Biol 202(3): 579-595. 

Cadet, J., T. Douki and J. L. Ravanat (2015). "Oxidatively generated damage to cellular 
DNA by UVB and UVA radiation." Photochem Photobiol 91(1): 140-155. 

Cadet, J., A. Grand and T. Douki (2015). "Solar UV radiation-induced DNA Bipyrimidine 
photoproducts: formation and mechanistic insights." Top Curr Chem 356: 249-275. 

Cadet, J., E. Sage and T. Douki (2005). "Ultraviolet radiation-mediated damage to 
cellular DNA." Mutat Res 571(1-2): 3-17. 

Cadet, J. and J. R. Wagner (2013). "DNA base damage by reactive oxygen species, 
oxidizing agents, and UV radiation." Cold Spring Harb Perspect Biol 5(2). 

Caldecott, K. W. (2003). "XRCC1 and DNA strand break repair." DNA Repair (Amst) 
2(9): 955-969. 

Calmettes, P. P. and M. W. Berns (1983). "Laser-induced multiphoton processes in living 
cells." Proc Natl Acad Sci U S A 80(23): 7197-7199. 

Campalans, A., T. Kortulewski, R. Amouroux, H. Menoni, W. Vermeulen and J. P. 
Radicella (2013). "Distinct spatiotemporal patterns and PARP dependence of XRCC1 
recruitment to single-strand break and base excision repair." Nucleic Acids Res 41(5): 
3115-3129. 



Bibliography  11 

120 

Campalans, A., S. Marsin, Y. Nakabeppu, R. O'Connor T, S. Boiteux and J. P. Radicella 
(2005). "XRCC1 interactions with multiple DNA glycosylases: a model for its recruitment 
to base excision repair." DNA Repair (Amst) 4(7): 826-835. 

Chalfie, M. (1995). "Green fluorescent protein." Photochem Photobiol 62(4): 651-656. 

Ciccia, A. and S. J. Elledge (2010). "The DNA damage response: making it safe to play 
with knives." Mol Cell 40(2): 179-204. 

Cleaver, J. E. (1968). "Defective repair replication of DNA in xeroderma pigmentosum." 
Nature 218(5142): 652-656. 

Cottet, F., H. Blanche, P. Verasdonck, I. Le Gall, F. Schachter, A. Burkle and M. L. Muiras 
(2000). "New polymorphisms in the human poly(ADP-ribose) polymerase-1 coding 
sequence: lack of association with longevity or with increased cellular poly(ADP-
ribosyl)ation capacity." J Mol Med (Berl) 78(8): 431-440. 

Cramer, L. P. and T. J. Mitchison (1995). "Myosin is involved in postmitotic cell 
spreading." J Cell Biol 131(1): 179-189. 

Czornak, K., S. Chughtai and K. H. Chrzanowska (2008). "Mystery of DNA repair: the 
role of the MRN complex and ATM kinase in DNA damage repair." J Appl Genet 49(4): 
383-396. 

D'Amours, D., S. Desnoyers, I. D'Silva and G. G. Poirier (1999). "Poly(ADP-ribosyl)ation 
reactions in the regulation of nuclear functions." Biochem J 342 ( Pt 2): 249-268. 

Daddysman, M. K. and C. J. Fecko (2011). "DNA multiphoton absorption generates 
localized damage for studying repair dynamics in live cells." Biophys J 101(9): 2294-
2303. 

Dahm, R. (2008). "Discovering DNA: Friedrich Miescher and the early years of nucleic 
acid research." Hum Genet 122(6): 565-581. 

Day, R. N. and M. W. Davidson (2012). "Fluorescent proteins for FRET microscopy: 
monitoring protein interactions in living cells." Bioessays 34(5): 341-350. 

de Feraudy, S., I. Revet, V. Bezrookove, L. Feeney and J. E. Cleaver (2010). "A minority 
of foci or pan-nuclear apoptotic staining of gammaH2AX in the S phase after UV damage 
contain DNA double-strand breaks." Proc Natl Acad Sci U S A 107(15): 6870-6875. 

Dedon, P. C. and I. H. Goldberg (1990). "Sequence-specific double-strand breakage of 
DNA by neocarzinostatin involves different chemical mechanisms within a staggered 
cleavage site." J Biol Chem 265(25): 14713-14716. 

Deem, A. K., X. Li and J. K. Tyler (2012). "Epigenetic regulation of genomic integrity." 
Chromosoma 121(2): 131-151. 

Denk, W., J. H. Strickler and W. W. Webb (1990). "Two-photon laser scanning 
fluorescence microscopy." Science 248(4951): 73-76. 

Deutzmann, A. (2013). "The role of the oncoprotein DEK in DNA replication stress and 
damage repair." Universität Konstanz Doktorarbeit. 



Bibliography  11 

121 

Deutzmann, A., M. Ganz, F. Schonenberger, J. Vervoorts, F. Kappes and E. Ferrando-
May (2015). "The human oncoprotein and chromatin architectural factor DEK 
counteracts DNA replication stress." Oncogene 34(32): 4270-4277. 

Dharmadhikari, A. K., H. Bharambe, J. A. Dharmadhikari, J. S. D'Souza and D. Mathur 
(2014). "DNA damage by OH radicals produced using intense, ultrashort, long 
wavelength laser pulses." Phys Rev Lett 112(13): 138105. 

Dianova, II, K. M. Sleeth, S. L. Allinson, J. L. Parsons, C. Breslin, K. W. Caldecott and 
G. L. Dianov (2004). "XRCC1-DNA polymerase beta interaction is required for efficient 
base excision repair." Nucleic Acids Res 32(8): 2550-2555. 

Diaspro, A., P. Bianchini, G. Vicidomini, M. Faretta, P. Ramoino and C. Usai (2006). 
"Multi-photon excitation microscopy." Biomed Eng Online 5: 36. 

Diaspro, A., I. Testa, M. Faretta, R. Magrassi, S. Barozzi, D. Parazzoli and G. Vicidomini 
(2006). "3D localized photoactivation of pa-GFP in living cells using two-photon 
interactions." Conf Proc IEEE Eng Med Biol Soc 1: 389-391. 

DiGiovanna, J. J. and K. H. Kraemer (2012). "Shining a light on xeroderma 
pigmentosum." J Invest Dermatol 132(3 Pt 2): 785-796. 

Dinant, C., M. de Jager, J. Essers, W. A. van Cappellen, R. Kanaar, A. B. Houtsmuller 
and W. Vermeulen (2007). "Activation of multiple DNA repair pathways by sub-nuclear 
damage induction methods." J Cell Sci 120(Pt 15): 2731-2740. 

Dogliotti, E., P. Fortini, B. Pascucci and E. Parlanti (2001). "The mechanism of switching 
among multiple BER pathways." Prog Nucleic Acid Res Mol Biol 68: 3-27. 

Drohat, A. C. and A. Maiti (2014). "Mechanisms for enzymatic cleavage of the N-
glycosidic bond in DNA." Org Biomol Chem 12(42): 8367-8378. 

Drummond, D. R., N. Carter and R. A. Cross (2002). "Multiphoton versus confocal high 
resolution z-sectioning of enhanced green fluorescent microtubules: increased 
multiphoton photobleaching within the focal plane can be compensated using a Pockels 
cell and dual widefield detectors." J Microsc 206(Pt 2): 161-169. 

Dumont, E. and A. Monari (2015). "Understanding DNA under oxidative stress and 
sensitization: the role of molecular modeling." Front Chem 3: 43. 

Dupont, E., J. Gomez and D. Bilodeau (2013). "Beyond UV radiation: a skin under 
challenge." Int J Cosmet Sci 35(3): 224-232. 

El-Khamisy, S. F., M. Masutani, H. Suzuki and K. W. Caldecott (2003). "A requirement 
for PARP-1 for the assembly or stability of XRCC1 nuclear foci at sites of oxidative DNA 
damage." Nucleic Acids Res 31(19): 5526-5533. 

Elledge, S. J. (1996). "Cell cycle checkpoints: preventing an identity crisis." Science 
274(5293): 1664-1672. 

Essers, J., A. F. Theil, C. Baldeyron, W. A. van Cappellen, A. B. Houtsmuller, R. Kanaar 
and W. Vermeulen (2005). "Nuclear dynamics of PCNA in DNA replication and repair." 
Mol Cell Biol 25(21): 9350-9359. 



Bibliography  11 

122 

Fahrer, J., O. Popp, M. Malanga, S. Beneke, D. M. Markovitz, E. Ferrando-May, A. 
Burkle and F. Kappes (2010). "High-affinity interaction of poly(ADP-ribose) and the 
human DEK oncoprotein depends upon chain length." Biochemistry 49(33): 7119-7130. 

Falk, M., E. Lukasova, B. Gabrielova, V. Ondrej and S. Kozubek (2007). "Chromatin 
dynamics during DSB repair." Biochim Biophys Acta 1773(10): 1534-1545. 

Fan, J., M. Otterlei, H. K. Wong, A. E. Tomkinson and D. M. Wilson, 3rd (2004). "XRCC1 
co-localizes and physically interacts with PCNA." Nucleic Acids Res 32(7): 2193-2201. 

Fanning, E., V. Klimovich and A. R. Nager (2006). "A dynamic model for replication 
protein A (RPA) function in DNA processing pathways." Nucleic Acids Res 34(15): 4126-
4137. 

Faraji, S. and A. Dreuw (2014). "Physicochemical mechanism of light-driven DNA repair 
by (6-4) photolyases." Annu Rev Phys Chem 65: 275-292. 

Felsenfeld, G. and M. Groudine (2003). "Controlling the double helix." Nature 421(6921): 
448-453. 

Feltes, B. C. and D. Bonatto (2015). "Overview of xeroderma pigmentosum proteins 
architecture, mutations and post-translational modifications." Mutat Res Rev Mutat Res 
763: 306-320. 

Fernandez-Capetillo, O., A. Lee, M. Nussenzweig and A. Nussenzweig (2004). "H2AX: 
the histone guardian of the genome." DNA Repair (Amst) 3(8-9): 959-967. 

Ferrando-May, E., M. Tomas, P. Blumhardt, M. Stockl, M. Fuchs and A. Leitenstorfer 
(2013). "Highlighting the DNA damage response with ultrashort laser pulses in the near 
infrared and kinetic modeling." Front Genet 4: 135. 

Fortini, P. and E. Dogliotti (2007). "Base damage and single-strand break repair: 
mechanisms and functional significance of short- and long-patch repair subpathways." 
DNA Repair (Amst) 6(4): 398-409. 

Fouquerel, E. and R. W. Sobol (2014). "ARTD1 (PARP1) activation and NAD(+) in DNA 
repair and cell death." DNA Repair (Amst) 23: 27-32. 

Freeman, S. E., H. Hacham, R. W. Gange, D. J. Maytum, J. C. Sutherland and B. M. 
Sutherland (1989). "Wavelength dependence of pyrimidine dimer formation in DNA of 
human skin irradiated in situ with ultraviolet light." Proc Natl Acad Sci U S A 86(14): 5605-
5609. 

Ganz, M. (2016). "The Functional Interplay of DEK and PARP-1/2 in the Replication 
Stress Response." Universität Konstanz Doktorarbeit. 

Gao, Y., Y. Sun, K. M. Frank, P. Dikkes, Y. Fujiwara, K. J. Seidl, J. M. Sekiguchi, G. A. 
Rathbun, W. Swat, J. Wang, R. T. Bronson, B. A. Malynn, M. Bryans, C. Zhu, J. 
Chaudhuri, L. Davidson, R. Ferrini, T. Stamato, S. H. Orkin, M. E. Greenberg and F. W. 
Alt (1998). "A critical role for DNA end-joining proteins in both lymphogenesis and 
neurogenesis." Cell 95(7): 891-902. 



Bibliography  11 

123 

Gary, R., K. Kim, H. L. Cornelius, M. S. Park and Y. Matsumoto (1999). "Proliferating cell 
nuclear antigen facilitates excision in long-patch base excision repair." J Biol Chem 
274(7): 4354-4363. 

Gassman, N. R. and S. H. Wilson (2015). "Micro-irradiation tools to visualize base 
excision repair and single-strand break repair." DNA Repair (Amst) 31: 52-63. 

Gelot, C., I. Magdalou and B. S. Lopez (2015). "Replication stress in Mammalian cells 
and its consequences for mitosis." Genes (Basel) 6(2): 267-298. 

Geng, X., X. Wang, D. Zhu and S. Ying (2016). "Synthetic lethal interactions in cancer 
therapy." Curr Cancer Drug Targets. 

Ghosal, G. and J. Chen (2013). "DNA damage tolerance: a double-edged sword 
guarding the genome." Transl Cancer Res 2(3): 107-129. 

Gibson, B. A. and W. L. Kraus (2012). "New insights into the molecular and cellular 
functions of poly(ADP-ribose) and PARPs." Nat Rev Mol Cell Biol 13(7): 411-424. 

Gilbert, N. and B. Ramsahoye (2005). "The relationship between chromatin structure and 
transcriptional activity in mammalian genomes." Brief Funct Genomic Proteomic 4(2): 
129-142. 

Gillet, L. C. and O. D. Scharer (2006). "Molecular mechanisms of mammalian global 
genome nucleotide excision repair." Chem Rev 106(2): 253-276. 

Goldberg, I. H. (1991). "Mechanism of Neocarzinostatin action: Role of DNA 
microstructure in determination of chemistry of bistranded oxidative damage." Accounts 
of Chemical Research 24(7): 191-198. 

Göppert-Mayer, M. (1931). "Über Elementarakte mit zwei Quantensprüngen." Anal. der 
Phys. 9: 273-294. 

Grewal, S. I. and S. Jia (2007). "Heterochromatin revisited." Nat Rev Genet 8(1): 35-46. 

Groth, A., W. Rocha, A. Verreault and G. Almouzni (2007). "Chromatin challenges during 
DNA replication and repair." Cell 128(4): 721-733. 

Hanahan, D. and R. A. Weinberg (2011). "Hallmarks of cancer: the next generation." Cell 
144(5): 646-674. 

Hanssen-Bauer, A., K. Solvang-Garten, M. Akbari and M. Otterlei (2012). "X-ray repair 
cross complementing protein 1 in base excision repair." Int J Mol Sci 13(12): 17210-
17229. 

Hanssen-Bauer, A., K. Solvang-Garten, O. Sundheim, J. Pena-Diaz, S. Andersen, G. 
Slupphaug, H. E. Krokan, D. M. Wilson, 3rd, M. Akbari and M. Otterlei (2011). "XRCC1 
coordinates disparate responses and multiprotein repair complexes depending on the 
nature and context of the DNA damage." Environ Mol Mutagen 52(8): 623-635. 

Harper, J. W. and S. J. Elledge (2007). "The DNA damage response: ten years after." 
Mol Cell 28(5): 739-745. 



Bibliography  11 

124 

Harrigan, J. A., R. Belotserkovskaya, J. Coates, D. S. Dimitrova, S. E. Polo, C. R. 
Bradshaw, P. Fraser and S. P. Jackson (2011). "Replication stress induces 53BP1-
containing OPT domains in G1 cells." J Cell Biol 193(1): 97-108. 

Helmchen, F. and W. Denk (2005). "Deep tissue two-photon microscopy." Nat Methods 
2(12): 932-940. 

Henriques, S. T. and M. A. Castanho (2004). "Consequences of nonlytic membrane 
perturbation to the translocation of the cell penetrating peptide pep-1 in lipidic vesicles." 
Biochemistry 43(30): 9716-9724. 

Heselich, A., F. Frohns, A. Frohns, S. C. Naumann and P. G. Layer (2012). "Near-
infrared exposure changes cellular responses to ionizing radiation." Photochem 
Photobiol 88(1): 135-146. 

Hoeijmakers, J. H. (2001). "Genome maintenance mechanisms for preventing cancer." 
Nature 411(6835): 366-374. 

Hoeijmakers, J. H. (2009). "DNA damage, aging, and cancer." N Engl J Med 361(15): 
1475-1485. 

Horton, J. K., D. F. Stefanick, N. R. Gassman, J. G. Williams, S. A. Gabel, M. J. Cuneo, 
R. Prasad, P. S. Kedar, E. F. Derose, E. W. Hou, R. E. London and S. H. Wilson (2013). 
"Preventing oxidation of cellular XRCC1 affects PARP-mediated DNA damage 
responses." DNA Repair (Amst) 12(9): 774-785. 

Horton, J. K., M. Watson, D. F. Stefanick, D. T. Shaughnessy, J. A. Taylor and S. H. 
Wilson (2008). "XRCC1 and DNA polymerase beta in cellular protection against cytotoxic 
DNA single-strand breaks." Cell Res 18(1): 48-63. 

Houten, B. V., J. Kuper and C. Kisker (2016). "Role of XPD in cellular functions: To TFIIH 
and beyond." DNA Repair (Amst) 44: 136-142. 

Huen, M. S. and J. Chen (2010). "Assembly of checkpoint and repair machineries at DNA 
damage sites." Trends Biochem Sci 35(2): 101-108. 

Ide, H. and M. Kotera (2004). "Human DNA glycosylases involved in the repair of 
oxidatively damaged DNA." Biol Pharm Bull 27(4): 480-485. 

Iyama, T. and D. M. Wilson, 3rd (2013). "DNA repair mechanisms in dividing and non-
dividing cells." DNA Repair (Amst) 12(8): 620-636. 

Jackson, S. P. and J. Bartek (2009). "The DNA-damage response in human biology and 
disease." Nature 461(7267): 1071-1078. 

Joshi, M. C. and D. S. Rawat (2012). "Recent developments in enediyne chemistry." 
Chem Biodivers 9(3): 459-498. 

Joung, J. K. and J. D. Sander (2013). "TALENs: a widely applicable technology for 
targeted genome editing." Nat Rev Mol Cell Biol 14(1): 49-55. 

Kamileri, I., I. Karakasilioti and G. A. Garinis (2012). "Nucleotide excision repair: new 
tricks with old bricks." Trends Genet 28(11): 566-573. 



Bibliography  11 

125 

Kappes, F., K. Burger, M. Baack, F. O. Fackelmayer and C. Gruss (2001). "Subcellular 
localization of the human proto-oncogene protein DEK." J Biol Chem 276(28): 26317-
26323. 

Kappes, F., C. Damoc, R. Knippers, M. Przybylski, L. A. Pinna and C. Gruss (2004). 
"Phosphorylation by protein kinase CK2 changes the DNA binding properties of the 
human chromatin protein DEK." Mol Cell Biol 24(13): 6011-6020. 

Kappes, F., J. Fahrer, M. S. Khodadoust, A. Tabbert, C. Strasser, N. Mor-Vaknin, M. 
Moreno-Villanueva, A. Burkle, D. M. Markovitz and E. Ferrando-May (2008). "DEK is a 
poly(ADP-ribose) acceptor in apoptosis and mediates resistance to genotoxic stress." 
Mol Cell Biol 28(10): 3245-3257. 

Kappes, F., I. Scholten, N. Richter, C. Gruss and T. Waldmann (2004). "Functional 
domains of the ubiquitous chromatin protein DEK." Mol Cell Biol 24(13): 6000-6010. 

Kappes, F., T. Waldmann, V. Mathew, J. Yu, L. Zhang, M. S. Khodadoust, A. M. 
Chinnaiyan, K. Luger, S. Erhardt, R. Schneider and D. M. Markovitz (2011). "The DEK 
oncoprotein is a Su(var) that is essential to heterochromatin integrity." Genes Dev 25(7): 
673-678. 

Karran, P. and R. Brem (2016). "Protein oxidation, UVA and human DNA repair." DNA 
Repair (Amst) 44: 178-185. 

Karras, G. I., G. Kustatscher, H. R. Buhecha, M. D. Allen, C. Pugieux, F. Sait, M. Bycroft 
and A. G. Ladurner (2005). "The macro domain is an ADP-ribose binding module." 
EMBO J 24(11): 1911-1920. 

Karreman, C. (1998). "A new set of positive/negative selectable markers for mammalian 
cells." Gene 218(1-2): 57-61. 

Kassner, I., A. Andersson, M. Fey, M. Tomas, E. Ferrando-May and M. O. Hottiger 
(2013). "SET7/9-dependent methylation of ARTD1 at K508 stimulates poly-ADP-ribose 
formation after oxidative stress." Open Biol 3(10): 120173. 

Kato, T., Jr., T. Todo, H. Ayaki, K. Ishizaki, T. Morita, S. Mitra and M. Ikenaga (1994). 
"Cloning of a marsupial DNA photolyase gene and the lack of related nucleotide 
sequences in placental mammals." Nucleic Acids Res 22(20): 4119-4124. 

Kaufman, D. G., M. Cordeiro-Stone, B. P. Brylawski, S. M. Cohen and P. D. Chastain 
(2007). "Early S phase DNA replication: a search for targets of carcinogenesis." Adv 
Enzyme Regul 47: 127-138. 

Kavanaugh, G. M., T. M. Wise-Draper, R. J. Morreale, M. A. Morrison, B. Gole, S. 
Schwemberger, E. D. Tichy, L. Lu, G. F. Babcock, J. M. Wells, R. Drissi, J. J. Bissler, P. 
J. Stambrook, P. R. Andreassen, L. Wiesmuller and S. I. Wells (2011). "The human DEK 
oncogene regulates DNA damage response signaling and repair." Nucleic Acids Res 
39(17): 7465-7476. 

Kawamitsu, H., H. Hoshino, H. Okada, M. Miwa, H. Momoi and T. Sugimura (1984). 
"Monoclonal antibodies to poly(adenosine diphosphate ribose) recognize different 
structures." Biochemistry 23(16): 3771-3777. 



Bibliography  11 

126 

Kinner, A., W. Wu, C. Staudt and G. Iliakis (2008). "Gamma-H2AX in recognition and 
signaling of DNA double-strand breaks in the context of chromatin." Nucleic Acids Res 
36(17): 5678-5694. 

Kong, X., S. K. Mohanty, J. Stephens, J. T. Heale, V. Gomez-Godinez, L. Z. Shi, J. S. 
Kim, K. Yokomori and M. W. Berns (2009). "Comparative analysis of different laser 
systems to study cellular responses to DNA damage in mammalian cells." Nucleic Acids 
Res 37(9): e68. 

Konig, K. (2000). "Multiphoton microscopy in life sciences." J Microsc 200(Pt 2): 83-104. 

Konig, K., T. W. Becker, P. Fischer, I. Riemann and K. J. Halbhuber (1999). "Pulse-
length dependence of cellular response to intense near-infrared laser pulses in 
multiphoton microscopes." Opt Lett 24(2): 113-115. 

Kouranti, I. and A. Peyroche (2012). "Protein degradation in DNA damage response." 
Semin Cell Dev Biol 23(5): 538-545. 

Krawczyk, P. M., T. Borovski, J. Stap, T. Cijsouw, R. ten Cate, J. P. Medema, R. Kanaar, 
N. A. Franken and J. A. Aten (2012). "Chromatin mobility is increased at sites of DNA 
double-strand breaks." J Cell Sci 125(Pt 9): 2127-2133. 

Krokan, H. E. and M. Bjoras (2013). "Base excision repair." Cold Spring Harb Perspect 
Biol 5(4): a012583. 

Krokan, H. E., R. Standal and G. Slupphaug (1997). "DNA glycosylases in the base 
excision repair of DNA." Biochem J 325 ( Pt 1): 1-16. 

Kubota, Y., R. A. Nash, A. Klungland, P. Schar, D. E. Barnes and T. Lindahl (1996). 
"Reconstitution of DNA base excision-repair with purified human proteins: interaction 
between DNA polymerase beta and the XRCC1 protein." EMBO J 15(23): 6662-6670. 

Kusch, T., L. Florens, W. H. Macdonald, S. K. Swanson, R. L. Glaser, J. R. Yates, 3rd, 
S. M. Abmayr, M. P. Washburn and J. L. Workman (2004). "Acetylation by Tip60 is 
required for selective histone variant exchange at DNA lesions." Science 306(5704): 
2084-2087. 

Ladiges, W. C. (2006). "Mouse models of XRCC1 DNA repair polymorphisms and 
cancer." Oncogene 25(11): 1612-1619. 

Lee, K. C., J. Siegel, S. E. Webb, S. Leveque-Fort, M. J. Cole, R. Jones, K. Dowling, M. 
J. Lever and P. M. French (2001). "Application of the stretched exponential function to 
fluorescence lifetime imaging." Biophys J 81(3): 1265-1274. 

Lengauer, C., K. W. Kinzler and B. Vogelstein (1998). "Genetic instabilities in human 
cancers." Nature 396(6712): 643-649. 

Leung, C. C. and J. N. Glover (2011). "BRCT domains: easy as one, two, three." Cell 
Cycle 10(15): 2461-2470. 

Levy, N., A. Martz, A. Bresson, C. Spenlehauer, G. de Murcia and J. Menissier-de Murcia 
(2006). "XRCC1 is phosphorylated by DNA-dependent protein kinase in response to 
DNA damage." Nucleic Acids Res 34(1): 32-41. 



Bibliography  11 

127 

Levy, N., M. Oehlmann, F. Delalande, H. P. Nasheuer, A. Van Dorsselaer, V. Schreiber, 
G. de Murcia, J. Menissier-de Murcia, D. Maiorano and A. Bresson (2009). "XRCC1 
interacts with the p58 subunit of DNA Pol alpha-primase and may coordinate DNA repair 
and replication during S phase." Nucleic Acids Res 37(10): 3177-3188. 

Li, G. and D. Reinberg (2011). "Chromatin higher-order structures and gene regulation." 
Curr Opin Genet Dev 21(2): 175-186. 

Li, J., T. Uchida, T. Todo and T. Kitagawa (2006). "Similarities and differences between 
cyclobutane pyrimidine dimer photolyase and (6-4) photolyase as revealed by resonance 
Raman spectroscopy: Electron transfer from the FAD cofactor to ultraviolet-damaged 
DNA." J Biol Chem 281(35): 25551-25559. 

Li, M., L. Y. Lu, C. Y. Yang, S. Wang and X. Yu (2013). "The FHA and BRCT domains 
recognize ADP-ribosylation during DNA damage response." Genes Dev 27(16): 1752-
1768. 

Li, M. and X. Yu (2013). "Function of BRCA1 in the DNA damage response is mediated 
by ADP-ribosylation." Cancer Cell 23(5): 693-704. 

Lieber, M. R. (2008). "The mechanism of human nonhomologous DNA end joining." J 
Biol Chem 283(1): 1-5. 

Liu, Y. and S. C. West (2004). "Happy Hollidays: 40th anniversary of the Holliday 
junction." Nat Rev Mol Cell Biol 5(11): 937-944. 

Logan, G. E., N. Mor-Vaknin, T. Braunschweig, E. Jost, P. V. Schmidt, D. M. Markovitz, 
K. I. Mills, F. Kappes and M. J. Percy (2015). "DEK oncogene expression during normal 
hematopoiesis and in Acute Myeloid Leukemia (AML)." Blood Cells Mol Dis 54(1): 123-
131. 

Loizou, J. I., S. F. El-Khamisy, A. Zlatanou, D. J. Moore, D. W. Chan, J. Qin, S. Sarno, 
F. Meggio, L. A. Pinna and K. W. Caldecott (2004). "The protein kinase CK2 facilitates 
repair of chromosomal DNA single-strand breaks." Cell 117(1): 17-28. 

Loo, D. T. (2011). "In situ detection of apoptosis by the TUNEL assay: an overview of 
techniques." Methods Mol Biol 682: 3-13. 

Lopez-Contreras, A. J. and O. Fernandez-Capetillo (2012). "Signalling DNA Damage." 
Intech Open Science Chapter 8: 233-262. 

Lord, C. J. and A. Ashworth (2012). "The DNA damage response and cancer therapy." 
Nature 481(7381): 287-294. 

Lord, C. J., A. N. Tutt and A. Ashworth (2015). "Synthetic lethality and cancer therapy: 
lessons learned from the development of PARP inhibitors." Annu Rev Med 66: 455-470. 

Lucas-Lledo, J. I. and M. Lynch (2009). "Evolution of mutation rates: phylogenomic 
analysis of the photolyase/cryptochrome family." Mol Biol Evol 26(5): 1143-1153. 

Luger, K., M. L. Dechassa and D. J. Tremethick (2012). "New insights into nucleosome 
and chromatin structure: an ordered state or a disordered affair?" Nat Rev Mol Cell Biol 
13(7): 436-447. 



Bibliography  11 

128 

Lukas, C., J. Falck, J. Bartkova, J. Bartek and J. Lukas (2003). "Distinct spatiotemporal 
dynamics of mammalian checkpoint regulators induced by DNA damage." Nat Cell Biol 
5(3): 255-260. 

Lukas, J., C. Lukas and J. Bartek (2011). "More than just a focus: The chromatin 
response to DNA damage and its role in genome integrity maintenance." Nat Cell Biol 
13(10): 1161-1169. 

Mancebo, S. E. and S. Q. Wang (2014). "Skin cancer: role of ultraviolet radiation in 
carcinogenesis." Rev Environ Health 29(3): 265-273. 

Manning, G. S. (1985). "Packaged DNA. An elastic model." Cell Biophys 7(1): 57-89. 

Marechal, A. and L. Zou (2013). "DNA damage sensing by the ATM and ATR kinases." 
Cold Spring Harb Perspect Biol 5(9). 

Marian, A. J. and R. Roberts (1993). "An overview of nucleic acids and gene regulation." 
Herz 18(4): 203-212. 

Marintchev, A., M. A. Mullen, M. W. Maciejewski, B. Pan, M. R. Gryk and G. P. Mullen 
(1999). "Solution structure of the single-strand break repair protein XRCC1 N-terminal 
domain." Nat Struct Biol 6(9): 884-893. 

Markova, E., N. Schultz and I. Y. Belyaev (2007). "Kinetics and dose-response of 
residual 53BP1/gamma-H2AX foci: co-localization, relationship with DSB repair and 
clonogenic survival." Int J Radiat Biol 83(5): 319-329. 

Masson, M., C. Niedergang, V. Schreiber, S. Muller, J. Menissier-de Murcia and G. de 
Murcia (1998). "XRCC1 is specifically associated with poly(ADP-ribose) polymerase and 
negatively regulates its activity following DNA damage." Mol Cell Biol 18(6): 3563-3571. 

Matrka, M. C., R. F. Hennigan, F. Kappes, M. L. DeLay, P. F. Lambert, B. J. Aronow and 
S. I. Wells (2015). "DEK over-expression promotes mitotic defects and micronucleus 
formation." Cell Cycle 14(24): 3939-3953. 

Matsuoka, S., B. A. Ballif, A. Smogorzewska, E. R. McDonald, 3rd, K. E. Hurov, J. Luo, 
C. E. Bakalarski, Z. Zhao, N. Solimini, Y. Lerenthal, Y. Shiloh, S. P. Gygi and S. J. 
Elledge (2007). "ATM and ATR substrate analysis reveals extensive protein networks 
responsive to DNA damage." Science 316(5828): 1160-1166. 

Mazouzi, A., G. Velimezi and J. I. Loizou (2014). "DNA replication stress: causes, 
resolution and disease." Exp Cell Res 329(1): 85-93. 

Meldrum, R. A., S. W. Botchway, C. W. Wharton and G. J. Hirst (2003). "Nanoscale 
spatial induction of ultraviolet photoproducts in cellular DNA by three-photon near-
infrared absorption." EMBO Rep 4(12): 1144-1149. 

Miranda, E. A., F. Dantzer, M. O'Farrell, G. de Murcia and J. M. de Murcia (1995). 
"Characterisation of a gain-of-function mutant of poly(ADP-ribose) polymerase." 
Biochem Biophys Res Commun 212(2): 317-325. 

Mitsui, Y. and E. L. Schneider (1976). "Increased nuclear sizes in senescent human 
diploid fibroblast cultures." Exp Cell Res 100(1): 147-152. 



Bibliography  11 

129 

Mjelle, R., S. A. Hegre, P. A. Aas, G. Slupphaug, F. Drablos, P. Saetrom and H. E. 
Krokan (2015). "Cell cycle regulation of human DNA repair and chromatin remodeling 
genes." DNA Repair (Amst) 30: 53-67. 

Mladenov, E. and G. Iliakis (2011). "Induction and repair of DNA double strand breaks: 
the increasing spectrum of non-homologous end joining pathways." Mutat Res 711(1-2): 
61-72. 

Moldovan, G. L., B. Pfander and S. Jentsch (2007). "PCNA, the maestro of the replication 
fork." Cell 129(4): 665-679. 

Morris, M. C., J. Depollier, J. Mery, F. Heitz and G. Divita (2001). "A peptide carrier for 
the delivery of biologically active proteins into mammalian cells." Nat Biotechnol 19(12): 
1173-1176. 

Mortusewicz, O., J. C. Ame, V. Schreiber and H. Leonhardt (2007). "Feedback-regulated 
poly(ADP-ribosyl)ation by PARP-1 is required for rapid response to DNA damage in living 
cells." Nucleic Acids Res 35(22): 7665-7675. 

Nakad, R. and B. Schumacher (2016). "DNA Damage Response and Immune Defense: 
Links and Mechanisms." Front Genet 7: 147. 

Nakayama, G. R., M. C. Caton, M. P. Nova and Z. Parandoosh (1997). "Assessment of 
the Alamar Blue assay for cellular growth and viability in vitro." J Immunol Methods 
204(2): 205-208. 

Napier, M. A., B. Holmquist, D. J. Strydom and I. H. Goldberg (1979). "Neocarzinostatin: 
spectral characterization and separation of a non-protein chromophore." Biochem 
Biophys Res Commun 89(2): 635-642. 

Nickerson, J. A., G. Krockmalnic, K. M. Wan and S. Penman (1997). "The nuclear matrix 
revealed by eluting chromatin from a cross-linked nucleus." Proc Natl Acad Sci U S A 
94(9): 4446-4450. 

Nicolaou, K. C., A. L. Smith and E. W. Yue (1993). "Chemistry and biology of natural and 
designed enediynes." Proc Natl Acad Sci U S A 90(13): 5881-5888. 

Nishino, Y., M. Eltsov, Y. Joti, K. Ito, H. Takata, Y. Takahashi, S. Hihara, A. S. Frangakis, 
N. Imamoto, T. Ishikawa and K. Maeshima (2012). "Human mitotic chromosomes consist 
predominantly of irregularly folded nucleosome fibres without a 30-nm chromatin 
structure." EMBO J 31(7): 1644-1653. 

Nouspikel, T. (2009). "DNA repair in mammalian cells : Nucleotide excision repair: 
variations on versatility." Cell Mol Life Sci 66(6): 994-1009. 

O'Gorman, S., D. T. Fox and G. M. Wahl (1991). "Recombinase-mediated gene 
activation and site-specific integration in mammalian cells." Science 251(4999): 1351-
1355. 

Odell, I. D., S. S. Wallace and D. S. Pederson (2013). "Rules of engagement for base 
excision repair in chromatin." J Cell Physiol 228(2): 258-266. 



Bibliography  11 

130 

Okano, S., L. Lan, K. W. Caldecott, T. Mori and A. Yasui (2003). "Spatial and temporal 
cellular responses to single-strand breaks in human cells." Mol Cell Biol 23(11): 3974-
3981. 

Ono, Y., Y. Watanabe and N. Ishida (1966). "Mode of action of neocarzinostatin: 
inhibition of DNA synthesis and degradation of DNA in Sarcina lutea." Biochim Biophys 
Acta 119(1): 46-58. 

Pabo, C. O. and R. T. Sauer (1984). "Protein-DNA recognition." Annu Rev Biochem 53: 
293-321. 

Painter, R. B. (1974). "DNA damage and repair in eukaryotic cells." Genetics 78(1): 139-
148. 

Parlanti, E., G. Locatelli, G. Maga and E. Dogliotti (2007). "Human base excision repair 
complex is physically associated to DNA replication and cell cycle regulatory proteins." 
Nucleic Acids Res 35(5): 1569-1577. 

Parsons, J. L., Dianova, II, D. Finch, P. S. Tait, C. E. Strom, T. Helleday and G. L. Dianov 
(2010). "XRCC1 phosphorylation by CK2 is required for its stability and efficient DNA 
repair." DNA Repair (Amst) 9(7): 835-841. 

Patterson, G. H. and J. Lippincott-Schwartz (2002). "A photoactivatable GFP for 
selective photolabeling of proteins and cells." Science 297(5588): 1873-1877. 

Petermann, E., M. Ziegler and S. L. Oei (2003). "ATP-dependent selection between 
single nucleotide and long patch base excision repair." DNA Repair (Amst) 2(10): 1101-
1114. 

Pleschke, J. M., H. E. Kleczkowska, M. Strohm and F. R. Althaus (2000). "Poly(ADP-
ribose) binds to specific domains in DNA damage checkpoint proteins." J Biol Chem 
275(52): 40974-40980. 

Polo, S. E. and G. Almouzni (2015). "Chromatin dynamics after DNA damage: The 
legacy of the access-repair-restore model." DNA Repair (Amst) 36: 114-121. 

Polo, S. E. and S. P. Jackson (2011). "Dynamics of DNA damage response proteins at 
DNA breaks: a focus on protein modifications." Genes Dev 25(5): 409-433. 

Prey, L. A. (2008). "Discovery of DNA structure and function: Watson and Crick." Nature 
Education 1(1):100. 

Price, B. D. and A. D. D'Andrea (2013). "Chromatin remodeling at DNA double-strand 
breaks." Cell 152(6): 1344-1354. 

Privette Vinnedge, L. M., F. Kappes, N. Nassar and S. I. Wells (2013). "Stacking the 
DEK: from chromatin topology to cancer stem cells." Cell Cycle 12(1): 51-66. 

Rank, L., S. Veith, E. C. Gwosch, J. Demgenski, M. Ganz, M. C. Jongmans, C. Vogel, 
A. Fischbach, S. Buerger, J. M. Fischer, T. Zubel, A. Stier, C. Renner, M. Schmalz, S. 
Beneke, M. Groettrup, R. P. Kuiper, A. Burkle, E. Ferrando-May and A. Mangerich 
(2016). "Analyzing structure-function relationships of artificial and cancer-associated 



Bibliography  11 

131 

PARP1 variants by reconstituting TALEN-generated HeLa PARP1 knock-out cells." 
Nucleic Acids Res. 

Ris, H. and D. F. Kubai (1970). "Chromosome structure." Annu Rev Genet 4: 263-294. 

Robertson, A. B., A. Klungland, T. Rognes and I. Leiros (2009). "DNA repair in 
mammalian cells: Base excision repair: the long and short of it." Cell Mol Life Sci 66(6): 
981-993. 

Rodgers, K. and M. McVey (2016). "Error-Prone Repair of DNA Double-Strand Breaks." 
J Cell Physiol 231(1): 15-24. 

Rogakou, E. P., D. R. Pilch, A. H. Orr, V. S. Ivanova and W. M. Bonner (1998). "DNA 
double-stranded breaks induce histone H2AX phosphorylation on serine 139." J Biol 
Chem 273(10): 5858-5868. 

Rolli, V., M. O'Farrell, J. Menissier-de Murcia and G. de Murcia (1997). "Random 
mutagenesis of the poly(ADP-ribose) polymerase catalytic domain reveals amino acids 
involved in polymer branching." Biochemistry 36(40): 12147-12154. 

Sadaie, M., C. Dillon, M. Narita, A. R. Young, C. J. Cairney, L. S. Godwin, C. J. Torrance, 
D. C. Bennett, W. N. Keith and M. Narita (2015). "Cell-based screen for altered nuclear 
phenotypes reveals senescence progression in polyploid cells after Aurora kinase B 
inhibition." Mol Biol Cell 26(17): 2971-2985. 

Saha, A. K., F. Kappes, A. Mundade, A. Deutzmann, D. M. Rosmarin, M. Legendre, N. 
Chatain, Z. Al-Obaidi, B. S. Adams, H. L. Ploegh, E. Ferrando-May, N. Mor-Vaknin and 
D. M. Markovitz (2013). "Intercellular trafficking of the nuclear oncoprotein DEK." Proc 
Natl Acad Sci U S A 110(17): 6847-6852. 

Sancar, A., L. A. Lindsey-Boltz, K. Unsal-Kacmaz and S. Linn (2004). "Molecular 
mechanisms of mammalian DNA repair and the DNA damage checkpoints." Annu Rev 
Biochem 73: 39-85. 

Sartori, A. A., C. Lukas, J. Coates, M. Mistrik, S. Fu, J. Bartek, R. Baer, J. Lukas and S. 
P. Jackson (2007). "Human CtIP promotes DNA end resection." Nature 450(7169): 509-
514. 

Sauer, B. (1994). "Site-specific recombination: developments and applications." Curr 
Opin Biotechnol 5(5): 521-527. 

Scharer, O. D. (2013). "Nucleotide excision repair in eukaryotes." Cold Spring Harb 
Perspect Biol 5(10): a012609. 

Schonenberger, F., A. Deutzmann, E. Ferrando-May and D. Merhof (2015). 
"Discrimination of cell cycle phases in PCNA-immunolabeled cells." BMC Bioinformatics 
16: 180. 

Schreiber, V., F. Dantzer, J. C. Ame and G. de Murcia (2006). "Poly(ADP-ribose): novel 
functions for an old molecule." Nat Rev Mol Cell Biol 7(7): 517-528. 

Schuhwerk, H., R. Atteya, K. Siniuk and Z. Q. Wang (2016). "PARPing for balance in the 
homeostasis of poly(ADP-ribosyl)ation." Semin Cell Dev Biol. 



Bibliography  11 

132 

Scott, T. L., S. Rangaswamy, C. A. Wicker and T. Izumi (2014). "Repair of oxidative DNA 
damage and cancer: recent progress in DNA base excision repair." Antioxid Redox 
Signal 20(4): 708-726. 

Senecoff, J. F., R. C. Bruckner and M. M. Cox (1985). "The FLP recombinase of the 
yeast 2-micron plasmid: characterization of its recombination site." Proc Natl Acad Sci U 
S A 82(21): 7270-7274. 

Shafirovich, V., A. Dourandin, N. P. Luneva, C. Singh, F. Kirigin and N. E. Geacintov 
(1999). "Multiphoton near-infrared femtosecond laser pulse-induced DNA damage with 
and without the photosensitizer proflavine." Photochem Photobiol 69(3): 265-274. 

Shah, P. and Y. Y. He (2015). "Molecular regulation of UV-induced DNA repair." 
Photochem Photobiol 91(2): 254-264. 

Shall, S. and G. de Murcia (2000). "Poly(ADP-ribose) polymerase-1: what have we 
learned from the deficient mouse model?" Mutat Res 460(1): 1-15. 

Shi, L. and P. Oberdoerffer (2012). "Chromatin dynamics in DNA double-strand break 
repair." Biochim Biophys Acta 1819(7): 811-819. 

Shogren-Knaak, M., H. Ishii, J. M. Sun, M. J. Pazin, J. R. Davie and C. L. Peterson 
(2006). "Histone H4-K16 acetylation controls chromatin structure and protein 
interactions." Science 311(5762): 844-847. 

Sirbu, B. M. and D. Cortez (2013). "DNA damage response: three levels of DNA repair 
regulation." Cold Spring Harb Perspect Biol 5(8): a012724. 

Slupphaug, G., B. Kavli and H. E. Krokan (2003). "The interacting pathways for 
prevention and repair of oxidative DNA damage." Mutat Res 531(1-2): 231-251. 

Smerdon, M. J. (1991). "DNA repair and the role of chromatin structure." Curr Opin Cell 
Biol 3(3): 422-428. 

Smith, B. L., G. B. Bauer and L. F. Povirk (1994). "DNA damage induced by bleomycin, 
neocarzinostatin, and melphalan in a precisely positioned nucleosome. Asymmetry in 
protection at the periphery of nucleosome-bound DNA." J Biol Chem 269(48): 30587-
30594. 

So, P. T., C. Y. Dong, B. R. Masters and K. M. Berland (2000). "Two-photon excitation 
fluorescence microscopy." Annu Rev Biomed Eng 2: 399-429. 

Spector, D. L. (2001). "Nuclear domains." J Cell Sci 114(Pt 16): 2891-2893. 

Spivak, G. (2016). "Transcription-coupled repair: an update." Arch Toxicol. 

Strande, N. T., C. A. Waters and D. A. Ramsden (2012). "Resolution of complex ends 
by Nonhomologous end joining - better to be lucky than good?" Genome Integr 3(1): 10. 

Subba Rao, K. (2007). "Mechanisms of disease: DNA repair defects and neurological 
disease." Nat Clin Pract Neurol 3(3): 162-172. 



Bibliography  11 

133 

Sugasawa, K. (2016). "Molecular mechanisms of DNA damage recognition for 
mammalian nucleotide excision repair." DNA Repair (Amst) 44: 110-117. 

Sugitani, N., R. M. Sivley, K. E. Perry, J. A. Capra and W. J. Chazin (2016). "XPA: A key 
scaffold for human nucleotide excision repair." DNA Repair (Amst) 44: 123-135. 

Suzuki, K., M. Yamauchi, Y. Oka, M. Suzuki and S. Yamashita (2010). "A novel and 
simple micro-irradiation technique for creating localized DNA double-strand breaks." 
Nucleic Acids Res 38(12): e129. 

Suzuki, K., M. Yamauchi, Y. Oka, M. Suzuki and S. Yamashita (2011). "Creating 
localized DNA double-strand breaks with microirradiation." Nat Protoc 6(2): 134-139. 

Svilar, D., E. M. Goellner, K. H. Almeida and R. W. Sobol (2011). "Base excision repair 
and lesion-dependent subpathways for repair of oxidative DNA damage." Antioxid Redox 
Signal 14(12): 2491-2507. 

Svoboda, K. and R. Yasuda (2006). "Principles of two-photon excitation microscopy and 
its applications to neuroscience." Neuron 50(6): 823-839. 

Swindall, A. F., J. A. Stanley and E. S. Yang (2013). "PARP-1: Friend or Foe of DNA 
Damage and Repair in Tumorigenesis?" Cancers (Basel) 5(3): 943-958. 

Tallis, M., R. Morra, E. Barkauskaite and I. Ahel (2014). "Poly(ADP-ribosyl)ation in 
regulation of chromatin structure and the DNA damage response." Chromosoma 123(1-
2): 79-90. 

Tauer, U. (2002). "Advantages and risks of multiphoton microscopy in physiology." Exp 
Physiol 87(6): 709-714. 

Taylor, J. S., H. F. Lu and J. J. Kotyk (1990). "Quantitative conversion of the (6-4) 
photoproduct of TpdC to its Dewar valence isomer upon exposure to simulated sunlight." 
Photochem Photobiol 51(2): 161-167. 

Taylor, R. M., D. J. Moore, J. Whitehouse, P. Johnson and K. W. Caldecott (2000). "A 
cell cycle-specific requirement for the XRCC1 BRCT II domain during mammalian DNA 
strand break repair." Mol Cell Biol 20(2): 735-740. 

Tebbs, R. S., M. L. Flannery, J. J. Meneses, A. Hartmann, J. D. Tucker, L. H. Thompson, 
J. E. Cleaver and R. A. Pedersen (1999). "Requirement for the Xrcc1 DNA base excision 
repair gene during early mouse development." Dev Biol 208(2): 513-529. 

Thompson, L. H. and M. G. West (2000). "XRCC1 keeps DNA from getting stranded." 
Mutat Res 459(1): 1-18. 

Tian, H., Z. Gao, H. Li, B. Zhang, G. Wang, Q. Zhang, D. Pei and J. Zheng (2015). "DNA 
damage response--a double-edged sword in cancer prevention and cancer therapy." 
Cancer Lett 358(1): 8-16. 

Tirlapur, U. K., K. Konig, C. Peuckert, R. Krieg and K. J. Halbhuber (2001). 
"Femtosecond near-infrared laser pulses elicit generation of reactive oxygen species in 
mammalian cells leading to apoptosis-like death." Exp Cell Res 263(1): 88-97. 



Bibliography  11 

134 

Tobias, F., D. Lob, N. Lengert, M. Durante, B. Drossel, G. Taucher-Scholz and B. Jakob 
(2013). "Spatiotemporal dynamics of early DNA damage response proteins on complex 
DNA lesions." PLoS One 8(2): e57953. 

Tomas, M., P. Blumhardt, A. Deutzmann, T. Schwarz, D. Kromm, A. Leitenstorfer and E. 
Ferrando-May (2013). "Imaging of the DNA damage-induced dynamics of nuclear 
proteins via nonlinear photoperturbation." J Biophotonics 6(8): 645-655. 

Träutlein, D. (2009). "Femtosekunden-Lichtquellen für die konfokale Mikroskopie." 
Universität Konstanz Doktorarbeit. 

Trautlein, D., M. Deibler, A. Leitenstorfer and E. Ferrando-May (2010). "Specific local 
induction of DNA strand breaks by infrared multi-photon absorption." Nucleic Acids Res 
38(3): e14. 

Vaezi, A., C. H. Feldman and L. J. Niedernhofer (2011). "ERCC1 and XRCC1 as 
biomarkers for lung and head and neck cancer." Pharmgenomics Pers Med 4: 47-63. 

van Attikum, H. and S. M. Gasser (2009). "Crosstalk between histone modifications 
during the DNA damage response." Trends Cell Biol 19(5): 207-217. 

Verdin, E. (2015). "NAD(+) in aging, metabolism, and neurodegeneration." Science 
350(6265): 1208-1213. 

Vermeulen, W. and M. Fousteri (2013). "Mammalian transcription-coupled excision 
repair." Cold Spring Harb Perspect Biol 5(8): a012625. 

Vogel, A., N. Linz, S. Freidank and G. Paltauf (2008). "Femtosecond-laser-induced 
nanocavitation in water: implications for optical breakdown threshold and cell surgery." 
Phys Rev Lett 100(3): 038102. 

von Lindern, M., A. Poustka, H. Lerach and G. Grosveld (1990). "The (6;9) chromosome 
translocation, associated with a specific subtype of acute nonlymphocytic leukemia, 
leads to aberrant transcription of a target gene on 9q34." Mol Cell Biol 10(8): 4016-4026. 

Waldmann, T., M. Baack, N. Richter and C. Gruss (2003). "Structure-specific binding of 
the proto-oncogene protein DEK to DNA." Nucleic Acids Res 31(23): 7003-7010. 

Waldmann, T., I. Scholten, F. Kappes, H. G. Hu and R. Knippers (2004). "The DEK 
protein--an abundant and ubiquitous constituent of mammalian chromatin." Gene 343(1): 
1-9. 

Walker, J. R., R. A. Corpina and J. Goldberg (2001). "Structure of the Ku heterodimer 
bound to DNA and its implications for double-strand break repair." Nature 412(6847): 
607-614. 

Wallrodt, S., A. Buntz, Y. Wang, A. Zumbusch and A. Marx (2016). "Bioorthogonally 
Functionalized NAD(+) Analogues for In-Cell Visualization of Poly(ADP-Ribose) 
Formation." Angew Chem Int Ed Engl 55(27): 7660-7664. 

Waters, L. S., B. K. Minesinger, M. E. Wiltrout, S. D'Souza, R. V. Woodruff and G. C. 
Walker (2009). "Eukaryotic translesion polymerases and their roles and regulation in 
DNA damage tolerance." Microbiol Mol Biol Rev 73(1): 134-154. 



Bibliography  11 

135 

Watson, J. D. and F. H. Crick (1953). "Molecular structure of nucleic acids; a structure 
for deoxyribose nucleic acid." Nature 171(4356): 737-738. 

Webster, M., K. L. Witkin and O. Cohen-Fix (2009). "Sizing up the nucleus: nuclear 
shape, size and nuclear-envelope assembly." J Cell Sci 122(Pt 10): 1477-1486. 

Wei, H. and X. Yu (2016). "Functions of PARylation in DNA Damage Repair Pathways." 
Genomics Proteomics Bioinformatics 14(3): 131-139. 

Wei, L., S. Nakajima, C. L. Hsieh, S. Kanno, M. Masutani, A. S. Levine, A. Yasui and L. 
Lan (2013). "Damage response of XRCC1 at sites of DNA single strand breaks is 
regulated by phosphorylation and ubiquitylation after degradation of poly(ADP-ribose)." 
J Cell Sci 126(Pt 19): 4414-4423. 

West, S. C. (2003). "Molecular views of recombination proteins and their control." Nat 
Rev Mol Cell Biol 4(6): 435-445. 

Williams, R. M., W. R. Zipfel and W. W. Webb (2001). "Multiphoton microscopy in 
biological research." Curr Opin Chem Biol 5(5): 603-608. 

Wilson, D. M., 3rd and V. A. Bohr (2007). "The mechanics of base excision repair, and 
its relationship to aging and disease." DNA Repair (Amst) 6(4): 544-559. 

Wondrak, G. T., M. K. Jacobson and E. L. Jacobson (2006). "Endogenous UVA-
photosensitizers: mediators of skin photodamage and novel targets for skin 
photoprotection." Photochem Photobiol Sci 5(2): 215-237. 

Wood, R. D., M. Mitchell and T. Lindahl (2005). "Human DNA repair genes, 2005." Mutat 
Res 577(1-2): 275-283. 

Wright, D. A., T. Li, B. Yang and M. H. Spalding (2014). "TALEN-mediated genome 
editing: prospects and perspectives." Biochem J 462(1): 15-24. 

Yagura, T., K. Makita, H. Yamamoto, C. F. Menck and A. P. Schuch (2011). "Biological 
sensors for solar ultraviolet radiation." Sensors (Basel) 11(4): 4277-4294. 

Yang, K., R. Guo and D. Xu (2016). "Non-homologous end joining: advances and 
frontiers." Acta Biochim Biophys Sin (Shanghai) 48(7): 632-640. 

Yokoyama, H. and R. Mizutani (2014). "Structural biology of DNA (6-4) photoproducts 
formed by ultraviolet radiation and interactions with their binding proteins." Int J Mol Sci 
15(11): 20321-20338. 

Yu, H., H. Ma, M. Yin and Q. Wei (2012). "Association between PARP-1 V762A 
polymorphism and cancer susceptibility: a meta-analysis." Genet Epidemiol 36(1): 56-
65. 

Zipfel, W. R., R. M. Williams and W. W. Webb (2003). "Nonlinear magic: multiphoton 
microscopy in the biosciences." Nat Biotechnol 21(11): 1369-1377. 

Zu, Y., X. Tong, Z. Wang, D. Liu, R. Pan, Z. Li, Y. Hu, Z. Luo, P. Huang, Q. Wu, Z. Zhu, 
B. Zhang and S. Lin (2013). "TALEN-mediated precise genome modification by 
homologous recombination in zebrafish." Nat Methods 10(4): 329-331. 



Bibliography  11 

136 

Zuclich, J. A. (1989). "Ultraviolet-induced photochemical damage in ocular tissues." 
Health Phys 56(5): 671-682. 

Zwier, J. M., L. Oomen, L. Brocks, K. Jalink and G. J. Brakenhoff (2008). "Quantitative 
image correction and calibration for confocal fluorescence microscopy using thin 
reference layers and SIPchart-based calibration procedures." J Microsc 231(Pt 1): 59-
69. 
 




