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Sulfur mustard is a highly restricted agent and its use for research purposes requires 

a special license and security measures. All experiments performed with sulfur 

mustard were conducted at the Bundeswehr Institute for Pharmacology and Toxicology 

in Munich, Germany, which holds such a license and is equipped with special facilities 

to work with small amounts of sulfur mustard for research purposes. At the University 

of Konstanz only experiments with the non-restricted and commercially available 

substance chloroethyl-ethyl-sulfide (CEES) were performed. 
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Abstract 

Each cell of the human body constantly encounters numerous types of DNA lesions, 

which can be induced by a wide spectrum of endogenous and exogenous sources. 

Endogenously formed genotoxins often arise through metabolic or inflammatory 

processes. Examples of exogenous sources include UV light, pollutants, food 

contaminants, such as aristolochic acids, as well as toxic substances, such as the 

chemical warfare agent sulfur mustard. DNA lesions can result in altered cellular 

functions contributing to pathological conditions, such as cancer formation. Since DNA 

lesions are readily induced after contact to a genotoxic substance, reliable and 

sensitive bioanalytical methods, such as targeted isotope dilution mass spectrometry, 

can help to establish DNA lesions as powerful and toxicological relevant biomarkers of 

exposure and effect. Such biomarkers can be used for exposure verification, risk 

assessment and research purposes to analyze toxicant-specific modes of action and 

DNA damage response mechanisms. Moreover, one particularly sensitive marker for 

several kinds of genotoxic exposures represents the nucleic-acid-like molecule 

poly(ADP-ribose) (PAR), which is formed by PAR polymerases (PARPs) upon binding 

to DNA lesions and DNA repair intermediates, in particular DNA strand breaks.  

The aim of this thesis was to develop, optimize and apply novel mass spectrometric 

methods for the quantitation of DNA (and RNA) damage of selected compounds of 

interest, such as sulfur mustard and aristolochic acid, as well as the nucleic acid like, 

signaling molecule PAR. As a main project, a mass spectrometric platform for detection 

of nucleic acid damage induced by the chemical warfare agent sulfur mustard (SM) 

and its surrogate chloroethyl ethyl sulfide (CEES) was developed. The release of SM 

is still a realistic threat in terroristic attacks and asymmetric conflicts. Up to now, there 

is a strong need for verification of exposure, as no causal antidote and no full 

understanding of the mode of action of SM is available. In Zubel et al., Toxicol. Lett. 

2017, different available methods measuring SM-DNA adducts with LC-MS/MS were 

reviewed and their advantages and disadvantages were discussed in detail. These 

MS-based methods for DNA adducts were set in the context to other methods, as well 

as the verification of other induced adducts, e.g. protein adducts or metabolites. This 

comprehensive review concludes that SM-induced DNA adducts are suitable 

biomarkers of exposure and can be also considered as appropriate biomarkers of 

effect. For this reason, in Zubel et al., manuscript in preparation, the established MS 

platform was successfully applied to different sample matrices, i.e. whole blood, dried 

blood spots and skin biopsies. Furthermore, in vitro time course measurements were 

conducted in several cell lines and primary cells in a comparative manner to gain 

insight into persistence and repair-kinetics of mustard-induced DNA damage. Of note, 

both, DNA and RNA adducts displayed sustained adduct stability up to several days 

post exposure. Although this results in a long detection window concerning the 

verification of a suitable biomarker, this also implies the possibility of lesion persistence 

in exposed victims. This work was conducted in cooperation with the Institute of 
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Pharmacology and Toxicology of the Bundeswehr, Munich. The bioanalytical platform 

developed in this thesis is currently implemented in the method portfolio of the institute. 

Another example of an occasional contact to a genotoxic agent is aristolochic acid I 

(AAI). It is found in Aristolochiaceae plants, which are used in traditional Chinese 

medicine. Although the metabolism and mode of action is not completely understood, 

it is assumed that AAI-DNA adduct formation lead to nephropathy and urothelial 

cancer. Despite this evidence, so far, AAI containing drugs are still available. In 

Bastek/Zubel et al., in preparation, a UPLC-MS/MS method was developed as a tool 

to investigate AAI-induced DNA adducts in renal in vitro models. Adduct induction was 

compared in hTERT immortalized human renal proximal epithelial cell line with a 

primary cell like phenotype (RPTEC/TERT1) and HEK293 cells. Experiments showed 

adduct induction in RPTEC/TERT1cells, but not in HEK293 cells, which correlates with 

the expression of the AAI metabolizing and activating enzyme NQO1 in the different 

cell types. This study was conducted in cooperation with the Human and Environmental 

Toxicology Group at University of Konstanz.  

As a post-translational modification of proteins in response to genotoxins and DNA 

damage, PARylation is a highly dynamic process with PAR showing variable chain 

length and branching. Its analysis and quantitation help in understanding DNA damage 

response and a variety of other cellular processes, which may lead to cancer formation. 

An already developed mass spectrometric method for PAR analysis was further 

optimized and transferred to an UPLC-MS/MS system, leading to higher sensitivity and 

significantly reduced measurement times (Zubel et al., Methods Mol. Biol. 2017). 

Additionally, the new method also allowed a more sensitive measurement of the 

branching moiety of PAR, even in untreated cells. This MS method for analysis of 

PARylation was applied to several cellular studies. In Rank/Veith, […], Zubel et al., 

Nucleic Acids Res. 2016, the formation and quality of PAR by different PARP1 variants 

was measured. Here the differences of commonly applied immunofluorescence 

staining methods to the MS-based method are evident; basal levels of PAR, as well as 

smaller differences after genotoxic treatment are only detectable with the MS-based 

method. In Schuhwerk, […], Zubel et al., Nucleic Acids Res. 2017, (in cooperation with 

the group of ZQ Wang, FLI, Jena) the cell fate in response to PARylation was analyzed. 

A knock in mouse model with expression of a hypomorphic PARP1 variant was 

generated and cells from these mice were analyzed concerning their PAR quality. PAR 

from this variant had smaller chain length as well as impaired branching frequencies.  

In conclusion, the different MS-based methods developed in this thesis are proving the 

powerful and versatile employment of UPLC-MS/MS application on nucleic acid 

damage or nucleic acid-like polymers. The developed methods show a wide range of 

applications from quantifying DNA damages as biomarker of exposure and effect, 

through to metabolic studies regarding tumor formation in specific organs, up to the 

analysis the post-translational modification PARylation involved in various cellular 

signaling pathways.  
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Zusammenfassung 

Jede Zelle im Körper ist alltäglich einer Vielzahl von DNA Schäden ausgesetzt, die 

durch ein weites Spektrum an endogenen Quellen, aber auch exogenen Quellen 

verursacht werden. Exogene genotoxische Substanzen werden oft durch 

Metabolismus oder Entzündungsprozesse hervorgerufen. Beispiele für endogene 

Quellen sind UV Licht, Schadstoffe, Lebensmittelkontaminationen (wie z.B. 

Aristolochiasäure) und toxische Substanzen, wie beispielsweise Senfgas, ein 

chemischer Kampfstoff. DNA Schäden können eine veränderte Zellfunktion 

hervorrufen, die zu pathologischen Zuständen wie Krebsentstehung führen können. 

Unmittelbar nach Kontakt zu genotoxischen Substanzen werden DNA Schäden 

verursacht. Daher können zuverlässige und sensitive bioanalytische Methoden, wie 

zielgerichtete Isotopenverdünnung-Massenspektrometrie, helfen DNA Schäden als 

leistungsfähige und toxikologisch relevante Expositions- und Effekt-Biomarker zu 

etablieren. Solche Biomarker können zur Verifizierung von Expositionen, 

Risikoanalyse und Forschungszwecke verwendet werden. Dadurch können 

spezifische toxikologische Wirkmechanismen und die DNA Schadensantworten 

untersucht werden. Ein zusätzlicher, besonders sensitiver, Marker für diverse 

genotoxische Exposition ist die nukleinsäure-ähnliche Poly(ADP-ribose) (PAR). Sie 

wird von PAR Polymerasen (PARP) gebildet, nachdem sie an DNA Schäden und DNA 

Reparaturintermediate, insbesondere DNA Strangbrüche, binden. 

Das Ziel dieser Doktorarbeit war es, neue massenspektrometrische Methoden zu 

entwickeln, zu optimieren und anzuwenden. Dazu zählen die Quantifizierung von DNA 

(und RNA) Schäden von ausgewählten Substanzen von Interesse, wie Senfgas und 

Aristolochiasäure I, sowie dem nukleinsäure-ähnlichen DNA Schadenssignalmolekül 

PAR. Die Hauptaufgabe dieser Arbeit war es eine massenspektrometrische Plattform 

zu etablieren, die Nukleinsäureschäden detektieren kann, die von dem chemischen 

Kampfstoff Senfgas (SM) und seinem Ersatzstoff Chloroethyl Ethyl Sulfide (CEES) 

ausgelöst werden. Die Freisetzung von SM ist immer noch eine reale Gefahr im Falle 

von terroristischen Angriffen oder asymmetrischen Konflikten. Bis jetzt ist die 

Verifizierung einer Exposition schwierig. Außerdem gibt es kein allgemeines Gegengift 

und auch kein vollständiges Verständnis über die Wirkungsweise dieser Substanz. In 

Zubel et al., Toxicol. Lett 2017, werden verschiedene, bereits vorhandene Methoden 

zur Messung von SM induzierten DNA Addukten besprochen und ihre Vor- und 

Nachteile ins Detail erläutert. Diese MS-basierenden Methoden werden in den Kontext 

zu anderen Messmethoden, aber auch anderen induzierten Addukten, wie z.B. 

Proteinaddukte oder Metaboliten, gesetzt. Dieser umfangreiche Review-Artikel 

schlussfolgert, dass SM-induzierte DNA Addukte geeignete Expositions-Biomarker 

darstellen und zusätzlich auch als Effekt-Biomarker verwendet werden können. Aus 

diesem Grund wurde in Zubel et al., Manuskript in Vorbereitung zur Publikation, eine 

bioanalytische MS-basierte Plattform erfolgreich entwickelt und auf verschiedene 

Probenmatrizen, wie Vollblut, getrocknete Blutstropfen und (Ratten-) Hautbiopsien, 
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angewendet. Zusätzlich wurden zeitabhängige, vergleichende in vitro Messungen in 

verschiedenen Zelllinien und Primärzellen vorgenommen. Dadurch wurden Einsichten 

in die Persistenz und den Reparaturverlauf von SM und CEES induzierten DNA 

Schäden gewonnen. Bemerkenswerterweise wiesen sowohl DNA als auch RNA 

Addukte anhaltende Stabilität für mehrere Tage nach Behandlung auf. Obwohl das 

bedeutet, dass dadurch ein langes Detektionsfenster im Sinne von Biomarker 

Analysen für die Expositionsverifizierung existiert, könnte das auch bedeuten, dass 

Schäden in exponierten Personen lange anhalten. Die vorliegende Arbeit wurde in 

Kooperation mit dem Institut für Pharmakologie und Toxikologie der Bundeswehr in 

München durchgeführt. Die bioanalytische Methode, die in dieser Arbeit vorgestellt 

wird, wird zurzeit in das Methodenspektrum des Instituts aufgenommen. 

Ein weiteres Beispiel von sporadischem Kontakt zu genotoxischen Substanzen ist 

Aristolochiasäure I (AAI). Sie kommt in den Gattungen der Aristolochiaceae vor, die 

zur Herstellung von traditioneller chinesischer Medizin verwendet wird. Der genaue 

Metabolismus und Wirkweise ist nicht vollständig untersucht, dennoch wird soweit 

vermutet, dass auftretende Nephropathie und Urothelialkarzinome von AAI induzierten 

DNA Schäden verursacht wird. Dennoch sind Substanzen, die AAI enthalten, 

verfügbar. In Bastek/Zubel et al., Manuskript in Vorbereitung zur Publikation, wurde 

eine UPLC-MS/MS basierte Methode entwickelt, um AAI induzierte DNA Schäden in 

in vitro Nierenmodellen zu untersuchen. Das Auftreten von DNA Addukten wurde in 

hTERT immortalisierten humanen renalen proximalen Epithelzellen mit einem 

primärartigen Phänotyp (RPTEC/TERT1) und HEK293 Zellen untersucht. Die 

erhaltenen Ergebnisse zeigen, dass DNA Addukte in den primärähnlichen renalen 

Zellen induziert wurden. Dies ist nicht der Fall in HEK293 Zellen. Dies korreliert mit der 

Expression des AAI-metabolisierenden Enzyms NQO1 in den jeweiligen Zelltypen. 

Diese Studie wurde in Kooperation mit dem Lehrstuhl für Human- und 

Umwelttoxikologie der Universität Konstanz durchgeführt. 

Die PARylierung ist eine post-translationale Modifikation von Proteinen als Antwort auf 

genotoxischen Stress und DNA Schäden. Dies ist ein hoch dynamischer Prozess, der 

sich u.a. in Kettenlänge und –verzweigungsgrad des Polymers begründet. Dessen 

Analyse und Quantifizierung hilft dabei, die DNA Schadensantwort und verschiedene 

andere Prozesse zu verstehen, die an Krebsentstehungsmechanismen beteiligt sind. 

Eine bereits entwickelte massenspektrometrische Methode zur PAR Analyse wurde 

weiter optimiert und auf ein UPLC-MS/MS Gerät transferiert. Dies führte zu einer 

gesteigerten Sensitivität und einer erheblichen Reduktion der Messzeit (Zubel et al., 

Methods Mol. Biol. 2017). Weiterhin erlaubt die neue Methode eine sensitivere 

Messung des Verzweigungsgrades von PAR, sogar in unbehandelten Zellen. Diese 

MS Methode für die Analyse von PARylierung wurde in mehreren zellulären Studien 

angewandt. In Rank/Veith, […], Zubel et al., Nucleic Acids Res. 2016, wurde die 

Bildung und Qualität von PAR verschiedener PARP1 Varianten gemessen. Hier 

wurden die Unterschiede von regulär verwendeten Immunflureszenz-Färbemethoden 

im Vergleich zur MS-Methode deutlich. So sind basale PAR Level, sowie feinere 
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Unterschiede auf Grund von Behandlungen mit genotoxischen Substanzen nur durch 

die MS-basierte Methode messbar. In Schuhwerk, […], Zubel et al., Nucleic Acids Res. 

2017, (in Kooperation mit dem Lehrstuhl von Prof. Dr. ZQ Wang, FLI, Jena) wurde das 

zelluläre Schicksal in Bezug auf PARylierung analysiert. Es wurde ein Mausmodel mit 

Expression einer hypomorphe PARP1 Variante per Knock-In Verfahren etabliert und 

daraus isolierte Zellen wurden bezüglich ihrer PAR Qualität untersucht. PAR von 

dieser PARP1 Variante wies kürzere Kettenlängen, als auch reduzierte 

Verzweigungsfrequenzen auf. 

All diese MS-basierten Methoden überzeugen durch eine leistungsstarke und vielfältig 

einsetzbare Verwendung in Bezug auf Detektion und Quantifizierung von 

Nukleinsäureschäden und dem Nukleinsäure-artigen Polymere PAR. Die hier 

entwickelten Methoden umfassen ein weites Anwendungsspektrum, angefangen vom 

Einsatz in der Messung von DNA Addukten als Expositions-Biomarker oder Effekt-

Biomarker, über die Quantifizierung von DNA Schäden zur Aufklärung von 

metabolischen Bioaktivierung von genotoxischen Substanzen in Bezug auf 

Tumorentstehung in bestimmten Organen, bis hin zur Messung der post-

translationalen Modifikationen PARylation, die eine wichtige Rolle in einer Vielzahl 

zellulärer Prozessen spielt. 
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Chapter 1. Introduction 

Genotoxic agents damage the genetic material of a cell, which can subsequently lead 

to mutations and finally cancer formation. Although DNA damages are not exclusively 

induced by extrinsic factors, they contribute significantly to cancer formation. Although 

exposure to several genotoxins occurs occasionally, others are ubiquitous present as 

air pollutants, water contaminants, food or drugs. Nevertheless, different DNA repair 

pathways can prevent DNA damages to transform into mutations and cancer. In order 

to evaluate the assessment of genotoxic substances, it is important to define 

biomarkers of exposure and suitable methods for biomarker analysis. Commonly, 

biomonitoring is performed with highly sensitive and specific mass spectrometric 

approaches. In some cases, e.g. DNA adducts, the biomarkers are also considered as 

biomarkers of effect, as they are the direct cause of genotoxicity. Frequently, 

intermediate factors, such as DNA damage signaling e.g. PARylation, play role in 

genotoxic stress response and are, therefore, also considered as biomarkers.  In both 

cases, DNA adducts and PARylation, mass spectrometric methods can also help to 

gain further insights in the mode of action of genotoxicity or to develop new therapeutic 

approaches.  
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1.1. DNA damage 

Each cell in the body is exposed to several thousand DNA lesions per day. They 

consist of about ~50,000 single strand breaks, ~50,000 UV-induced pyrimidine dimers, 

~10,000 depurinations, ~600 deaminations, ~2000 oxidative damages, ~5,000 

alkylations, ~10 interstrand crosslinks and ~10 double strand breaks (Saul and Ames 

1986; Shrinivas S A 2017). Alternations in DNA structure can arise intrinsically due to 

replication and recombination processes. This leads to unusual fork structures, 

bubbles or other non-duplex DNA forms. Furthermore, repair intermediates can occur, 

such as single strand nicks, gaps, flap structures, double-strand breaks or joint 

molecules, e.g. Holliday structures. DNA base damages, e.g. the methylation of 

guanine to O6-methylguanine, are formed by endogenous sources. Additional reduced, 

oxidized or fragmented bases formed by reactive oxygen and nitrogen species (ROS 

and RNS) are produced during cellular metabolism. Thereby, e.g., thymine glycols or 

8-oxo-2′-deoxyguanosine (8-oxo-dG) are formed. Adducts induced by exogenous 

substances include UV-generated cyclobutane pyrimidine dimers (CPD) and (6-4) 

photoproducts. Several chemicals, e.g. polycyclic hydrocarbons or alkylating agents, 

such as sulfur mustard or aristolochic acids, induce bulky adducts. Bifunctional agents, 

like cisplatin as well as nitrogen and sulfur mustards, induce crosslinks. These can be 

formed between DNA and DNA (i.e. intra- and interstrand crosslinks) or between DNA 

and proteins. Crosslinks can also be formed by the aldehyde form of an abasic site. 

Abasic sites are spontaneously formed DNA backbone damages. The backbone is 

also damaged by single strand breaks (SSB) or double strand breaks (DSB), which 

are formed endo- and exogenous (Sancar et al. 2004). 
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1.2. DNA damage repair mechanisms 

To prevent persistent harm to the cell by DNA damage, several in part highly preserved 

DNA repair pathways are available (see Figure 1): 

 

Figure 1: DNA damage and corresponding repair pathways:  Various types of DNA damage are induced by 

endogenous and exogenous factors and repaired by specific DNA damage pathways. Small lesions, single strand 
breaks and abasic sites are repaired by base excision repair. Bulky and crosslinked adducts are repaired by 
nucleotide excision repair. Replication errors are repaired by mismatch repair. Direct damage reversal removes 
alkyl groups from the O6-position of guanine. Double strand breaks and interstrand crosslinks are repaired by DNA 
double strand break repair, which consists of homologous recombination, non-homologous end joining and single-
strand annealing. Stalled replication forks can be recovered by translesion synthesis. From (Genois et al. 2014). 

Direct damage reversal 

Enzymes for direct damage reversal are rare. In humans the O6-methylguanine DNA 

methyl transferase (MGMT), also called alkyl guanine-transferase (AGT), is known. Its 

function is determined as ‘suicide enzyme’ by direct removal of a methyl or alkyl group, 

which is transferred irreversibly to an internal cysteine residue (Norbury and Hickson 

2001). MGMT is also able to remove O4-methylthymine, O6-ethylguanine and O6-

chloroethylguanine. Several DNA adducts formed by chemotherapeutic and 

methylating agents, e.g. temozolomide, procarbazine, dacarbazine, as well as the 

crosslinking agents bis-(2-cholorethyl)-nitrosourea (BCNU) and streptozotocin are 

recognized by MGMT (Sharma et al. 2009). 

Direct damage reversal is also known by photolyases, which are present in 

prokaryotes, some simple eukaryotes and archaea, but not in higher organisms like 

humans. Several DNA glycosylases are able to perform direct damage repair, e.g. 

hABH1–3, which repair N1-methyladenine, N3-methylcytosine and N6-ethenoadenine 

(Norbury and Hickson 2001; Sancar et al. 2004). 
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Base excision repair 

‘Small’, mainly endogenous formed lesions are repaired by base excision repair (BER). 

These include hydrolytic depurination and deamination products of bases e.g., uracil 

and xanthine, but also base mismatches, alkylated bases and oxidative damage of 

bases or the phosphodiester backbone. In BER, first, DNA glycosylases recognize the 

damage, then hydrolytic cleavage of the base leads to an AP site and finally DNA 

ligases seal the DNA strand. Enzymes recognize uracil (uracil-DNA glycosylase), 

alkylated purines (methyl-purine glycosylase), oxidized/reduced pyrimidines 

(homologues of E. coli endonuclease III) or oxidized purines (FAPY glycosylase, FPG) 

(Norbury and Hickson 2001; Sancar et al. 2004). 

Two sub-pathways of BER exist: In short-patch BER, a glycosylase removes the 

damaged base, creating an AP site together with APE1, which results in a single 

nucleotide gap. Then, XRCC1 recruits Pol β and DNA ligase III to seal the gap. In long-

patch BER, after creation of an AP site, incision is only performed by APE1. Then 2-

10 nucleotides are displaced by Pol δ or ε together with PCNA and RF-C. The flap 

structure is removed by FEN-1 and then DNA is sealed by ligase I. Whether short or 

long-patch BER is conducted, depends on the activity of the glycosylase. Glycosylases 

with AP lyase activity initiate short-patch, whereas glycosylases with only hydrolytic 

function initiate long-patch BER (Norbury and Hickson 2001; Sancar et al. 2004). 

Nucleotide excision repair 

Proteins of the nucleotide excision repair (NER) pathway recognize abnormal 

phosphodiester backbone conformations as a result of CPDs, (6-4) photoproducts, 

bulky adducts and intrastrand crosslinks. This can be detected by XPC in global 

genome repair (GGR) and is, in some cases, enhanced by other enzymes as the UV-

DDB complex. This complex contains DDB1 and DDB2 and is able to bind to CPDs, 

leading to a further kinking of the DNA, which then can be recognized by XPC. Another 

way for detection of such structures is the stalling of RNA polymerase II in transcription 

coupled repair (TCR). This leads to the recruitment of CSA and CSB. Afterwards both 

pathways merge and the core enzyme XPA verifies the damage and with its multiple 

binding sites serves as a loading platform for downstream factors. First, TFIIH, 

containing the two helicases XPB and XPD, binds and unwinds the DNA around the 

damage. Finally, a 24-32 nucleotide long strand containing the damage is excised by 

XPG and XPF/ERCC1, resynthesized by DNA polymerase δ, ε or κ and sealed by DNA 

ligase I (Marteijn et al. 2014; Sancar et al. 2004). 
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Mismatch repair 

Misincorporation of nucleotides generates base-base mismatches during DNA 

synthesis. Such mismatches are recognized by MutSα (containing MSH2 and MSH6), 

which predominately senses mismatches or 1-2 base deletions or insertions. Another 

recognition factor is MutSβ (containing MSH2 and MSH3), which detect longer 

insertions or deletions. MutLα enhance the recognition and recruit downstream factors 

and also has endonuclease activity. The newly synthesized strand, containing the 

mismatch, is incised by Exo1, newly synthesized by Pol δ, and finally ligated (Li 2008). 

DNA double strand break repair 

Double strand breaks are repaired by three primary pathways (Norbury and Hickson 

2001; Sancar et al. 2004):  

Homologous recombination (HR): The MRN complex (Mre11/Rad50/NBS1) 

processes DNA strand breaks, which are then bound by Rad52. Strand invasion 

to a homologous site is initiated by Rad51, aided by BRCA1 and BRCA2. After 

branch migration, the formed Holliday junctions are resolved and ligated. HR 

thereby ligates DSB in an error-free manner without any base loss. This 

pathway is the primary one in S and G2 phase of cells. 

Single strand annealing (SSA): Similar as in HR, the ends of the DNA duplex 

are digested by the MRN complex to ssDNA tails until short complementary 

regions are exposed and bound by Rad52. After annealing of the two strands 

and ligation, the ssDNA tails are trimmed by XPF-ERCC1, potentially leading to 

the formation of microdeletions. 

Non-homologous end joining (NHEJ): The Ku heterodimer (Ku70, Ku80) binds 

to the DNA ends and recruits the DNA-dependent protein kinase (DNA-PKcs). 

Then heterodimeric XRCC4/DNA ligase IV can bind and ligate the two ends, 

regardless of complementary regions or homology. As in G0 or G1 phase of the 

cell cycle no homologous DNA is present, here the error-prone NHEJ is the 

major DSB repair pathway. 
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Crosslink repair  

Crosslinks are mainly repaired by NER and HR in E. coli and Saccharomyces 

cerevisae. In humans the exact mechanism is unknown. Cells lacking XPF/ERCC1 are 

sensitive to crosslinking agents, but this is not the case for other NER enzymes. The 

postulated model for repair is the induction of DDR by crosslinks during replication. 

XPF/ERCC1 degrades one of the CL-containing strands. Recombination proteins like 

Rad51 and RAD52, XRCC2 & 3 and RPA generate a Holliday junction, which is 

afterwards processed by resolvases and ligases. Other pathways may involve the 

whole NER system or uses the Fanconi anemia (FA) core complex together with the 

MRN complex and BRCA1 and BRCA2, which are involved in both, HR and CL repair 

(Norbury and Hickson 2001). 

In the FA pathway, FANCM-FAAP24 recruit the FA core complex to stalled replication 

forks containing an ICL. This complex consists of several FA proteins, which 

assembles to an ubiquitin E3 ligase. Additionally, the heterodimer FANCD2 and FANCI 

is recruited to the DNA, which is mono-ubiquitinylated by the core complex. Thereby 

DNA repair foci are built with further downstream FA proteins, including BRCA2, also 

termed FANCD1 (Ceccaldi et al. 2016; Moldovan and D'Andrea 2009). Two models 

including the FA core complex are postulated: In replication-dependent repair the 

stalling replication fork leads to the ubiquitination of FANCD2 and FANCI by the FA 

core complex. After dual incision, the ICL is unhooked from the lagging strand. The 

remaining ICL on the leading strand is bypassed by translesion synthesis and sealed 

by HR-mediated DSB repair. Afterwards the unhooked ICL on the leading strand is 

repaired by NER (Clauson et al. 2013; Panahi et al. 2018). In replication-independent 

repair probably two rounds of unhooking of the ICL and gap filling by the NER 

machinery happen. Here, mostly GG-NER is activated, but in some cases, e.g. 

cisplatin induced ICL, the TC-NER seems to be more relevant (Clauson et al. 2013).  

Translesion synthesis 

To avoid replication fork blockage at sites of DNA adducts and subsequent highly 

cytotoxic DSBs, cells are able to perform translesion synthesis by error-prone 

polymerases. Thereby the damage is incorporated in the new double strand and later 

repaired by excision repair. Upon blocking DNA damages, PCNA is mono-

ubiquitinylated at stalled replication sites, which is recognized by translesion 

polymerases (Sale 2013; Stallons and McGregor 2010). 

Pol η especially performs accurate replication across CPD and intrastrand crosslinks 

at G-G dinucleotides induced by cisplatin. Pol ɩ is able to incorporate dC opposite of 8-

oxo-dG and has an additional role in BER. It can substitute Pol β in short-patch BER 

pathway and is a backup of Pol η (Sale 2013). Pol κ is able to synthesize DNA in the 

presence of thymine glycols and some guanine adducts, e.g. N2-dG adducts like N2-

benzo[a]pyrene-diol-epoxide-dG. It is also responsible together with Pol δ for the DNA 

synthesis step in NER (Sale 2013; Yamanaka et al. 2017). REV1 is only able to insert 
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dC opposite of an abasic site and some N2-dG adducts. Additionally, it acts as a 

scaffold protein, facilitating synthesis opposite of the damage and then recruits other 

translesion polymerases like Pol κ and ζ for further polymerization of DNA. Although 

Pol ζ is able to replicate at sites of thymine glycols and, to a lesser extent, even at 

CPD, (6-4) photoproducts and AP sites. Its major role is the extension of already 

started translesion synthesis sites and it has also a minor role in DSB repair (Sale 

2013; Yamanaka et al. 2017). 
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1.3. Alkylating agents 

1.3.1. Sulfur mustard 

One of the most widely used chemical warfare agents in World War I was sulfur 

mustard (SM) (Mangerich and Esser 2014). It is a strong bifunctional alkylating agent, 

targeting the lung and skin resulting in severe blister formation. Further target organs 

are the eyes, the whole respiratory and gastrointestinal tract and the bone marrow 

(Balali-Mood and Hefazi 2005). Although its use is restricted by the Geneva protocol 

1925 and finally banned by the Chemical Weapon Convention in 1992, release and 

exposure to SM is still a realistic and significant threat (Hoenig 2002; Link 1) 

The synthesis of this compound can be easily performed by cheap and basic 

compounds and is, therefore, suitable for terroristic attacks (Meyer 1886; Wang 2010). 

Additionally, there is a long latency phase of symptoms. Up to now, no effective 

antidote is available and treatment is only symptomatic (Balali-Mood and Hefazi 2005). 

On the cellular level, inflammation, cell death and stress response, i.e. PARylation, is 

seen (Kehe et al. 2009a; Mangerich et al. 2016). However, the exact mechanisms 

leading to severe symptoms as skin damage, especially impaired wound healing, bone 

marrow depletion and finally cancer formation, are unclear. 

SM readily reacts with several nucleophilic macromolecules in the cell as DNA, 

proteins and lipids (see Figure 2). Protein adducts, e.g. blood proteins like hemoglobin 

and serum albumin, might serve as suitable, easy accessible, biomarkers for detection 

of SM exposure. Still DNA adducts are also considered as mechanism-based 

biomarkers of exposure in chemical carcinogenesis and, therefore, help to investigate 

the mode of action of SM (Tretyakova et al. 2012; Zubel et al. 2017a) (see also chapter 

3). 

 

 

Figure 2 Reaction of sulfur mustard (SM) with DNA:  The bifunctional SM reacts via an intramolecular 

episulfoniumion with nucleophilic sites of the DNA to form covalent DNA adducts. 
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Figure 3: DNA adducts induced by SM: SM especially reacts with the N7 position of guanine and the N3 position 

of adenine. The second reactive site either reacts with another nucleophilic site to form a crosslink, e.g. Bis-Gua, 
or hydrolyzed to a hydroxyethyl thioethyl DNA adduct (N7-HETE-Gua or N3-HETE-Ade). In a minor frequency also 
the O6 position reacts with SM (O6-HETE-Gua). 

The main induced DNA adduct is at the N7 position of guanine (N7-[2-[2-

hydroxyethyl)thio]ethyl]-guanine, N7-HETE-Gua) (see Figure 3) with a frequency of 

about 61%. Also adducts at the N3 position of adenines are formed at a rate of about 

16% (N3-[2-[2-hydroxyethyl)thio]ethyl]-adenine, N3-HETE-Ade) (Kehe et al. 2009a; 

Ludlum et al. 1994). Importantly highly cytotoxic crosslinks of two guanine bases are 

formed at frequencies of about 17% (bis[2-(guanine-7-yl)ethyl]sulfide, Bis-Gua) 

(Lawley and Brookes 1967), of which about 25% are inter-strand and 75% are intra-

strand crosslinks (Shakarjian et al. 2010; Walker 1971). Furthermore, with a minor 

frequency of less than 0.1%, a higly mutagenic lesion at the O6 position of guanine is 

formed (O6-[2-[2-hydroxyethyl)thio]ethyl]-guanine, O6-HETE-Gua) (Ludlum et al. 

1986). As the work with SM is restricted to a few specialized institutes, such as the 

Institute for Pharmacology and Toxicology of the Bundeswehr (Munich, Germany), the 

monoalkylating mustard 2-chloroethyl ethyl sulfide (CEES) is commonly used as 

surrogate for SM. It induces also guanine and adenine adducts, i.e. N7-ETE-Gua and 

N3-ETE-Ade. 

Due to the high toxicity to fast dividing cells, i.e. suppression of the bone marrow and 

following leukopenia seen by SM, further developments resulted in the synthesis of the 

nitrogen mustard mechlorethamine (HN-2) – one of the first anticancer agents (Einhorn 

1985). More recently developped nitrogen mustards are melphalan, which is a 

phenylalanine derivate, cyclophosphamid, chlorambucil, also with an aromatic moiety, 

and bendamustine, a purine analog. They are more stable and bioavailable as HN-2 

and commonly used in lymphoid malignancies, as chronic lymphocytic leukemia, 

Hodgkin lymphoma and non-Hodgkin lymphoma. (DeVita and Chu 2008; Mangerich 

and Esser 2014).  

By using repair deficient cells, as well as by comparing the mono-alkylating agent 

CEES and bifunctional SM, several mechanistic conclusions concerning repair of 

induced DNA adducts could have been drawn. SM-induced DNA adducts and DSB 

derived thereof during replication are mainly repaired by HR, which is supported by 

BER, NER and NHEJ. BER deficient cells are only sensitive to CEES induced mono-
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adducts. NER deficient cells are sensitive to CEES and SM, implicating a role in both 

mono- and bifunctional adduct removal. Sensitivity exclusively towards SM treatment, 

but not towards CEES, was visible in NHEJ and HR deficient cells (Jowsey et al. 2012). 

Upon SM treatment the DNA damage response by phosphorylation of the checkpoint 

kinases CHK1/2 and the tumor suppressor p53 by ATM and ATR is initiated. 

Furthermore, PARP1 is activated to coordinate down-stream DNA repair processes. 

Mono-alkylated adducts are preferably repaired by NER and BER (Jowsey et al. 2009; 

Jowsey et al. 2012; Matijasevic et al. 2001; Matijasevic and Volkert 2007; Panahi et al. 

2018). The highly mutagenic O6-guanine adducts is instead barely repaired by direct 

removal of AGT (Ludlum et al. 1986). SM-induced crosslinks are mainly repaired by 

HR (Hashimoto et al. 2016; Jowsey et al. 2010), but involvement of several other 

pathways is also reported in this context (Panahi et al. 2018). Also NER seems to play 

an important role in the removal of crosslinks (Christmann et al. 2003; Jowsey et al. 

2009). Furthermore, some synergies in repair of these adducts by the Fanconi anemia 

pathway (Hashimoto et al. 2016; Kottemann and Smogorzewska 2013) and TLS seem 

to be of relevance for the repair of SM-induced crosslinks (Hashimoto et al. 2016). In 

some cases, also the involvement of MMR (Zhao et al. 2009) and some high mobility 

group proteins are reported (Lange et al. 2009). 

The connection of SM treatment and induction of the post-translational modification 

PAR (see also chapter 1.4) is known since 1985. Over-activation of PARP1 and 

subsequent NAD+ depletion in cells contributes to skin pathology symptoms of 

exposed victims (Papirmeister et al. 1985). Indeed a protective effect on skin lesions 

was seen by applying PARP inhibitors (Cowan et al. 2003; Yourick et al. 1991). 

Although PARP inhibition preserved cellular NAD+ levels to some extent, no conclusive 

effect was seen on cell survival (Debiak et al. 2009; Meier et al. 2000; Papirmeister et 

al. 1985). In contrast, PARP inhibition in proliferating cells even showed enhancement 

in cell death after treatment with alkylating agents. This was explained with the 

impairment of BER and subsequent insufficient removal of DNA adducts (Aboul-Ela et 

al. 1988; Burkle 2005). Indeed, PARP inhibition did not only reduce proliferation and 

colony formation of cells in another study, but also increased micronuclei formation, 

although the excision of N7-ETE-Gua adducts was not affected by PARP inhibition 

(Mangerich et al. 2016). Bifunctional mustard agents are not only able to induce DNA 

crosslinks, DNA can be also covalently crosslinked to proteins. Studies concerning the 

identity of such crosslinked proteins to DNA were conducted, e.g. with HN-2. A 

significant amount of 8% of total crosslinked proteins to DNA indeed revealed to be 

PARP1, implicating a special proximity of DNA and PARP1 due to the genotoxic 

treatment (Groehler et al. 2016). Furthermore, as PARP inhibitor treatment synergized 

with bendamustine treatment, this also demonstrates the interplay of PARP1-

dependent mechanisms and mustard agent induced toxicity (Dilley et al. 2014). 
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1.3.2. Aristolochic acids 

Aristolochic acids are natural compounds found in the birthwort (Aristolochiaceae) 

plants, which is used in traditional Chinese medicine. The main compound is 

aristolochic acid I (AAI). Nowadays, it is known as a nephrotoxin and classified as 

group I human carcinogen by the IARC (Debelle et al. 2008b; IARC 2002; Sidorenko 

et al. 2014b). Exposure to AAI is also the cause of the regional Balkan endemic 

nephropathy (BEN) and aristolochic acid nephropathy (AAN) (Grollman et al. 2007; 

Jelakovic et al. 2012; Sidorenko et al. 2014b). It causes renal fibrosis and cancer in 

the upper urinary tract, which might also develop to bladder urothelial carcinoma. 

Upper urothelial cancer is frequently diagnosed in AAN patients, but normally 

represents a rare cancer type (Stiborová et al. 2014; Vanherweghem et al. 1993).  

AAI is a nitrophenanthrene compound, whose metabolic activation and detoxification 

is not completely clear (see Figure 4). It is assumed, that mainly NAD(P)H:quinone 

oxidoreductase (NQO1) and to a lesser extent cytochrome P450 1A1 and 1A2 

(CYP1A1/2) form the reductive metabolite N-hydroxy-aristolactam I (Chan et al. 2007; 

Pfau et al. 1990a; Stiborová et al. 2014). This metabolite is able to react with DNA to 

form exocyclic purine adducts, i.e. the N6 position of adenine and the N2 position of 

guanine (Pfau et al. 1990b). It is also reported that phase II metabolic enzymes like 

some sulfotransferases (e.g. SULT1B1) are able to form aristolactam DNA adducts 

(Arlt et al. 2017; Sidorenko et al. 2014b). The formed DNA adducts are mainly dA-AAI 

adducts (7-(deoxyadenosine-N6-yl)aristolactam I) and to a lesser extent dG-AAI 

adducts (7-(deoxyguanosine-N2-yl)aristolactam I). The dA-AAI adducts induce A:T 

transversion, especially at the non-transcribed strand of the tumor suppressor gene 

p53, and are, therefore, considered initiators of carcinogenesis (Jelakovic et al. 2012; 

Moriya et al. 2011; Stiborová et al. 2014) In AAN, over-expression of the p53 protein 

is observed (Cosyns et al. 1999), which affects DNA damage response, DNA repair, 

cell cycle and apoptosis. Furthermore, AA exposure also leads to the mutation and 

activation of the oncogene HRAS in rats (Schmeiser et al. 1990; Schmeiser et al. 

1991). 
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Figure 4: Metabolic activation of aristolochic acid I:  Aristolochic acid I is metabolized by nitro reduction of 

NQO1 or CYP1A1/2 to N-hydroxy-aristolactam. Either directly or via N-sulfoxy-aristolactam, an aristolactam 
nitrenium ion is formed, which is able to react with the N6 position of adenine or the N2 position of guanine. 

High induction levels of dA-AAI, but not dG-AAI, as well as a long persistence, has 

been observed in kidneys (Bieler et al. 1997) and the urothelial tract. However, DNA 

adducts are also found in other non-target organs, but commonly do not induce cancer 

formation in these organs (Arlt et al. 2007). In the main target organ, i.e. kidney, altered 

gene expression levels, related to metabolism, stress response, apoptosis and 

immune system was seen, which was not the case in non-target organs (Chen et al. 

2006). Especially down-regulation of DNA repair pathways seems to induce oxidative 

stress and formation of micronuclei (Chen et al. 2010). 

Strong blockage of DNA replication and cell cycle arrest (Li et al. 2006) was reported 

by AA, together with TLS of adenine adducts. Here, incorporation of dAMP opposite 

the lesion leading to the already mentioned A:TT:A transversion mutation. Error-

prone TLS occurred at dA-AAI adducts, but not at dG-AAI adducts, and, therefore, 

explains the high mutagenicity of dA-AAI adducts compared to the dG-AAI adduct 

(Broschard et al. 1994; Nedelko et al. 2009). 
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Also the NER pathway may has some impact in removal of AA-induced adducts (Leung 

and Chan 2014). Although the GG-NER seems unable to recognize and incise dA-AAI 

adducts, TC-NER is at least in part able to remove these adducts. This also explains 

the strand bias of A:TT:A transversion on the non-transcribed strand (Sidorenko et 

al. 2012). Several DNA adducts of poly-aromatic compounds including AAI seem to be 

resistant to repair. This is explained by the DNA intercalating ability of such adducts. 

Especially coplanar intercalation of dA-AAI adducts leads to the resistance of dA 

adducts in GG-NER, in contrast to non-coplanar intercalation of dG-AAI adducts, that 

are efficiently repaired (Geacintov and Broyde 2017). 

1.4. Poly(ADP-ribosyl)ation 

Poly(ADP-ribose)-polymerases (PARP) are a family of proteins of which PARP1 is the 

most prominent and well-studied one. PARylation is a post-translational modification, 

consisting of a polymer of ADP-ribose of up to 200 units. The polymer can consist of 

linear chains with branching points every 20-50 units (see Figure 5). For PAR synthesis 

NAD+ is used as a substrate and the polymer can be covalently attached to proteins, 

but also non-covalently interacts with a wide spectrum of proteins. Furthermore, 

PARP1 auto-modifies itself upon activation. Thereby, several cellular functions are 

regulated, such as genomic maintenance including DNA repair, telomere length, 

chromatin remodeling and re-initiation of stalled replication forks. Furthermore, 

transcription factors, epigenetics and metabolic regulators, as well as control of cell 

cycle, cell death, inflammation and aging are regulated by PARP1 (Debiak et al. 2009; 

Mangerich and Buerkle 2012; Schreiber et al. 2006a). 
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Figure 5: Formation of poly(ADP-ribose): Poly(ADP-ribose) polymerase 1 uses NAD+ as substrate to attach ADP-

ribose to carboxyl or amino groups of proteins, i.e. aspartic acid, glutamic acid, lysine and serine. Elongation of 
linear PAR chains is performed via formation of 1’’  2’ glycosidic bounds and branching points are formed via 1’’’ 
 2’’ glycosidic bounds. Thereby, a polymer of up to 200 units with branching points every 20-50 units is built. From 
(Mangerich and Buerkle 2012). 

PARP1 is activated via its DNA binding domain, which recognizes secondary DNA 

structures, especially SSB and DSB. Several DNA repair and cell cycle control proteins 

contain a PAR-binding motif (Pleschke et al. 2000a). Furthermore, the polymer 

structure of PAR has an impact on the interaction of proteins according to chain length 

and branching frequency (Kiehlbauch et al. 1993). The formula by Kiehlbauch et al. is 

giving a theoretical calculation of the average polymer size (APS) and the branching 

frequency (BF), according to the distribution of the terminal part (adenosine, Ado), the 

linear part (ribosyl-adenosine, R-Ado) and the branching points (diribosyl-adenosine, 

R2-Ado) of PAR. 

𝐴𝑃𝑆 =  
𝐴𝑑𝑜 + 𝑅-𝐴𝑑𝑜 + 𝑅2-𝐴𝑑𝑜

𝐴𝑑𝑜 − 𝑅2-𝐴𝑑𝑜
 

𝐵𝐹 =  
𝑅2-𝐴𝑑𝑜

𝑅-𝐴𝑑𝑜
 

The impact of the chain length of PAR on its interactions with proteins was shown by 

different studies. For example, short and long chains interact with the tumor suppressor 

p53, whereas only long chains interact with the central NER protein XPA. The role of 

branched polymers is so far unclear due to lacking of sufficient methods to analyze 

branching points (Debiak et al. 2009; Fahrer et al. 2007b). 
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Genomic integrity and cellular survival upon genotoxic stress is maintained by rapid 

PARP-1 activation, protecting against several DNA-damaging agents (Debiak et al. 

2009). PARP1 is involved in several DNA repair pathways: The excision of DNA 

damage by BER induces SSB, which are recognized by PARP1. Auto-modification of 

PARP1 leads to the recruitment and assembly of the BER machinery. Here especially 

XRCC1 interaction is important and recruitment of XRCC1 is abolished by PARP1 

inhibition (Schreiber et al. 2006a; Schreiber et al. 2006b). Furthermore, strand 

displacement and DNA synthesis is also PARP1 dependent and initiated by Polβ 

(Dantzer et al. 1999; Masson et al. 1998; Prasad et al. 2001; Schreiber et al. 2002). 

PARP1 interacts with several DNA repair proteins of both sub-pathways from NER, 

GGR and TCR, at least after induction of UV damage (Flohr et al. 2003; Robu et al. 

2013a). Due to chromatin relaxation, it is able to recruit XPC and XPA (Fischer et al. 

2014; Luijsterburg et al. 2012; Robu et al. 2013b). The direct role of PARP1 in removal 

of bulky NER substrates is so far not clear. PARP1 deficient cells showed more BPDE-

DNA damage induction and a longer repair time (Tao et al. 2009). Furthermore, 

inhibition leads to increased micronuclei formation after treatment with BPDE (Stierum 

et al. 1995). In another study, no effect of PARP1 inhibition was seen on DNA repair 

after BPDE treatment, but on overall role in replication stress and mutagenicity was 

seen by Fischer/Zubel et al. (Fischer et al. 2018). Although PARP1 might not have a 

direct role in HR (Schultz et al. 2003; Yang et al. 2004), at least some evidence for an 

involvement in NHEJ or an alternate pathway is present  (Audebert et al. 2004; 

Schreiber et al. 2006a). On the one hand DNA-PKcs is PARylated (Debiak et al. 2009; 

Pleschke et al. 2000a) and on the other hand, an upregulation of HR in PARP1 

deficient cells has been reported (Helleday et al. 2005). Additionally non-covalent 

PARylation of ATM leads to the recruitment of MRE11 and NBS-1 to DSB and 

subsequently facilitates HR repair (Haince et al. 2007; Haince et al. 2008). 

Furthermore, synthetic lethality has been observed in HR deficient cells, when 

inhibiting PARP1. However, disabling NHEJ rescues these cells, implicating a role of 

PARP1 in NHEJ at least in these HR-deficient cells (Patel et al. 2011). In this context 

a backup NHEJ pathway distinct from classical NHEJ with the involvement of XRCC1 

and DNA ligase III is described (Debiak et al. 2009; Rosidi et al. 2008; Wu et al. 2008). 

This pathway is suppressed by DNA-PKcs involved in classical NHEJ (Helleday et al. 

2005; Perrault et al. 2004). 

Taken together, apart from direct involvement in DNA damage recognition, PARP1 

activation leads to chromatin remodeling to provide access to other DNA repair 

proteins, thereby orchestrating downstream DNA repair processes. In this respect, 

direct recruitment of repair proteins by interaction with synthesized PAR facilitates the 

induction of different DNA repair pathways (Debiak et al. 2009). 
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1.5. Biomarkers of exposure 

Biomarkers are generally defined by the WHO as “any substance, structure, or process 

that can be measured in the body or its products and influence or predict the incidence 

of outcome or disease” (WHO 2001). Biomarkers are used to elucidate toxic pathways, 

define the genotoxic potential and if present even the mechanisms of carcinogenesis 

of such substances. Thereby, also toxicological risk assessment parameters can be 

defined. In several epidemiologic and cancer prevention studies not only the effective 

dose was defined by measuring biomarkers, but also the causative link between 

exposure to several genotoxicants and cancer formation was set. Thereof, the most 

prominent examples are aflatoxin B1 and AAI (Balbo et al. 2014; Gyorffy et al. 2008). 

The most common used biomarkers are DNA adducts, DNA strand breaks, 

unscheduled DNA synthesis (UDS), protein adducts, urinary metabolites or 

cytogenetic endpoints e.g. chromosomal aberration, sister chromatid exchange, 

micronuclei formation or mutation frequency. Internal doses of exposure of a genotoxic 

agent are commonly defined by urinary biomarkers. Although these concentrations 

might not necessarily lead to a biological effect. Therefore, the biologically effective 

dose is determined by DNA adducts, protein adducts, DNA strand breaks and 

unscheduled DNA synthesis. Early biological effects can be assigned with cytogenetic 

end points (Gyorffy et al. 2008). As a consequence of DNA strand breaks and other 

cellular functions the induction of PAR is also considered as biomarker of genotoxicity 

(Lakadong et al. 2010). 

Biomarkers are used in risk assessment for example to determine the threshold 

concentration of carcinogens. Here especially DNA adducts showed advantages to 

identify even small concentrations of a genotoxic substance to set these limits to low 

concentrations (Shuker 2002). The relative risk factor determined e.g. in hepatocellular 

carcinoma is also higher by using DNA adducts in contrast to protein adducts or urinary 

adducts (Shuker 2002). Furthermore, sometimes the target tissue is not accessible for 

tissue biopsies and biomarkers have to be determined in surrogate tissue. Then a 

correlation of both tissues is necessary to determine the risk potential. This correlation 

is often not given for urinary metabolites and protein adducts, but for example at least 

in about one half of the examined studies of bulky DNA adducts (Gyorffy et al. 2008). 

Monitoring of biomarkers can also help in therapeutic approaches as 

pharmacodynamic biomarkers. As most of the chemotherapeutic drugs are DNA 

damaging agents, their efficiency can be monitored by DNA damage response markers 

like PAR formation (Redon et al. 2010). Several anticancer drugs e.g. nitrogen 

mustards induce DNA adducts. Biomonitoring of DNA adducts can be used to evaluate 

the efficiency of the therapy in the context of precision medicine and personalized 

therapy (Stornetta et al. 2017). 

Up to now many systems toxicological approaches were developed concerning 

varieties of biomarkers. Among them a complete field of DNA adductomics evolved, to 
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better evaluate the risk of environmental exposure and to understand the connection 

to related disease formation and especially cancer formation (Balbo et al. 2014). The 

development of these fields is directly correlated with the ongoing technical 

improvements in mass spectrometry. 

1.6. Targeted mass spectrometry to quantify DNA damage 

Several methods to analyze DNA damage exist. Indirect methods, e.g. comet assay or 

fluorometric detection of alkaline DNA unwinding (FADU), are based on strand breaks, 

which occur either directly or during replication or repair. More direct methods are 

immunostaining, 32P-postlabeling or HPLC measurements. For immunostaining 

specific antibodies against DNA adducts are required. This method is only suitable for 

relative quantitation. Furthermore, in some cases antibodies showed limited specificity 

due to cross-reactivity with similar structures. 32P-postlabeling is a very sensitive 

method based on radioactive labeling of the analytes by a polynucleotide kinase, 

followed by following thin layer chromatography. Here no structural information can be 

obtained and accuracy can be limited due to sample loss, inefficient labeling and 

potential contaminations. High-performance liquid chromatography (HPLC) methods 

are powerful separation methods, but commonly used DAD detectors lack suitable 

sensitivity. 

Today HPLC coupled to different types of mass spectrometers (LC-MS) represents the 

gold standard for the analysis and quantification of DNA adducts. These methods are 

very sensitive, selective, accurate and reproducible. In combination with the use of 

isotopically labeled internal standards, the approach of isotope dilution LC-MS (ID-LC-

MS), further improvements in reproducible and sensitive measurements are achieved. 

Isotopically labeled analytes, i.e. deuterated, 13C or 15N-labeled ones, are spiked into 

samples before sample preparation. By this, any sample loss during preparation, as 

well as variabilities during measurements are taken into account. For the analysis of 

DNA adducts commonly reversed-phase chromatography is used (see Figure 6). The 

column is filled with a hydrophobic or non-polar stationary phase, i.e. alkyl chains 

bonded to silica, and used together with a hydrophilic or polar mobile phase, i.e. 

aqueous buffers. According to the properties of the analyte, they interact with the 

stationary phase and are eluted with decreasing polarity of the mobile phase, i.e. the 

amount of organic solvents like acetonitrile (Boone and Adamec 2016). 
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Figure 6: Principle of liquid chromatography separation: In reversed-phase chromatography a hydrophobic, 

non-polar stationary phase, e.g. C18 chains bond to silica beads, is used in combination with a hydrophilic, polar 
mobile phase, e.g. water. Polar, hydrophilic analyte (depicted in yellow) will interact less with the stationary phase 
and are eluted first. Non-polar, hydrophilic substances (depicted in blue) interact strongly with the stationary phase 
and are eluted later with increasing amount of organic solvent in the mobile phase. From (Link 2). 

Minimizing the size of used particles in a LC column to less than 2 µm leads to superior 

separation of analytes, in terms of higher resolution and reduced run times. This also 

enhances sensitivity and saves costs. This approach is termed ultra-performance liquid 

chromatography (UPLC or UHPLC) (Chawla and Ranjan 2016; Nováková et al. 2006). 

The principles of UPLC are based on the van Deemter equation: 𝐻𝐸𝑇𝑃 = 𝐴 +
𝐵

𝑢
+ 𝐶 𝑢 

(see Figure 7) 

 

Figure 7: The van Deemter equation for liquid chromatography: The height equivalent to theoretical plate 

(HETP) is determined by three terms. The A term is velocity independent, but particle size dependent and describes 
the Eddy Diffusion of a particle path through the column. The B term is the longitudinal diffusion, which is inverse 
proportional to the velocity of the solvent, as with high velocity the diffusion of molecules in the column is smaller. 
The C term is directly proportional to the velocity and the particle size in square. The mass transfer kinetics of 
molecules to the stationary phase is smaller with less velocity, as molecules, which diffuse into the porous beads, 
have more time to diffuse out of the pores again. In smaller particles the depth of the pores is smaller. All three 
terms determine the minimum of the HETP curve, which represents the optimum of a column with small theoretical 
plate heights.  

The height equivalent to theoretical plate (HETP) is determined by the ratio of column 

length and the number of theoretical plates. A small HEPT value is favorable, as it 

represents a short column with high separation efficiency due to many theoretical 

plates. The A term represents the Eddy diffusion, so that different molecules in the 

column travel different ways. Small column particles, which are evenly packed, result 

in more similar trajectories of molecules and, therefore, smaller analyte bands, 
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independent on the velocity of the solvent. The B term is the longitudinal diffusion, 

which is inverse proportional to the velocity u. At high velocity of the solvent, the 

analytes have less time to diffuse in the column, resulting in narrow band shapes. The 

C term deals with the mass transfer kinetics of the molecules with the stationary and 

mobile phase. It is proportional to the velocity and particle size in square. The particles 

of the columns are porous, allowing molecules to diffuse inside. Low velocity enables 

more molecules to diffuse inside the pores. Furthermore, at low velocity, molecules 

have more time to diffuse in and out of a pore. However, also molecules that diffuse 

less in a pore, are meanwhile less transported along the column, which would result in 

sharper peaks. Smaller column particles have shorter pore depth and result in smaller 

diffusion distance and, therefore, also less broad peaks. As the B and the C term is 

proportional to the particle size, smaller particles used in UPLC result in a lower HETP 

value. Therefore, this technique shows improved separation of analytes. The 

disadvantage of UPLC is, that reducing the particle size leads to increased 

backpressures, typically up to 15,000-20,000 PSI. Such high pressures have to be 

tolerated by the UPLC equipment including the tubing and columns (Gritti and 

Guiochon 2013; van Deemter et al. 1956). 

Formerly used GC-MS applications required harsh derivatization methods to bring 

analytes into the gas phase, allowing direct coupling of the GC to the vacuum system 

of the MS. This harsh derivatization was not suitable for a lot of analytes (Orata 2012). 

Still in LC-MS after separation of the sample the analytes are delivered in mobile phase 

to the mass spectrometer. Therefore, the solvent has to be evaporated before entering 

the vacuum system of the MS, which was not possible until the development of 

electrospray ionization (ESI). This is a very sensitive method to remove the solvent 

and produce ions of the analyte (see Figure 8). Due to high voltage, applied to a 

stainless steel capillary, a spray is formed. The polarity of the voltage determines 

whether a protonated [M+H]+ or a deprotonated ion [M-H]- of the analyte is produced. 

High temperature is applied to evaporate the solvent of the highly charged droplets. At 

a certain limit, the Rayleigh limit, the size of the droplet is smaller than the force of the 

repulsion of charges and the droplet explodes by Coulomb fission into several smaller 

droplets. Due to several fissions, finally, droplets are created, which contains one 

single ion, of which, due to further solvent evaporation, subsequently gas-phased ions 

are generated (Fenn 2002; Fenn 2003). ESI is susceptible to matrix effects, i.e. ion 

suppression. This occurs due to co-eluting substances which alter the ionization 

efficiency of the analyte (Taylor 2005). This especially plays a role, if an under-

represented amount of the analyte is present in an excess of other substances. This is 

the case for DNA adducts, since canonical bases are present in high excess compared 

to the adduct itself. This drawback can be prevented by either appropriate purification 

methods or by proper chromatographic separation (Taylor 2005). 
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Figure 8: Principle of electrospray ionization: Analytes are delivered from the LC to the MS in mobile phase and 

have to be converted to gas-phase ions before entering the MS. Electrospray ionization is a soft and sensitive 
ionization mode. An electrospray is formed due to high voltage of the delivering capillary. The highly charged 
droplets are evaporated by high temperatures and nitrogen gas. Thereby, the size of the droplets become smaller, 
whereas the remaining charges become denser. At the Rayleigh limit the droplets undergo Coulomb fission, i.e. 
they explode to smaller droplets, which finally contain only one analyte molecule. The remaining solvent is 
evaporated to naked charged analyte molecules. Adapted from (Banerjee and Mazumdar 2012) and (Link 3). 

Commonly used mass spectrometers for sensitive quantification of DNA adducts are 

triple quadrupole MS, also called tandem MS (MS/MS) (Hoffmann 1996; McLafferty 

1981; Mellon 2003; Niessen 1999; Tretyakova et al. 2012). They consist of three 

quadrupoles, each comprising four parallel rods (see Figure 9). To two of the rods a 

direct current (U) and a radiofrequency (V cos ωt) is applied, creating an electric field. 

A negative electric field is applied to the other two rods. According to the applied 

current and radiofrequency only an ion (precursor ion) with a certain mass to charge 

ratio (m/z) is able to move along the quadrupole in a corkscrew trajectory. Keeping the 

ratio of U to V constant, according to the Mathieu equation (Ruby 1996), ions of a 

certain m/z has a stable trajectory. Alternating the applied current and keeping this 

ratio constant allowing ions of different m/z sequentially to reach the second 

quadrupole (Loo 2003; Somogyi 2008). The second quadrupole is a collision cell, 

which is filled with an inert gas, e.g. argon. In this quadrupole, ions collide with the gas 

molecules and thereby, due to their kinetic energy, the weakest bond in the molecule 

breaks. This process is termed collision induced dissociation. The third quadrupole 

again works as a mass filter, selecting the according product ions, which then reach a 

photomultiplier detector. With this setup, different scanning modes can be used (see 

Figure 10): multiple reaction monitoring (MRM), precursor and product ion mode or 

constant neutral loss mode (Loo 2003; Tretyakova et al. 2012). In MRM the first 

quadrupole specifically selects one parent ion, which is fragmented in the collision cell 

and the third quadrupole selects for the most abundant product ion. As here the 

quadrupoles are not scanning, in this mode the highest sensitivity is achieved for 

quantitation. In the precursor ion mode, the first quadrupole is scanning for different 
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masses and all ions reach the collision cell. Afterwards, only a specific daughter ion is 

selected in the last quadrupole. This mode can help to characterize the structurally 

related molecules. In the product ion scan, a specific precursor ion is selected in the 

first quadrupole and, after collision, all product ions are scanned by the third 

quadrupole. This mode of measurement can help to gather more structural information 

of an analyte and, additionally, the most frequent product ion can be identified, which 

can then be used in the more sensitive MRM mode. In the constant neutral loss mode, 

the first and third quadrupole always measure with a difference of a certain mass, i.e. 

the neutral loss of a parent ion. This mode can be used to identify several kinds of DNA 

damage in a complex application, as these adducts have the neutral loss of the ribose 

moiety of 115 Da in common. This approach is called DNA adductomics and is used 

in systems toxicology (Balbo et al. 2014). 

 

 

Figure 9: Principle of a quadrupole mass filter: A quadrupole consists of four parallel metal rods, to which an 

electric field with a direct current and radiofrequency is applied. According to the Mathieu equation, incoming ions 
of a certain mass to charge ratio have a stable corkscrew-like trajectory through the quadrupole, whereas ions of 
different m/z are not able to reach the next quadrupole. From (Link 4) 
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Figure 10: Principles of tandem MS:  A tandem MS consists of three quadrupoles. The first quadrupole acts as a 

mass filter. The second quadrupole is a collision cell, filled with inert gas. Here ions collide with the gas atoms, 
converting their kinetic energy in the breakage of weak bonds. The third quadrupole again function as a mass filter. 
Four possible modes of measurement are possible. In multiple reaction monitoring a certain precursor ion is 
selected in Q1, from which after fragmentation in Q2 a certain product ion is selected in Q3 to be quantified in the 
detector. In product ion scan a certain precursor ion reach the collision cell. Afterwards all product ions are analyzed 
in Q3. In precursor ion scan all ions are analyzed and fragmented in Q2. Q3 is then filtering only one certain product 
ion. In neutral loss scan, Q1 is scanning for all ions present. Q3 is scanning with a certain offset, the mass of the 
neutral loss. Adapted from (Gross 2017). 

DNA can be isolated from various sources including cultured cells, whole blood and 

solid tissue (see Figure 12, chapter 3). Directly after DNA isolation isotopically labeled 

standard should be spiked into the samples to account for possible sample loss during 

preparation. According to the properties of the DNA lesion of interest three different 

ways of DNA digestions are possible. DNA can be hydrolyzed by mild acidic hydrolysis. 

Thereby all purines are cleaved of the DNA backbone, which can be removed by 

ultrafiltration. Otherwise, DNA can be digested via specific enzymes. Here commonly 

a combination of DNase and benzonase nuclease or nuclease P1 is used to generate 

nucleotides. Afterwards phosphate groups are cleaved by digestion with alkaline 

phosphatase and phosphodiesterase to obtain nucleosides. In some cases, DNA 

adducts, especially at the N7 position of guanine and N3 position of adenine, are 

thermal labile due to a destabilized N-glycosidic bond. Release from the DNA 

backbone of such labile DNA damages can be achieved either by solely thermal 

hydrolysis or in a combination of enzymatic digestion with a following thermal 

hydrolysis step. Clearance of some DNA adducts can also be measured in urine. As 

here a complex matrix, especially high salt contents, are present, sample purification 

and enrichment by solid phase extraction is mandatory. For DNA adducts from other 

sources, sometimes also sample enrichment by SPE or offline HPLC is beneficial, as 

after acidic or enzymatic digestion the DNA adducts are present in an excess of 

canonical DNA bases, which can interfere with the measurements. To remove the DNA 

backbone, enzymes, and other impurities, clean up by ultrafiltration is performed prior 

to LC-MS/MS measurements. In isotope dilution MS the internal standard is separated 
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by chromatography and measured by MS in the same way as the analyte, accounting 

not only for sample loss during preparation, but also for technical variabilities during 

MS measurements. During data analysis the measured signal of the analyte is set in 

relationship with the signal of the internal standard (Tretyakova et al. 2012; Zubel et al. 

2017a). The limit of detection (LOD) is determined by a signal to noise ratio of 3, 

whereas the limit of quantification (LOQ) is determined by a signal to noise ratio of 10. 

Further method parameters are the linear range of measurements and the accuracy or 

recovery of defined quality control (QC) samples. The influence of a matrix effect 

should be determined by comparing standards spiked into solvent and into matrix, here 

digested DNA. The variability by intra- and interday precision has to be defined by 

repeated measurements of a known amount of standard substance to calculate the 

relative standard deviation (RSD). 
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Chapter 2. Aim of the study 

DNA lesions induced by several endogenous and exogenous sources are ubiquitous 

in every cell. Without adequate DNA repair capacity, DNA lesions could be converted 

into mutations resulting in cancer development. Each type of damage is recognized by 

specific interactions of repair pathway enzymes. Within several of those repair 

mechanisms, the post-translational modification PARylation plays key roles to 

orchestrate events leading to the repair of lesions. Importantly, DNA lesions can serve 

as valuable ‘biomarkers of exposure’ and ‘biomarkers of effects’ of genotoxic 

substances, whose analyses proofed to be valuable for exposure validation, risk 

assessment, as well as research purposes to elucidate the underlying toxicological 

mechanisms. Biomonitoring of DNA lesions is preferably performed by highly sensitive 

and selective isotope dilution mass spectrometry.  

In this thesis, different mass spectrometric approaches for biomarker detection should 

be developed. The main project comprised the development and application of a mass 

spectrometric platform for the analysis of DNA and RNA adducts induced by mustard 

agents. In a second project, a method should be developed to analyze DNA adducts 

induced by aristolochic acid. Another associated project covered the optimization and 

application of a formerly developed method to analyze the nucleic-acid like polymer 

PAR, as a marker for DNA damage response (Martello et al. 2013). 

Sulfur mustard is an alkylating warfare agent. Although numerous studies concerning 

the mode of action of SM were conducted in the early 20th century, the mechanisms of 

acute as well as long-term toxicity are still not fully understood. Moreover, only 

symptomatic therapy and no causative antidote is available. Although its use is banned 

world-wide, the use of SM is still a significant threat as evident from recent events in 

Syria. Apart from its use in asymmetric conflicts, the use of SM in terroristic attacks is 

conceivable, due to relatively simple chemical synthesis and potential undestroyed 

stockpiles. While SM-induced protein adducts serve as suitable biomarkers of 

exposure, SM-induced DNA adducts may serve as a second independent approach 

for exposure analysis, which, due to their higher toxicological relevance, can also be 

employed as biomarkers of effect. Up to now, no completely satisfactory bioanalytical 

platform for the analysis of SM-induced DNA adducts exists (Zubel et al. 2017a). To 

this end, the main objective of this thesis was to develop a reliable, sensitive and 

accurate MS-based platform for the quantification of mustard-induced nucleic acid 

damages. The development of this method followed two aims: With regard to 

establishing a complementary method to verify SM exposure, detection limits in 

different sample matrices, such as isolated DNA, cellular DNA, whole blood, dried 

blood spots and skin, should be defined. On the other hand, this bioanalytical method 

should also be used for structural investigations concerning DNA damage response. 

In this aspect, the mono-alkylating mustard derivate CEES and the bifunctional SM 

should be compared. Kinetic measurements in cellular environment of different 

originated cells, i.e. cell lines, primary skin-derived cells and human PBMCs, should 
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be performed to analyze the stability of the induced DNA adducts. Although this 

investigation also gives information about the detection window of these biomarkers of 

exposure, thereby additional information about the toxicological events, like DNA 

damage response, can be gained. This knowledge might help to understand the 

toxicity of mustard agents by using induced DNA adducts as biomarkers of effect. This 

project was performed in cooperation with the Institute for Pharmacology and 

Toxicology of the Bundeswehr (Munich, Germany). 

Another example for a genotoxic agent is aristolochic acid I (AAI), which is a 

nephrotoxin of herbal origin and is still used in traditional Chinese medicine. After 

metabolic activation, it is able to react with DNA. The mechanism, which leads to the 

ultimate carcinogen, is not completely understood. It induces exclusively cancer in the 

upper urinary tract, implicating either distinct metabolism, uptake or further factors 

involved in tumorigenesis in these organs. Therefore, a highly sensitive UPLC-MS/MS 

method for dA-AAI adducts should be established to determine a suitable renal in vitro 

model for further experiments. As NQO1 is considered as the main metabolizing 

enzyme of AAI, the impact of this enzyme in adduct formation should be compared in 

cells lacking NQO1 expression (HEK293) and cells expressing NQO1 (an hTERT 

immortalized human renal proximal epithelial cell line with primary cell like phenotype, 

RPTEC/TERT1). This project was performed in cooperation with the Human 

Environmental Toxicology group of Prof. Daniel Dietrich (University of Konstanz). 

PARP1 and its enzymatic product PAR is abundantly involved in a variety of cellular 

mechanisms, especially genomic integrity. It is thought that PARylation orchestrates 

the physical and functional interplay of proteins in several DNA repair pathways. The 

function and interaction of PAR seems to be dependent on PAR chain length and 

branching. Although, until now, less is known about the function of PAR structure. An 

already existing MS-based method for quantitation of PAR should be transferred to an 

UPLC-MS/MS system and further optimized to enhance sensitivity to be able to 

quantify branching frequency of PAR. In a cellular study HeLa PARP1 KO cells were 

reconstituted with an E988K variant, which is considered as a mono-ADP-ribosylation 

variant, and L713F, a constitutively active PARP1 variant. The applicability of 

measuring PAR via immuno fluorescence as well as the MS-based method should be 

characterized in HeLa PARP1 KO and WT cells, as well as cells reconstituted with 

different PARP1 variants. This should set the basis for further investigations on the 

functional consequences of PARP1 variants in cellular patho-physiology. Our 

cooperation partner Prof. Dr. Zhao-Qi Wang (Leibniz Institute on Aging, Jena, 

Germany) generated PARP1 knock-in mice expressing the PARP1-D993A variant, a 

point mutation in the catalytic domain of PARP1, inducing hypo-PARylation. By using 

the LC-MS/MS technology, the altered enzymatic kinetics of PAR should be examined. 

Especially PAR quality should be determined and characterized. This analysis was 

part of a comprehensive in vivo study, in which the function of the PARP1 molecule 

itself was separated from the function of its catalytic product, i.e. PARylation, by 

expression of the PARP1-D993A variant. 
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Chapter 3. Mass spectrometric quantification of sulfur mustard-

induced adducts: Are DNA adducts suitable biomarkers of 

exposure? 

Tabea Zubel, Alexander Bürkle and Aswin Mangerich 

Toxicology Letters, Volume 293, 1 September 2018,  

Pages 21-30 

3.1. Abstract 

The bi-functional chemical warfare agent sulfur mustard (SM), whose release in 

asymmetric conflicts or terrorist attacks represents a realistic threat, induces several 

kinds of biomolecular adducts, including highly toxic DNA adducts. Isotope dilution 

liquid chromatographic tandem mass spectrometry (ID-LC-MS/MS) is considered the 

gold standard for highly accurate, precise, specific and sensitive quantification of DNA 

adducts in general. Recently, a number of LC-MS/MS approaches have been 

established to analyze SM-induced protein and DNA adducts in cell culture and rodent 

animal models. As DNA adducts are mechanism-based biomarkers for SM exposure, 

results from such studies provide a deeper understanding of the etiology of SM-

induced pathologies, especially of long-term effects such as cancer formation. As a 

result, medical treatment of SM-exposed individuals might be improved. Yet, despite 

the progress that has been made during the last years, there is still a need for 

advanced methods of ID-LC-MS/MS for the detection and quantitation of SM adducts. 

3.2. Introduction 

The vesicant sulfur mustard (SM) is a blister forming agent, which was used as one of 

the first chemical warfare agents in World War I (Mangerich and Esser 2014). It is a bi-

functional, highly reactive compound that reacts with a broad range of cellular 

molecules including nucleic acids, proteins and lipids. In aqueous solutions, it exhibits 

a half-life of ∼30 min, due to rapid hydrolysis and high reactivity with a broad range of 

molecules (R Anderson et al. 2006). SM exposure leads to severe skin pathologies, 

which are characterized by erythema, blister formation and ulceration caused by 

dermal-epidermal separation of the skin layers and cell death of keratinocytes (Kehe 

et al. 2009a; Smith et al. 1919). Further target organs include eyes, the respiratory and 

gastrointestinal tracts, and bone marrow (Balali-Mood and Hefazi 2005; Papirmeister 

1991). Non-specific, weak symptoms such as nausea, vomiting and irritation of the 

eyes usually start after a latency phase of 30–60 min post exposure. Thereafter, 

exposed individuals suffer from erythema, burning eye pain, cough, and sneezing. 

Finally, two to six hours after exposure severe symptoms develop, such as blister 

https://www.sciencedirect.com/science/journal/03784274
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formation, severe cough, and ocular pathologies. Furthermore, after a couple of days 

leukopenia, i.e., a drop in the number of white blood cells in the circulation, is noticed. 

After about one to six weeks, remission of most pathologies is observed. However, 

there is evidence for long-term effects, such as impaired wound healing, 

hyperpigmentation, suppression of the immune system, and carcinogenesis (Balali-

Mood and Hefazi 2005). 

The toxicology of SM-induced pathologies is determined by a complex interplay of 

inflammation, cell death, and various other cellular stress response mechanisms (Kehe 

et al. 2009a). On the molecular level, DNA damage is considered causative for many 

SM-induced pathologies (Lodhi et al. 2001). There are several nucleophilic sites in 

DNA nucleobases, e.g. nitrogen and oxygen atoms, as well as the C8 position of 

purines, which are prone to adduct formation. To date, four major types of DNA adducts 

have been reported: These include the mono-alkylated base adducts N7-[2-[2-

hydroxyethyl)thio]ethyl]-guanine (N7-HETE-Gua) (∼61% of the analyzed adducts) and 

N3-[2-[2-hydroxyethyl)thio]ethyl]-adenine (N3-HETE-Ade) (∼16%) (Kehe et al. 2009a; 

Ludlum et al. 1994), as well as the less abundant, but highly mutagenic lesion O6-[2-

[2-hydroxyethyl)thio]ethyl]-guanine (O6-HETE-Gua) (∼0.1%) (Ludlum et al. 1986). 

Importantly, crosslinked, bi-alkylated guanine bases bis[2-(guanine-7-yl)ethyl]sulfide 

(Bis-Gua) are reported at frequencies of ∼17% of the total amount of adducts analyzed 

(Lawley and Brookes 1967) (Figure 11). The analog 2-chloroethyl ethyl sulfide (CEES, 

also known as half-mustard) is used as a surrogate of SM, because it is considerably 

less toxic and therefore not listed as a chemical warfare agent. Since CEES is a mono-

alkylating substance, it can only induce N7-Gua and N3-Ade adducts (N7-ETE-Gua 

and N3-ETE-Ade), but no DNA crosslinks. Additionally, SM-induced protein-DNA 

crosslinks are likely to occur, since analogous adducts have been detected after 

treatment with nitrogen mustards (Groehler et al. 2016). DNA crosslinks are highly 

cytotoxic, by causing replication stress including stalled and collapsed replication forks 

as well as DNA double strand breaks derived thereof (Andreassen et al. 2006). 

Subsequent DNA damage signaling can lead to cell cycle arrest or cell death, or - if 

the cell survives and the damage is not repaired - to mutations, chromosomal 

instability, and tumorigenic transformation (Mangerich et al. 2016; Roos and Kaina 

2006). Additionally, induction of reactive oxygen and nitrogen species (ROS and RNS) 

can deplete the antioxidant defense systems, thus causing further DNA damage and 

inflammation (Gross et al. 1993; Sawyer et al. 1996; Smith et al. 1998). 
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Figure 11: Overview of SM-induced DNA adducts. SM induces at least four [2-[2-hydroxyethyl)thio]ethyl]- (HETE-

) DNA adducts. The most abundant is mono-alkylated N7-HETE-Gua (m/z = 256.1, [M + H]+) with 61% of induced 
adducts. Bis-alkylated guanosine (Bis-Gua, m/z = 389.1, [M + H]+) adducts occur at a frequency of ∼17%. A minor 
adduct at the O6 position of guanine (O6-HETE-Gua, m/z = 256.1, [M + H]+)) was reported at a frequency of ∼0.1%. 

Also adenine can be mono-alkylated at position N3 (m/z = 240.1, [M + H]+) with a frequency of ∼16%. Mono-

alkylated adducts can be cleaved to a specific product ion of m/z = 105 ([M + H]+) and the bis-adduct can be cleaved 
to a product ion of m/z = 210 ([M + H]+). 

Although the use of SM as a warfare agent was proscribed by the Geneva protocol as 

early as 1925 and later on banned by the Chemical Weapon Convention in 1992 

(Hoenig 2002) 

(https://treaties.un.org/Pages/ViewDetails.aspx?src=TREATY&mtdsg_no=XXVI-

3&chapter=26&lang=enhttps://treaties.un.org/Pages/ViewDetails.aspx?src=TREATY

&mtdsg_no=XXVI-3&chapter=26&lang=en), it was still used in the Iran-Iraq War 

(1980–1988) and even recently in asymmetric conflicts such as in Syria and Iraq (Dons 

2013; Thiermann et al. 2013) 

(https://www.nytimes.com/2015/11/07/world/middleeast/syria-rebels-used-mustard-

gas.html, https://www.nytimes.com/2015/11/07/world/middleeast/syria-rebels-used-

mustard-gas.html, http://www.bbc.com/news/world-middle-east-35968604, 

http://www.bbc.com/news/world-middle-east-35968604, 

https://www.nytimes.com/2016/11/21/world/middleeast/isis-chemical-weapons-syria-

https://www.nytimes.com/2015/11/07/world/middleeast/syria-rebels-used-mustard-gas.html
https://www.nytimes.com/2015/11/07/world/middleeast/syria-rebels-used-mustard-gas.html
http://www.bbc.com/news/world-middle-east-35968604
https://www.nytimes.com/2016/11/21/world/middleeast/isis-chemical-weapons-syria-iraq-mosul.html
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iraq-mosul.html, https://www.nytimes.com/2016/11/21/world/middleeast/isis-chemical-

weapons-syria-iraq-mosul.html). 

Importantly, there is still a realistic and significant threat for the use of SM in terroristic 

attacks. It may be accessible to terrorists by rather easy chemical synthesis based on 

basic and cheap chemicals, as well as through some undestroyed and uncontrolled 

stocks in conflict areas (Balali-Mood and Hefazi 2005; Meyer 1886; Wang 2010). 

Furthermore, it is of concern that SM combines several properties, which may favor its 

use in terroristic attacks, such as the severe and highly apparent skin pathologies and 

the long latency phase of first symptoms, which may result in unnoticed contact and 

delays in decontamination measures. Up to now, the detection of SM is predominantly 

based on immuno-histochemical methods, which are, however, limited in their 

bioanalytical sensitivity as well as chemical specificity and can only provide indicative 

evidence of SM exposure (Battista et al. 1996). To unambiguously verify SM exposure 

and to obtain scientific data that can be used in court procedures, bioanalytical 

methods with full chemical specificity and high analytical sensitivity are required. In this 

regard, nowadays, mass spectrometry-based approaches represent the methods of 

choice for the selective, sensitive, accurate and reproducible verification of chemicals 

and their biological reaction products (Remane et al. 2016b). For example, in terms of 

SM, Xu et al. recently reported a method based on chemical conversion of intact SM 

into a stable derivative by potassium thioacetate, which is applicable to mass 

spectrometric analysis (Xu et al. 2017). In this study, SM levels in blood of rats peaked 

30–60 min after cutaneous exposure and higher levels were measured than reported 

in studies that used GC (Maisonneuve et al. 1993) or GC–MS (Langenberg et al. 1998) 

approaches. The mean residence time in blood was 1–1.5 h (Xu et al. 2017). Although 

this method provides full chemical specificity, it cannot be applied to analyze tissue 

samples in which SM-exposure dates back several days, due to the short half-life and 

high reactivity of SM. To this end, SM-induced reaction products and metabolites 

represent more suitable ‘biomarkers of exposure’, which can be monitored for several 

days or even weeks after the initial insult. Generally, four kinds of SM-induced 

molecular adducts have been reported: (i) hydrolysis/oxidation products, (ii) β-lyase 

metabolites of glutathione adducts, (iii) alkylated proteins and (iv) alkylated DNA 

products. For instance, Black et al. detected hydrolysis and oxidation reaction products 

thiodiglycol (TDG) and thiodiglycol sulfoxide (TDGO), as well as the β-lyase product 

1,1'-sulfonylbismethylthioethane (SBMTE) in rat urine up to at least eight days after 

SM exposure using a GC-MS approach (Black et al. 1992). Liu et al. reported the 

simultaneous detection of the four urinary metabolites TDG, GSH-derived 1,1′-

sulfonylbis-[2-S-(N-acetylcysteinyl)ethane (SBSNAE), β-lyase derived 1,1′-sulfonylbis-

[2-(methylsulfinyl)ethane] (SBMSE) and 1-methylsulfinyl-2-[2-

(methylthio)ethylsulfonyl]ethane (MSMTESE) via an UPLC-MS/MS method (Liu et al. 

2017). Furthermore, Li et al. detected seven metabolites in rat plasma in parallel by 

UPLC-MS/MS, including the oxidation product bis-β-chloroethyl sulfoxide (SMO) and 

the metabolites TDG, TDGO, SBSNAE, SBMSE, SBMTE and MSMTESE (Li et al. 

https://www.nytimes.com/2016/11/21/world/middleeast/isis-chemical-weapons-syria-iraq-mosul.html
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2013). Yet, these adducts were only detectable up to two days after SM exposure - a 

time frame that will be in many cases not sufficient for the analysis of sample material 

collected from potentially SM-exposed humans and/or animals in remote and hard-to-

reach military conflict areas. Probably more applicable is a method by Batal et al., who 

detected covalent glutathione-ETE-guanine crosslinks adducts up to two weeks in 

different rat organs via LC-MS/MS (Batal et al. 2015). Furthermore, the most suitable 

and most common biomarkers of SM exposure to date represent alkylated proteins 

such as serum albumin and hemoglobin. In humans, hemoglobin has a life span of 

about 120 days, compared to serum albumin with a half-life of 20–25 days (Noort et al. 

1999). Fidder et al. monitored N-terminal valine SM-adducts of hemoglobin by GC-MS. 

These hemoglobin adducts could be detected after treatment of human blood in-vitro 

treatment with 100 nM SM (Fidder et al. 1996). Noort et al. detected the alkylation site 

of albumin at Cys34 by proteomic approaches (Noort et al. 1999). The tripeptide of the 

albumin adduct (S-HETE)-Cys-Pro-Phe (HETE-CPF) was applicable to μLC-MS and 

resulted in detectable adduct levels after in vitro treatment of human blood with 10 nM 

SM. Although the time window for the detection of albumin adducts is smaller, here a 

10 times lower detection limit was reported. With this method additional samples from 

nine Iranian victims exposed to SM were analyzed. These measurements revealed an 

exposure dose that was equivalent to the in vitro treatment of human blood at SM 

concentrations of 0.4–1.8 μM. In another LC-MS/MS study by Noort et al., the rat 

albumin adduct (S-HETE)-Cys-Pro-Tyr was measured up to seven days and the 

hemoglobin adducts up to 28 days after SM exposure, which correlates well with the 

different half-lives of albumin and hemoglobin (Noort et al. 2008). Notably, Nie et al. 

detected hemoglobin adducts in rabbits 100 days after treatment by GC-MS (Nie 

ZhiYong 2011), which even exceeds the half-life of erythrocytes in rabbits of 65–

75 days (Sutherland et al. 1959; Vomel and Platt 1981). 

Newmark et al. analyzed blood of an accidentally exposed individual (Newmark et al. 

2007). Both, albumin adducts and protein-bound hydrolysis products of SM were 

detectable up to 41 days after SM exposure. The authors of this study also measured 

free TDG hydrolysis products in urine by GC-MS, which was detectable for five days 

after exposure. Furthermore, the SM metabolite SBMTE was analyzed in urine by GC–

MS/MS for up to ten days. Accordingly, albumin adducts as well as protein-bound TDG 

hydrolysis products were detectable eight times longer than free TDG hydrolysis 

product and four times longer than SBMTE. Liu et al. adapted the measurement of 

HETE-CPF adducts of albumin to a UPLC-MS/MS system and used a non-isotope 

labelled standard derived of CEES-treated plasma (Liu et al. 2015). Gandor and John 

et al. detected a HETE-CP adduct of human albumin, instead of the HETE-CPF adduct 

using a μLC-MS/MS system (Gandor et al. 2015). In this study, adducts were above 

the limit of detection (LOD) after treatment of plasma with 50 nM SM. Although this 

LOD is higher as compared to the study by Noort et al., here a much smaller plasma 

quantity of only 1.7 μl was used compared to other studies, which used, e.g., 15 μl 

(Noort et al.) or 100 μl of plasma (Liu et al.). John et al. further optimized this method 



Results 

 

31 

   

by using a μLC-high resolution-MS/MS approach and simplified the sample 

preparation, which resulted in detectable adduct levels in human plasma after its 

treatment with 9.8 nM of SM (John et al. 2016a). As the International Air Transport 

Association defined strict guidelines for the shipment and packaging of human whole 

blood samples from conflict areas (International Air Transport 2016), John et al. 

established the analysis of dried plasma and blood samples. Different microsampling 

devices, including conventional filter paper, proved to be suitable for the detection of 

SM exposure in concentrations >50 nM. Additionally, these samples were stable in the 

microsampling devices for nine days in moderate, as well as hot/dry and hot/humid 

climate conditions (John et al. 2016b). 

3.3. Methods for the analysis of SM-induced DNA adducts 

In addition to proteins, DNA represents a major cellular target of SM, and several 

approaches have been pursued to detect SM-induced DNA adducts. The advantage 

to monitor SM-DNA adducts as biomarkers of exposure stems from the thought that 

DNA lesions take a critical role in the development of SM-induced pathologies. In 

general, DNA adducts are considered mechanism-based biomarkers of exposure in 

chemical carcinogenesis (Tretyakova et al. 2012) - a notion that also holds true for SM-

induced DNA lesions. Furthermore, particularly in post-mitotic tissue, in which some 

DNA repair mechanisms may be less proficient (Narciso et al. 2007; Semlow et al. ; 

Trovesi et al. 2013), SM-induced DNA lesions may represent a suitable long-term 

biomarker of exposure. For the reliable detection of DNA adducts, very sensitive 

methods are required, due to expected low adduct levels of only 0.01–10 adducts per 

108 of canonical bases. Common methods to analyze DNA adducts can be classified 

in at least three distinct categories, i.e., methods based on (i) radioactive labeling, (ii) 

immuno-chemical detection using antibodies raised against certain types of DNA 

lesions, or (iii) bioanalytical methods using HPLC coupled to several detection methods 

including mass spectrometry. 

(i) 32P-post-labeling is a highly sensitive method for detecting various types of 

DNA lesions (Phillips and Arlt 2007): In general this method is very sensitive 

and allows the detection of about 1 adduct per 1010 unmodified bases, when 

using 10 μg of DNA as starting material (Phillips and Arlt 2007). With respect 

to SM-induced adducts, Niu et al. established a method to detect N7-HETE-

pdGua in human fibroblasts (Niu et al. 1996). In this case, treatment with 

2.3 μM SM resulted in the quantitative assessment of one N7-HETE-Gua 

adduct per 106 bases. Yu et al. set up a method with a LOD of one adduct 

per 107 bases (Yu et al. 1994). Although post labeling methods are highly 

sensitive, the usage of radio-chemicals represents a major drawback of such 

approaches. Furthermore, post labeling does not provide full chemical 

specificity, as any structural information is indirect based on available 

standard substances, which are also required for quantitative assessment. 
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Yet, even under optimal conditions, it is still not considered fully accurate, as 

insufficient post-labeling may take place (Tretyakova et al. 2012). 

(ii) Several immuno-chemical methods for the detection of SM-induced DNA 

adducts were reported, showing high sensitivity, but their usage is hampered 

as they only allow relative quantitation and lack full chemical specificity. Van 

der Schans et al. reported a LOD of about one N7-HETE-Gua per 5 × 106 

canonical nucleobases, which corresponded to the treatment of human 

blood with 2 μM SM (P. van der Schans et al. 2002). Using an immuno-slot 

blot assay, Kehe et al. observed significant adduct induction after treatment 

of immortalized human keratinocytes with >0.3 μM SM or >30 μM CEES 

(Kehe et al. 2013). A commercially available SM test from Securetec uses 

the same antibody for detection. At least 2 μM free SM e.g. from the skin of 

an exposed victim must be delivered to immobilized oligonucleotides on a 

test stripe. While this represents an easy to use preliminary test, it does not 

provide full chemical specificity, since cross-reactivity with nitrogen mustards 

was observed (Kehe et al. 2009b). Our group recently established the 

immunofluorescence-based detection of mustard DNA adducts with the 2F8 

antibody in collaboration with the Bundeswehr Institute for Pharmacology 

and Toxicology, Munich (Mangerich et al. 2016). Adducts could be detected 

in HaCaT cells after exposure with >10 μM SM and signals were still 

detectable two days after treatment. 

(iii) Several HPLC and LC-MS methods have been developed to analyze SM-

induced DNA adducts (Fidder et al. 1994; Ludlum et al. 1994; Rao et al. 

2002). HPLC-based methods are quite sensitive and provide some chemical 

specificity if appropriate standards are available. However, they still do not 

provide full structural information and often rely on the use of radiochemical 

compounds. For example, Ludlum et al. developed an HPLC-based method 

to analyze DNA treated with [14C]-labeled SM (Ludlum et al. 1994). They 

monitored N7-HETE-Gua and N3-HETE-Ade using structurally 

characterized standards. By combining the measurement of fluorescence 

signals and the intensity of co-eluted radioactivity, this method allowed a 

quantitative assessment of adduct levels. The authors reported a LOD of 

10 pmol N7-HETE-Gua, which corresponds to one adduct per 3 × 105 bases. 

Human blood treated with 131 μM SM induced 470 pmol N7-HETE-Gua per 

mg DNA, which was 30-fold less than in isolated calf thymus DNA (Ludlum 

et al. 1994). In another HPLC method published by Fidder et al. that 

employed [35S]-labeled SM, it was possible to detect N7-HETE-Gua, N3-

HETE-Ade and even Bis-Gua as radioactive HPLC peaks in a qualitative 

manner after enzymatic digestion and mild thermal depurination (Fidder et 

al. 1994). Similarly, compared to the study by Ludlum et al., Fidder et al. also 

observed significantly more adducts in SM-treated isolated calf thymus DNA 

than in ex vivo-treated human blood samples. Rao et al. developed an HPLC 

method based on UV detection and single-quad mass spectrometric 
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analysis displaying a limit of detection of 10 ng of N7-HETE-Gua (Rao et al. 

2002). Using this method, adducts were analyzed in SM-treated calf thymus 

DNA as well as in liver and spleen tissues of exposed rats, which revealed 

sustained adduct stability for up to seven days after treatment. 

In recent years, tandem LC-MS/MS-based methods to some extent overcame the 

limitations of the methods described above. In the following paragraphs, we discuss 

advantages and limitations of such approaches. 

3.4. LC-MS/MS-based methods for the detection of SM-DNA 

adducts 

Liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) reaches a 

level of sensitivity and chemical specificity that outcompetes the methods described 

above. Thus, LC-MS/MS provides full chemical specificity based on characteristic 

chromatographic retention times of the analytes, inducible compound fragmentation, 

and accurate measurements of mass to charge ratios (m/z). Furthermore, absolute 

quantitation of adduct levels can be achieved, when using appropriate chemical 

standards, such as non-radioactive isotope-labeled compounds, which can be spiked 

into samples to account for technical variability during sample preparation and mass 

spectrometric analysis. Furthermore, standard substances are required to determine 

detection limits of a certain platform. Typically, the LOD is determined by a signal to 

noise ratio (S/N) above a value of 3, whereas the lower limit of quantitation (LLOQ) is 

determined by a S/N ratio of at least 10. Currently, such so called targeted isotope 

dilution LC-MS/MS (ID-LS-MS/MS) approaches represent the gold standard for the 

analysis of a broad range of DNA adducts(Tretyakova et al. 2012) (Figure 12). 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/liquid-chromatography
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/spectroscopy
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/chemical-specificity
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/adducts
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/signal-to-noise-ratios
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/signal-to-noise-ratios
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/isotope-dilution
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/isotope-dilution
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/dna
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Figure 12: Outline of experimental procedures for the mass spectrometric quantitation of DNA adducts. 

DNA can be isolated from cell culture, whole blood, or tissue samples. Directly after DNA isolation, an internal 
standard can be spiked in to account for potential analyte loss during sample preparation and technical variability 
of mass spectrometric detection. Ideally the internal standard has the same chemical properties as the analyte. 
DNA can be hydrolyzed by acidic hydrolysis to digest whole DNA yielding normal and modified nucleobases. 
Alternatively, by thermal hydrolysis, preferentially modified nucleobases are released from the intact DNA 
backbone. Alternatively, DNA can be digested enzymatically to yield a pool of free nucleosides. Again, nucleosides 
can be hydrolyzed to nucleobase adducts by thermal hydrolysis. An optional sample enrichment by SPE or offline 
HPLC can be performed for samples with complex matrices as, e.g., for urine samples. Clean-up of samples is 
recommended to remove, e.g., undigested DNA or enzymes before MS measurement. In the mass analyzer, the 
analyte as well as its internal standard are quantified at their specific retention times. The internal standard also 
accounts for technical variations in MS measurements, e.g., ion suppression effects [modified from (Tretyakova et 
al. 2012), with permission of the American Chemical Society]. 

Depending on the kind of sample and analyte examined, 1–200 μg DNA are required 

for the LC-MS/MS analysis of DNA lesions. Suitable and accessible types of possible 

sample material for the analysis of SM-induced DNA adducts include urine, blood, skin 

tissue or buccal swab samples. In urine, free nucleobases, nucleosides and 

nucleotides are present. These analytes do not necessarily represent the total amount 

of initial DNA lesions in the originally exposed organ, since they can be derived from 



Results 

 

35 

   

damage of the cellular nucleotide pool or from excised lesions in the target organs, 

which are then excreted. In the case of urine samples, pre-purification via solid phase 

extraction (SPE) is required to remove high salt contents and other polar compounds 

interfering with mass spectrometric analyses. In case of tissue-derived biological 

sample material, genomic DNA must be extracted for adduct analysis. Some DNA 

adducts, e.g., guanine adducts at position N7 and adenine adducts at position N3, are 

thermally labile and can be released from the DNA backbone by heating (i.e., thermal 

hydrolysis). Alternatively, adducts as well as all unmodified nucleobases can be 

cleaved of by acidic hydrolysis. Afterwards enrichment of adducts by liquid-liquid or 

solid phase extraction, or offline HPLC may be indicated. A final sample clean-up can 

be performed by ultrafiltration, e.g., to remove enzymes or the DNA backbone. 

Since unmodified as well as modified nucleobases are polar compounds, commonly 

reversed phase liquid chromatography is employed using C18 columns (e.g., Synergy 

Hydro-RP or BEH C18 columns) and water/acetonitrile gradients. In HPLC, usually 

canonical nucleobases elute at the beginning of the gradient, followed by the modified 

nucleobases, depending on the structure of the modification. The method of choice to 

generate ions for subsequent MS analysis by their mass to charge (m/z) ratios 

represents electrospray ionization (ESI), which allows direct coupling of the LC eluent 

to the mass spectrometer. Ionization can be performed in ‘positive’ or ‘negative’ modes 

to obtain protonated or deprotonated analytes, respectively. As nucleobases are 

readily protonated, the positive ionization mode is commonly used here. For most 

studies of targeted quantitative mass spectrometry, triple quadrupole (QqQ) 

instruments are used. While they have lower mass resolution and accuracy than other 

modern mass detectors, they provide very high sensitivity and ease of use. Despite 

their low mass resolution, QqQ instruments still provide full chemical specificity if the 

chemical structures and fragmentation patterns of the analytes are known and if 

appropriate and well-characterized standards are available. This enhanced analysis 

mode is called ‘selected’ or ‘multiple reaction monitoring’ (SRM or MRM). Here only 

ions of interest (precursor or parent ions) are selected by their m/z values to transit 

from the first quadrupole to the second quadrupole, which works as a collision cell. By 

collision-induced dissociation (CID) with an inert gas, product- or daughter ions are 

generated. These ions are selected in the third quadrupole before reaching the 

detector. For example, in the case of stable DNA adducts often the deoxyribose moiety 

with a neutral loss of 116 Da is released by fragmentation, leading to a product ion with 

a difference in m/z of 116. In the case of the unstable SM-derived DNA adducts, 

fragmentation leads to the protonated alkyl substituent and the neutral loss of the 

nucleobase. 

In the following, we provide a comparative analysis of published LC-MS/MS-based 

methods for the detection of SM-induced DNA adducts in terms of (i) sample 

preparation, (ii) mass spectrometric analysis and (iii) results obtained (Table 1). 
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Table 1: Overview of technical details of the studies reviewed. 

 Batal et al. 2013 & 2014 Wei et al. 2011 Yue et al. 2014 & 

2015 

Wang et al. 2015 

Zhang et al. 2014 
DNA digestion Enzymatic - - 

DNA hydrolysis Thermal Acidic Thermal/acidic 

Standard substance External calibration N7-benzylguanine Adduct-d4 

DNA determination In-line HPLC UV-Vis 

spectrometry 

UV-Vis 

spectrometry 

Electrospray ionization Positive Positive Positive 

Column Nucleodur C18 HTec 

(Machery-Nagel) 

ZORBAX SB 

C18 

(Agilent) 

ACQUITY UPLC 

BEH C18 (Waters) 

Mass spectrometer TSQ Quantum Ultra 

(Thermo Fisher) 

API 3000 (Perkin Elmer) 

6330 Ion Trap 

(Agilent) 

QqQtrap 5500  

(AB Sciex) 

N7-HETE-Gua Quantifier ion 256.0  105.0 256  105 256  105 

 Qualifier ion Δm/z=28  

(loss of ethylene) 

 256  87 

O6-HETE-Gua Quantifier ion -  256  105 

 Qualifier ion -  256  87 

N3-HETE-Ade Quantifier ion 240.0  105.0  240 105 

 Qualifier ion Δm/z 28  

(loss of ethylene) 

 240 87 

Bis-Gua Quantifier ion 389.3  210  389  210 

 Qualifier ion Δm/z 28  

(loss of ethylene) 

 389  238 

3.4.1. Sample preparation for LC-MS/MS detection of SM-induced DNA 

adducts 

Batal et al. extracted DNA samples via a chaotropic method using NaI/propan-2-ol, 

including removal of RNA contaminations using RNase A and ribonuclease T1 (Batal 

et al. 2013a; Batal et al. 2013b). In this study, an enzymatic DNA digestion was 

performed to obtain single nucleotides. To this end, samples were incubated with 

nuclease P1, phosphodiesterase (PDE) II and DNase II. Thereafter, samples were 

incubated with PDE I and alkaline phosphatase (AP) to obtain free nucleosides. 

Afterwards thermal hydrolysis was performed at 90 °C for 20 min, since, as the authors 

stated, acidic hydrolysis led to ‘busy’ UV chromatograms and a time-consuming step 
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of removal of the acid before analysis. No internal standards were used, instead 

quantitative assessment of adduct levels was performed with the help of external 

calibration curves using unlabeled standard substances. 

Wei et al. extracted DNA from cryopreserved human blood samples by isolating cell 

nuclei and subsequently DNA (Wei et al. 2011). RNA contaminations were removed 

by RNase treatment. After ethanol precipitation of DNA, free nucleobases were 

obtained by acidic hydrolysis at pH 3.5 and heating to 100 °C for one hour. Samples 

were spiked with a structurally related, yet not identical, reference substance, i.e., N7-

benzylguanine. Yue et al. used rat skin samples after dermal exposure as a starting 

material (Yue et al. 2014). Specimens were homogenized and DNA was isolated as 

described earlier in Wei et al. (see above (Wei et al. 2011)). Instead of acidic 

hydrolysis, these authors used a procedure of mild thermal hydrolysis at 70 °C for one 

hour, since the analyte O6-HETE-Gua was unstable under acidic conditions. Yet, in 

another study by the same group, an acidic hydrolysis was employed (Yue et al. 2015). 

Here, samples were incubated in the presence of 30% formic acid and heated for 

30 min, by which improved sensitivity and peak shape in LC-MS/MS detection were 

achieved. In a study by Wang et al., different human cell lines, such as keratinocytes, 

hepatocytes, lung fibroblasts and adipocytes, as well as rat organs were analyzed 

(Wang et al. 2015). Here, DNA was isolated by phenol-chloroform extraction and acidic 

hydrolysis was performed in 30% formic acid and heated for 30 min. In the studies by 

Wang et al. and Yue et al. deuterated internal standards were spiked into samples prior 

to hydrolysis (Wang et al. 2015; Yue et al. 2014; Yue et al. 2015). These standards 

were synthesized using isotopically labeled SM-d4. Deuterated standards are more 

cost-effective than other isotope standards, such as 13C and 15N-labeled compounds, 

however are prone to the exchange or loss of the labeled atoms and sometime exhibit 

shifts in chromatographic retention times compared to the corresponding unlabeled 

analyte. Adduct levels in these studies are normalized as adducts per gram tissue, or 

alternatively, the DNA content was determined by UV–Vis spectrometry. Since the 

internal standard was added after DNA isolation, no internal normalization to account 

for sample loss before and during the DNA isolation step was possible. The method of 

Yue et al. was also adapted to analyze DNA adducts in rabbit urine using solid phase 

extraction for the isolation of nucleosides (Zhang et al. 2014). 

3.4.2. LC-MS/MS detection and quantitation of SM-induced DNA adducts 

Batal et al. (Batal et al. 2013a; Batal et al. 2013b), performed the analysis of SM-

induced DNA adducts on a Nucleodur C18 HTec reversed-phase column from 

Macherey-Nagel and an HPLC coupled to a QqQ mass spectrometer (TSQ Quantum 

Ultra, ThermoFisher) (Batal et al. 2013a; Batal et al. 2013b). An additional secondary 

qualifier ion (i.e., formed by loss of ethylene, Δm/z = 28) was monitored to validate the 

structure of analytes and to exclude interference with other ions. In Batal et al. (Batal 

et al. 2013a; Batal et al. 2013b), an HPLC (Agilent Series 1100) coupled to a QqQ 

mass spectrometer (API 3000 PerkinElmer/SCIEX) was used (Batal et al. 2013a; Batal 
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et al. 2013b). Quantitative assessment of DNA adducts was achieved by an external 

calibration curve with synthetic standards, which were characterized by UV–Vis 

spectra and mass spectrometric daughter ion scans. The DNA amount of each sample 

was determined by in-line HPLC UV-detection. Detection limits were determined at 25 

fmol for N7-HETE-Gua and Bis-Gua and at slightly lower levels for N3-HETE-Ade. Yet, 

the relative frequencies of adducts in calf thymus DNA and cellular DNA were similar. 

Thus, in both cases the authors observed 81% of N7-HETE-Gua, 6% of N3-HETE-Ade 

and 13% of Bis-Gua. Apart from SM-induced adducts, the study also analyzed adducts 

induced by the mono-functional SM-derivative CEES. In this case, 98% of total adducts 

analyzed were N7-ETE-Gua adducts in calf thymus DNA and only 2% were N3-ETE-

Ade adducts (Batal et al. 2013a; Batal et al. 2013b) (Table 2). In Batal et al. (Batal et 

al. 2013b), rats were treated topically with SM. In skin, 87.7% of induced adducts were 

N7-HETE-Gua, 0.4% N3-HETE-Ade and 11.9% Bis-Gua, similar to what has been 

observed in CT and cellular DNA. An assessment of absolute adduct levels revealed 

that 2 mg/kg SM induced about 77 N7-HETE-Gua, 0.4 N3-HETE-Ade and 13.8 Bis-

Gua adducts per 106 bases (Table 3). Interestingly, 21 days after exposure, still 0.7 

N7-HETE-Gua and 0.2 Bis-Gua adducts per 106 bases were detectable. The same 

dose of cutaneous exposure of SM resulted in detectable adduct levels in several 

internal organs, although at lower levels, e.g., in lung 0.23 N7-HETE-Gua, 0.01 N3-

HETE-Ade and 0.03 Bis-Gua adducts per 106 bases, which corresponds to a relative 

adduct distribution of 89%, 3%, and 8%, respectively (Table 3). 

Table 2: Distribution of DNA adducts in SM-treated isolated calf-thymus DNA, or in DNA of SM-treated 
human acute monocytic leukemia cells (THP1) and human keratinocytes (HaCaT) (treatment with 100 μM 
SM or 100 μM CEES). Adducts are presented as alkylated adducts per 106 canonical bases or as molar 

percentages of total adduct levels. 

 Batal et al., 2013a  Wang et al., 2015 

 Calf thymus DNA THP1 cells HaCaT cells 

 Adducts per 

106 bases 

% of total 

adducts 

Adducts per 

106 bases 

% of total 

adducts 

Adducts per 

106 bases 

% of total 

adducts 

SM treatment 

N7-HETE-Gua ~3000   81% ~375 81% 225 73.3% 

N3-HETE-Ade ~100 6% ~20 6% 5.1 1.7% 

Bis-Gua ~250 13% ~25 13% 77.6 25.2% 

CEES treatment 

N7-ETE-Gua ~850 98% ~35 89%   

N3-ETE-Ade ~30 2% ~5 11%   
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Table 3: Distribution of DNA adducts in skin and lungs of rats after dermal exposure with 2 mg/kg SM. 

Adducts are expressed as alkylated adducts per 106 canonical bases or as molar percentages of total adduct levels. 

 Batal et al., 2013b  Batal et al., 2014 

 Skin Lung 

 Adducts/106 bases % of total adducts Adducts/106 bases % of total adducts 

Dermal SM exposure of 2 mg/kg  

N7-HETE-Gua 77 87.7 0.23 89 

N3-HETE-Ade 0.4 0.4 0.01 3 

Bis-Gua 13.8 11.9 0.03 8 

Dermal SM exposure of 60 mg/kg 

N7-HETE-Gua ~700 91.03 28 88.89 

N3-HETE-Ade ~4 0.52 1 2.99 

Bis-Gua ~65 8.06 2.5 7.46 

The first measurements of Wei et al. (Wei et al. 2011) were performed on an Agilent 

1200 HPLC system and an Agilent 6330 ion-trap mass spectrometer. Here, N7-HETE-

Gua was analyzed in cryopreserved human blood samples. An exposure with 120 mg/l 

SM induced 8 ng N7-HETE-Gua per ml blood. The LOD of N7-HETE-Gua was 

determined to be 0.33 ng/ml blood (660 fg on column) and the corresponding LLOQ 

was determined to be 0.940 ng/ml, which is equivalent with the induction of one N7-

HETE-Gua per 9 × 108 bases. 

In the studies by Yue et al., a hybrid QqQtrap 5500 from AB Sciex combined with an 

ACQUITY UPLC from Waters was used (Yue et al. 2014; Yue et al. 2015). The LOD 

was determined to be 0.01 fmol for N7-HETE-Gua, 0.002 fmol for O6-HETE-Gua, 0.04 

fmol for Bis-Gua and 0.11 fmol for N3-HETE-Ade, respectively. The LLOQ were 0.04 

fmol (N7-HETE-Gua), 0.01 fmol (O6-HETE-Gua), 0.12 fmol (Bis-Gua), and 0.33 fmol 

(N3-HETE-Ade) (Table 4). Homogenized rat skin was treated ex vivo with SM resulting 

in 61–88% N7-HETE-Gua, 10–35% Bis-Gua, 2–4% N3-HETE-Ade and 0.1-0.7% O6-

HETE-Gua adducts (range of percentages depend on the SM dose applied). Here a 

higher proportion of Bis-Gua was observed than previously reported (Kehe et al. 

2009a; Ludlum et al. 1994; Ludlum et al. 1986). A similar distribution of 64–81% N7-

HETE-Gua, 18–42% Bis-Gua, 1.3–4.6% N3-HETE-Ade and 0.04–0.62% O6-HETE-

Gua was present after in vivo dermal exposure of rats (Table 5). In vivo time course 

analyses up to 14 days were performed. Small but detectable amounts of adducts were 

measured 14 days after treatment. Yue et al. (2015) investigated the distribution of SM 

to different organs in rats after dermal exposure (Yue et al. 2015). O6-HETE-Gua was 

not detectable in organs, which might be explained by the low amount of adducts or 

the acidic hydrolysis used instead of thermal hydrolysis, which may lead to the 

degradation of O6-HETE-Gua. Furthermore, in Yue et al. (2015) the UPLC gradient 

was modified as compared to Yue et al. (2014), which resulted in improved baseline 

separation and peak shape. In the 2015 study, adduct detection was less sensitive 

than reported before in Yue et al., 2014 showing LODs of 0.12 fmol (N7-HETE-Gua 
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and O6-HETE-Gua), 0.15 fmol (Bis-Gua), 0.63 fmol (N3-HETE-Ade) and LLOQ of 0.24 

fmol (N7-HETE-Gua & O6-HETE-Gua), 0.39 fmol (Bis-Gua), 1.26 fmol (N3-HETE-Ade) 

(Table 4). 

Table 4: Limits of detection (LOD) and lower limits of quantification (LLOQ) expressed in [fmol] and [μg/l] 
for different SM-induced DNA adducts. 

 Yue et al., 2014  Yue et al., 2015  

 LOD (S/N=10) LLOQ 

(S/N=20) 

LOD (S/N=10) LLOQ (S/N=20) 

 [fmol] [µg/l] [fmol] [µg/l] [fmol] [µg/l] [fmol] [µg/l] 

N7-HETE-Gua 0.01 0.001 0.04 0.003 0.12 0.01 0.24 0.02 

N3-HETE-Ade 0.11 0.009 0.33 0.026 0.63 0.05 1.26 0.1 

Bis-Gua 0.04 0.005 0.12 0.016 0.15 0.02 0.39 0.05 

O6-HETE-Gua 0.002 0.0002 0.01 0.000

7 

0.12 0.01 0.24 0.02 

Analysis of rabbit urine revealed detectable adduct levels eight hours after exposure 

(Zhang et al. 2014). Here, adducts were observed at frequencies of 67.4% N7-HETE-

Gua, 22.7% Bis-Gua, 9.8% N3-HETE-Ade and 0.1% O6-HETE-Gua. LOD were in the 

range of 2–5 ng/l and LLOQ in the range of 5–10 ng/l. Adduct detection in cell lines, 

such as rat adipocytes derived cells lines (Wang et al., 2015) showed LOD of 0.01 μg/l 

N7-HETE-Gua, 0.02 μg/l Bis-Gua and 0.05 μg/l N3-HETE-Ade and LLOQ of 0.02 μg/l 

N7-HETE-Gua, 0.05 μg/l Bis-Gua, and 0.1 μg/l N3-HETE-Ade, which are in the same 

range as reported in (Yue et al., 2015) (Table 2, Table 5, Table 6). 

Table 5: DNA adduct distribution in rat skin, different rat internal organs and rabbit urine after dermal 
exposure, as well as in cell lines treated in vitro. Adducts are expressed as molar percentages of total adduct 

levels. 

 Zhang et al., 2014  Wang et al., 2015  

 LOD (S/N=3) LLOQ (S/N=10) LOD (S/N=5) LLOQ (S/N=10) 

 [µg/l] [µg/l] [µg/l] [µg/l] 

N7-HETE-Gua 0.002 0.005 0.01 0.02 

N3-HETE-Ade 0.002 0.005 0.05 0.1 

Bis-Gua 0.005 0.01 0.02 0.05 

Table 6: Limit of detection (LOD) and lower limit of quantification (LLOQ) expressed in [μg/l] for different 
SM-induced DNA adducts. 

 Yue et al., 2014  

 

Yue et al., 2015  Zhang et al., 

2014 

Wang et al., 

2015 

Organ Rat skin 

 

Rat skin 

 

Internal 

organs 

W/o bone 

marrow 

Rabbit urine Cell lines 

 

Treatment ex vivo 

treatment 

in vivo 

treatment 

in vivo 

treatment 

in vivo 

treatment 

in vivo 

treatment 

in vitro 

treatment 
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N7-HETE-Gua 61-88 64-81 36-95 72-95 67.4 65.6-79.4 

N3-HETE-Ade 2-4 1.3-4.6 0.1-26 0.1-1.3 9.8 1.3-1.8 

Bis-Gua 10-35 18-42 5-49 5-27 22.7 18.8-33.2 

O6-HETE-Gua 0.1-0.7 0.04-0.62   0.141  

In summary, in the study of Yue et al., 2014 the detection limits were tenfold lower than 

in Yue et al., 2015. Especially the detection of O6-HETE-Gua was about 50-fold more 

sensitive. Both might be explained by the thermal hydrolysis procedure used. Analysis 

of urine samples by Zhang et al. also displayed low LOD, which are about five times 

more sensitive than in Yue et al., 2015. Wang et al. had similar detection limits than 

Yue et al., 2015. Less Bis-Gua adducts were measured in studies by Batal et al. than 

in studies by Yue et al. (10 vs. 20–30%), however, HETE-Gua adducts were at similar 

levels. In the study by Batal et al. The proportions of HETE-Ade adducts were in the 

same range across different cell lines and internal organs, except for skin samples. In 

skin, HETE-Ade represented only 0.4% of all adducts instead of about 3–6% as 

measured in internal organs. Interestingly, studies by Yue et al., 2014, 2015, as well 

as Wang et al., 2015 revealed similar adduct distributions. Whereas the distribution in 

urine was slightly different with about 10% N3-HETE-Ade as compared to about 2% in 

tissue or cells. This might be explained as N3-HETE-Ade is less stable in its nucleotide 

form than N7-HETE-Gua and therefore might be more readily cleaved off the DNA and 

then excreted via urine. 

3.4.3. Overview of results of the studies 

Results from the studies mentioned above provided valuable insight into the 

toxicokinetics and - dynamics of SM treatment and SM-induced DNA damage in rodent 

animal models. The key results of these studies are summarized in this section. 

Batal et al. (Batal et al. 2013a; Batal et al. 2013b) observed rapid induction of DNA 

adducts in rat skin already at the earliest sampling point at four hours after dermal SM 

exposure. Remarkably, DNA adduct levels remained detectable even 21 days after 

exposure (Batal et al. 2013a; Batal et al. 2013b). As mentioned above, a dose of 

2 mg/kg of SM induced about 77 N7-HETE-Gua, 0.4 N3-HETE-Ade and 13.8 Bis-Gua 

adducts per 106 bases. After 21 days, still 0.7 N7-HETE-Gua and 0.2 Bis-Gua/106 

bases were detectable, which corresponds to 1% and 1.4% of the initial adduct load. 

The half-life was 3.5 days for N7-HETE-Gua and four days for Bis-Gua. Determination 

of the life time of N3-HETE-Ade depended on the SM dose applied. Thus, at the 

highest dose of 60 mg/kg SM a half-life of four days was observed, which is similar as 

compared to N7-HETE-Gua and Bis-Gua. In contrast, after treatment with 6 mg/kg and 

2 mg/kg SM half-lives were determined to be 2.3 and 0.8 days, respectively, indicating 

a shorter life time of adenine adducts as compared to guanine adducts. In addition to 

the uptake of SM to different internal organs after cutaneous exposure (Batal et al. 

2014), also a radial diffusion of SM within the skin was observed. This became evident 

by the finding that DNA adducts were detectable at adjacent non-exposed skin areas. 
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Brain and lung tissues showed the highest adduct levels, and adducts persisted the 

longest in lung tissue. Bis-Gua displayed the longest half-life, potentially due the 

complexity of the responsible repair mechanisms. Similar to the skin, in internal organs, 

rapid adduct induction was observed and adducts remained detectable for 21 days 

after exposure. Also, the half-lives of N7-HETE-Gua and Bis-Gua were similar in 

internal organs as compared to skin, with 3.5–5.8 and 4.1–5 days, respectively. N3-

HETE-Ade displayed a much shorter half-life of only 0.7–1.7 days, depending on the 

dose applied. 

Batal et al. (Batal et al. 2014) stated that 20% of absorbed SM reacts with 

macromolecules in the skin, whereas 80% enters the blood circulation and reaches 

internal organs. The applied doses of 2, 6, 60 mg/kg correspond to first, second and 

third-degree burns. Interestingly, the highest dose of 60 mg/kg induced more than 10-

fold the amount of adducts as compared to the medium dose of 6 mg/kg, suggesting 

some buffering capacity in tissue and cells at lower SM doses. An alternative not 

mutually exclusive hypothesis could be that skin has a capacity for accumulation of 

certain amounts of SM. When such a potential buffering system is saturated, the skin 

barrier function can be compromised, and a higher amount of SM can reach the 

circulation. Furthermore, fewer adducts were detected in liver compared to other 

organs, despite its largely vascular properties. These results suggest that certain 

detoxification systems, such as glutathione based systems, might counteract DNA 

damage induction in the liver (Batal et al. 2014; Wu et al. 2004). 

Yue et al. performed similar experiments as Batal et al. in rats after dermal exposure 

of SM to investigate adduct formation in skin (Yue et al. 2014)as well as in internal 

organs (Yue et al. 2015). In a first approach, homogenized rat skin was treated ex vivo 

with SM. The authors estimated that 0.01–0.1% of the applied SM reacted with DNA 

of the skin. In comparison, in a corresponding in vivo experiment, in which SM was 

applied directly on the skin, only 0.001–0.01% of the SM reacted with DNA, indicating 

that adducts were induced at a level of one order of magnitude lower compared to the 

ex vivo treatment. The differences might be explained either by evaporation of SM on 

the skin or diffusion into adjacent tissues and blood circulation. In vivo time course 

experiments were performed up to 14 days. A rapid increase was detected at the first 

time point examined, i.e., after ten minutes, followed by a rapid decrease in adduct 

levels during the first four days. Still, amounts of adducts were above the detection limit 

14 days after treatment. Adduct induction peaked within three hours in case of all 

adducts and organs with half-lives of less than 24 h. A slow decline of adduct levels 

was measured within 14 days after treatment. Remarkably, 15% of the initial adduct 

levels were still detectable at this time point. When adduct levels were normalized to 

DNA content one hour after treatment, the bone marrow appeared as the main target 

organ of SM, followed by brain, lung, spleen, liver and pancreas, which is in 

accordance with results from Batal et al. Different results were obtained without 

normalizing the data to DNA content, underscoring the importance of exact DNA 

determination. Although N7-HETE-Gua is more abundant than Bis-Gua, it is 
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remarkable that organs with higher percentages of Bis-Gua showed a higher severity 

in different pathological parameters, such as histopathologic changes, loss of body 

weight, and increased micronuclei formation. This indicates that Bis-Gua might be a 

more relevant biomarker of effect in terms of biological significance than N7-HETE-

Gua. Nevertheless, N7-HETE-Gua probably represents the preferable biomarker of 

exposure, as it is the most abundant one and easy to detect. Short half-lives of less 

than one day were found in bone marrow and liver; the longest one (i.e., about 3 days) 

was determined in brain, potentially because of lack of detoxification systems or the 

high lipophilicity of brain tissue. 

In rabbit urine (Zhang et al. 2014) adducts were detected eight hours after exposure 

and adduct levels increased rapidly within the first two days, with a maximum reached 

after four days. Afterwards, adducts declined within one month, but were above the 

LLOQ until day 7–13 and still above the LOD after 29 days. 

Xu et al. and Yue et al. detected the accumulation of SM-induced DNA adducts in lipid-

rich tissues, such as brain (Xu et al. 2017; Yue et al. 2015). In another study by Wang 

et al., different cell lines (HaCaT, hepatocytes L-02 and human lung fibroblasts HLF) 

were compared with mature human adipocytes (HA-s) and subcutaneous pre-

adipocytes (HPA-s) (Wang et al. 2015). Previously, Xu et al. and Yue et al. observed 

several-fold differences in several organs, but in the studies discussed here no major 

differences in the cell lines were detectable. The adduct distribution in Wang et al., 

2015 was similar compared to Yue et al., 2015 with the N7-HETE-Gua adduct being 

the most abundant, followed by Bis-Gua and N3-HETE-Ade. However, total adduct 

levels were lower in Wang et al. than in the studies of Batal et al. Furthermore, a higher 

percentage of Bis-Gua was measured in Wang et al. than in studies of Batal et al. Cell 

lines were cultured up to 48 h after treatment (Wang et al. 2015). Levels of all adducts 

peaked at the first sampling time point around five minutes post treatment and the half-

lives were determined to be 46 h for N7-HETE-Gua and Bis-Gua, compared to only 

10–20 h for N3-HETE-Ade, which was not detectable after 24 h. In comparison, 

adducts in adipocytes peaked significantly later at a time point of one hour for N3-

HETE-Ade and even three hours for N7-HETE-Gua and Bis-Gua. Furthermore, longer 

half-lives of 30 h for N3-HETE-Ade, 200 h for N7-HETE-Gua and 300 h for Bis-Gua 

were detected. Furthermore, adipocytes showed seven times higher IC50 values 

compared to other cell lines. Total levels of adducts in adipose tissue were very low, 

e.g. 300 N7-HETE-Gua per 109 bases compared to 100 N7-HETE-Gua per 106 bases 

in liver, indicating that SM becomes trapped in highly lipophilic compartments and cell 

membranes. Maximum adduct induction was observed three hours post exposure, 

followed by a slow decrease, which is significantly different from kinetics observed in 

other tissues, such as skin, lung or brain. 

In summary, Batal et al. detected adducts in skin and other organs of rats for up to 

21 days post exposure. Yue et al. measured adducts in rat skin and organs for up to 

14 days. Wang et al. only performed short-term experiments to study the initial 
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difference of adduct levels in adipose tissue. In urine of topically treated rabbits, Zhang 

et al. detected adducts over a period of 29 days. The half-lives of adducts reported by 

Batal et al. were similar in skin and internal organs. Wang et al. reported half-lives, 

which are about two times shorter compared to Batal et al. In contrast, Wang et al. 

reported prolonged half-lives of all adducts in lipid-rich cells, which might be explained 

by enhanced stability of intact SM in a lipid environment. Yue et al. reported half-lives 

of adducts in internal organs, which are about 50% shorter as the values reported in 

normal tissue by Wang et al. or ∼25% of the values in Batal et al. 

3.5. Conclusion 

The studies discussed in this review have significantly improved our bioanalytical 

repertoire to study SM-induced DNA damage. Thus, as exemplified by various in vivo 

experiments in rodent animal models, SM-induced DNA adducts can serve as suitable 

biomarkers of exposure, with similar sensitivities and in vivo stabilities as compared to 

protein adducts. So, while protein adducts may be better suited as long-term 

biomarkers to unambiguously identify SM exposure, DNA adducts may complement 

these analyses in terms of health risk assessment and patho-etiological analyses. This 

is because SM-induced DNA adducts are thought to be the predominant cause for SM-

derived pathologies and may therefore also function as biomarkers of effect. 

Interestingly, initial biomarker analyses of human sample material have been 

performed. Xu et al. performed a comparative analysis of different biomarkers in four 

accidental cases of SM exposure (Xu et al. 2014). Blood, urine, and blister exudate 

was taken from three days up to 95 days after exposure. The biomarkers included 

hydrolysis/oxidation products, β-lyase metabolites, DNA adducts and hemoglobin 

adducts analyzed by GC-MS, GC-MS/MS or LC-MS/MS. DNA adducts were detected 

in urine with a peak at days four to seven, however they were still detectable 32 days 

after exposure. In blood, DNA adducts were also detectable on day three, but declined 

until day 14. Hemoglobin adducts (HETE-Val) were highly abundant at days three to 

seven and declined until day 14, but were still above the LLOQ by day 95. All 

measurements yielded clear evidence for SM exposure of the patients and the levels 

of all four types of biomarkers correlated with the severity of the clinical symptoms of 

the patients. 

Despite the considerable progress that has been achieved in the last couple of years, 

there is still a need to improve our bioanalytical repertoire with regards to SM-DNA-

adduct detection and quantitation. For example, in sample preparation the exact 

outcome of acidic hydrolysis vs. thermal hydrolysis should be examined in more detail. 

Batal et al. only performed thermal hydrolysis. Although the authors stated that in their 

hands, acidic hydrolysis was not sufficient, a structural comparison between the 

different ways of hydrolysis was not presented. Furthermore, with nitrogen mustards it 

has been reported that adducts at different positions of adenine or guanine (Balcome 
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et al. 2004) or even crosslinks (Van den Driessche et al. 2005) can only be hydrolyzed 

in acidic conditions. In an early study, Yue et al. used thermal hydrolysis, especially to 

measure the acidic unstable O6-HETE-Gua. Yet, in the subsequent study, acidic 

hydrolysis was reported to result in improved sensitivity. An approach to measure both 

O6-HETE-Gua as well as the remaining adducts with full sensitivity would be desirable. 

As a further limitation, in some of the above-mentioned studies no internal standard 

was used. However, to quantify DNA adducts in absolute terms and to account for 

technical variations including losses during sample preparation, the use of isotope-

labeled internal standards would be highly advantageous. In this respect, also 

variations in the MS measurements themselves, e.g., by adduct artefacts, ion 

suppression, and matrix effects are considered to impair reproducibility and accuracy 

of an MS method (Tretyakova et al. 2012). In this respect, Yue et al. introduced 

deuterated standards to their analyses. It is very common to synthesize an internal 

standard by using a deuterated version of an adduct-inducing compound. However, 
13C and 15N labeled standards, especially 13C and 15N labeling of the nucleobase, might 

have advantages compared to deuterated ones. Thus, deuterated standards are less 

stable and in some cases do not behave the same way as the unlabeled analyte in 

terms of ionization or chromatographic separation (Iyer et al. 2004; Stokvis et al. 2005). 

Since an ideal biomarker of exposure should be detectable for weeks to months after 

exposure, obviously direct SM-derived metabolites are not suited for this purpose. In 

contrast, protein and DNA adducts exhibit much longer detection windows. Protein 

adducts of hemoglobin as well as albumin are restricted to the life time of red blood 

cells or the protein itself. Nevertheless, the abundance of protein adducts in blood is 

very high, as SM is directly absorbed to the circulating blood after contact with the skin 

or the lung. Up to date, protein adducts are therefore preferentially used as biomarkers 

of exposure. DNA adducts can also be detected in DNA containing cells in the blood 

system, but these cells also have a limited life span. Furthermore, the amount of DNA 

adducts is much smaller compared to protein adducts, as a large proportion of SM 

already reacts with cellular components before reaching the nucleus. On the other 

hand, as shown by the studies discussed in this review, SM can also be transported 

via the blood stream to different tissues to induce DNA adducts. In some tissues, 

especially in adipose tissue, it is likely that DNA adducts can persist for longer times 

than in blood cells, which may enable a prolonged detection window as compared to 

blood-derived SM protein adducts. Also, blood protein adducts do not give information 

about long-term health-risk effects, i.e., cancer formation. Therefore, in contrast to SM-

protein adducts, DNA adducts can be considered as mechanism-based biomarkers. 

Powerful bioanalytic platforms for their verification can serve as valuable tools to 

evaluate the underlying molecular toxicological mechanisms of SM-induced 

pathologies. Thus, e.g., in vitro and in vivo experiments using genetically modified 

systems in combination with mustard treatment and monitoring of DNA adducts can 

help to understand such mechanisms. In terms of genotoxicity and DNA repair, the use 

of model systems with specific deficiencies in DNA repair genes can be insightful to 
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understand how SM-induced DNA adducts can be repaired. In the long-term such 

approaches can help for the search for antidotes of SM and for evaluating long-term 

effects and health risks of SM exposed victims. 
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4.1. Abstract 

Although banned by the Chemical Weapons Convention, even more than 100 years 

after its first use as a chemical warfare agent in WWI, the vesicant and alkylating agent 

sulfur mustard (SM) still represents a realistic threat to civilians and soldiers, due to its 

potential release in terroristic attacks or asymmetric conflicts. For this reason, the 

specific, sensitive, and robust detection and quantitation of SM exposure is of critical 

importance in terms of medical diagnosis, toxicological risk assessment and 

surveillance of international law. Apart from SM-protein adducts, SM-induced DNA and 

RNA adducts can serve as valuable forensic ‘biomarkers of exposure’ as well as 

toxicologically-relevant ‘biomarkers of effect’. In this study, we developed and applied 

a comprehensive and reliable bioanalytical platform based on ultra-high pressure 

chromatography coupled to tandem mass spectrometry (UPLC-MS/MS) to quantify the 

major SM and CEES-induced DNA and RNA adducts with sensitivities in the sub-

femtomol range. In contrast to previous approaches, our methods are based on the 

use of fully characterized 15N, 13C-labeled chemical standards allowing absolute 

quantitation of the major SM- and CEES-induced nucleic acid adducts with full 

chemical specificity. The methods were applied to analyze SM and CEES-induced 

DNA and RNA mono-alkylation adducts as well as crosslinks in a spectrum of biological 

matrices such as isolated calf-thymus DNA and yeast RNA, human cancer cell lines 

and primary cells, which are derived from cell types of the main SM-target tissues, skin, 

lung, and immune system. Both, dose and time dependent parameters were carefully 

examined. Of note, both, DNA and RNA adducts were detectable up to six days post 

exposure indicating long cellular persistence, potentially due to inefficient and/or slow 

repair. On the one hand, this highlights their toxicological relevance and on the other 

hand proves their suitability for forensic biomarker analyses and toxicological risk 

assessment. Finally, we extended the applicability of the methods to analyze SM and 

CEES-induced nucleic acid adducts in ex-vivo-treated rat skin biopsies and human 

blood samples, including dried blood spots. This sets the basis for the implementation 

of this bioanalytical platform into the method portfolio of OPCW-approved laboratories 

and their application in real-world scenarios. 
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4.2. Introduction 

Sulfur mustard (SM) is one of the first chemical warfare agents used in World War I 

(WWI) (Mangerich and Esser 2014). It is a bi-functional compound, which alkylates 

cellular macromolecules like DNA, RNA and proteins including the ability to crosslink 

them. It is a highly reactive substance and reacts via an episulfonium ion with 

nucleophilic sites e.g. nitrogen and oxygen atoms of DNA nucleobases as well as the 

C8 position of purines. It exhibits vesicant properties by inducing severe skin 

pathologies, such as erythema and blisters, which are formed by dermal-epidermal 

separation and cell death of keratinocytes, within 2-24 hours depending on the 

concentration. This might lead to ulceration and pigmentation disorders (Kehe et al. 

2009a; Smith et al. 1919). Additional corneal edema, photophobia and 

bleopharospasm occur after 2-6 hours, which may lead to persistent corneal damage. 

In addition, the respiratory tract is a target of SM-induced toxicity. Pathological signs 

include the formation of pseudomembranes and severe pulmonary edema, which can 

lead to clogging of the airways (Kehe et al. 2009). Other major target organs are the 

gastrointestinal tract and the bone marrow, as after some days leukopenia develops 

(Balali-Mood and Hefazi 2005; Papirmeister 1991). Furthermore, long-term effects 

include impaired wound healing, hyperpigmentation, chronic suppression of the 

immune system and cancer development (Balali-Mood and Hefazi 2005), such as an 

increased risk for lung cancers (IARC 1975; Institute of Medicine 1993; Waters et al. 

1983; Watson et al. 1989). 

SM alkylates guanine at the N7 position leading to N7-(2-hydroxyethylthioethyl) 

guanine (N7-HETE-Gua, ~61% of analyzed adducts), but also reacts at the N3 position 

of adenine, leading to N3-(2-hydroxyethylthioethyl) guanine (N3-HETE-Ade, ~16% of 

analyzed adducts) (Kehe et al. 2009a; Ludlum et al. 1994). The highly mutagenic O6-

guanine adduct, O6-(2-hydroxyethylthioethyl) guanine (O6-HETE-Gua) was reported to 

occur only at a very low frequency (0.1%) (see Figure 13) (Ludlum et al. 1986). The 

mono-alkylating analog 2-chloroethyl ethyl sulfide (CEES, also known as half-mustard) 

is commonly used as a less-toxic and commercially available surrogate for SM-related 

research purposes. Reaction of nucleic acids with CEES leads to N7-ETE-Gua and 

N3-ETE-Ade adducts. As a bi-functional agent, SM can also induce DNA crosslinks, 

such as bis[2-(guanine-7-yl)ethyl]sulfide (Bis-Gua, ~17% of analyzed adducts) 

(Lawley and Brookes 1967). Thereby about 25% interstrand and 75% intrastrand DNA 

crosslinks are formed, as well as further DNA-protein crosslinks. DNA damage in 

general is thought to be the main causative factor for many SM-induced pathologies 

(Lodhi et al. 2001) and DNA crosslinks in particular are considered to be the main 

inducers of toxicity and mutagenicity (Batal et al. 2013a; Shakarjian et al. 2010; Walker 

1971; Yue et al. 2014). On the cellular level, it is known that mustard agent-induced 

DNA damage can cause mutations, chromosomal instability and tumorigenic 

transformation (Mangerich et al. 2016; Roos and Kaina 2006). In particular, DNA 

crosslinks are highly cytotoxic, leading to replication stress, stalled and collapsed 
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replication forks and follow-up damage, such as DNA double strand breaks (R 

Anderson et al. 2006). Furthermore, SM leads to the production of reactive oxygen and 

nitrogen species (ROS and RNS) and therefore to oxidative stress (Laskin et al. 2010; 

Pohanka et al. 2013), which in turn leads to further DNA damage and inflammation 

(Gross et al. 1993; Mouret et al. 2015; Sawyer et al. 1996; Smith et al. 1998). 

Furthermore, SM-induced DNA damage leads to the depletion of cellular pools of 

glutathione, NAD+, and ATP (Gross et al. 1993; Martens and Smith 2008; Meier 1996). 

It also affects cell cycle regulation and triggers apoptosis as well as necrosis (Dillman 

et al. 2005; Kehe et al. 2008b; Rosenthal et al. 1998; Rosenthal et al. 2003). From 

early on, researchers recognized that SM suppresses hematopoiesis and leads to 

bone marrow depletion and leukopenia (Krumbhaar 1919; Pappenheimer and Vance 

1920; Vedder 1925). This observation led to early attempts to use SM as an anticancer 

drug in 1931, although it turned out that due to its high toxicity it is unsuitable for cancer 

therapy (Adair and Bagg 1931). With the intention to generate an even more potent 

warfare agent, the sulfur atom in SM was replaced by a nitrogen atom, leading to the 

development of so called nitrogen mustards. Contrary to the original expectations, 

however, nitrogen mustards turned out to be less toxic and proved to be very efficient 

chemotherapeutics in subsequent decades. Of note, many of them are still in clinical 

use (Cheung-Ong et al. 2013; Einhorn 1985). 

The use of SM as a warfare agent was first proscribed by the Geneva protocol 1925 

and finally banned by the Chemical Weapon Convention in 1992 (Hoenig 2002) 

(https://treaties.un.org/Pages/ViewDetails.aspx?src=TREATY&mtdsg_no=XXVI-

3&chapter=26&lang=en), nevertheless, SM was broadly used in the Iran-Iraq War 

(1980-1988) and even recently in asymmetric conflicts, such as in Syria and Iraq (Dons 

2013; Thiermann et al. 2013) (https://www.opcw.org/fileadmin/OPCW/EC/M-

55/en/ecm55nat01r2_e_.pdf, 

https://www.nytimes.com/2015/11/07/world/middleeast/syria-rebels-used-mustard-

gas.html, http://www.bbc.com/news/world-middle-east-35968604, 

https://www.nytimes.com/2016/11/21/world/middleeast/isis-chemical-weapons-syria-

iraq-mosul.html). 

Due to relatively simple chemical synthesis based on basic and cheap chemicals as 

well as potential undestroyed residual stockpiles in conflict areas, it may also be 

accessible for use in terroristic attacks (Balali-Mood and Hefazi 2005; Meyer 1886; 

Wang 2010). Therefore, SM still represents a realistic and significant threat todays, 

both for civilians and soldiers. Immunochemical methods, as for example the ‘rapid 

sulfur mustard test’ from Securetec (Kehe et al. 2008a), can be used for fast and easy 

preliminary assessment of SM exposure. However, immunochemical methods have 

several limitations, such as limited chemical specificity, sensitivity, and a low linear 

range of quantitation. Therefore, immunochemical methods can only be considered as 

indicative evidence for SM exposure (Battista et al. 1996)). As proof of the use of a 

chemical weapon, the OPWC demands at least two different methods based on 

spectrometric verification (OPCW 2015a). Mass spectrometry-based approaches 

https://www.nytimes.com/2016/11/21/world/middleeast/isis-chemical-weapons-syria-iraq-mosul.html
https://www.nytimes.com/2016/11/21/world/middleeast/isis-chemical-weapons-syria-iraq-mosul.html


Results 

 

50 

   

provide full chemical specificity, high analytical sensitivity, accuracy and reproducibility 

and are therefore considered highly suited for exposure verification in court procedures 

(Remane et al. 2016a). One possible approach to verify SM exposure by mass 

spectrometry represents the measurement of SM-protein adducts, e.g. serum albumin 

and hemoglobin via LC-MS/MS (Gandor et al. 2015; John et al. 2016a; Liu et al. 2015; 

Noort et al. 2008). The measurement of SM-protein adducts in blood serum enables 

relatively long time-windows of detection post exposure of up to 41 days (Newmark et 

al. 2007). Blood-derived SM-protein adducts therefore represent suitable forensic 

‘biomarker of exposure’. Apart from serving as ‘biomarkers of exposure’, SM-DNA 

adducts in addition represent suitable mechanism-based and toxicologically-relevant 

‘biomarkers of effect’, which allow medical risk assessment, particularly in terms of 

assessment of long-term cancer risk (Zubel et al. 2017a). For absolute quantitation of 

DNA adducts, isotope-labeled chemical standards can be used, which account for 

technical variability during sample preparation and mass spectrometric analysis. Such 

a targeted isotope dilution LC-MS/MS (ID-LC-MS/MS) approach is currently 

considered the gold standard for the analysis of a broad range of DNA adducts 

(Tretyakova et al. 2012; Zubel et al. 2017a). Thus, mass spectrometric monitoring and 

quantitation of mustard-induced nucleic acid adducts can help to unambiguously 

identify and verify exposed individuals, as a method complementing the analysis of 

SM-protein adduct. In addition, analysis of SM-DNA adducts sets a basis to investigate 

mustard-induced DNA repair mechanisms and their cellular consequences, thereby 

leading to a better understanding of the mode of action of SM-induced pathotoxicology 

and the development of effective countermeasures. 

Up to now a few LC-MS/MS methods to quantify SM-induced DNA adducts have been 

reported [(Batal et al. 2013a; Wei et al. 2011; Yue et al. 2014), and comprehensively 

reviewed in (Zubel et al. 2017a)]. Briefly, Batal et al. reported the detection the three 

most abundant DNA adducts N7-HETE-Gua, N3-HETE-Ade and Bis-Gua in SM-

treated DNA and human leukemic monocytes with a limits of detection in the low 

femtomole range (Batal et al. 2013a). The method is based on the use of external 

calibration curves, which lacks the addition of an internal standard for absolute 

quantification. Follow-up studies focused on the application of SM to mouse skin and 

the systemic analyses of adduct distributions in internal organs ((Batal et al. 2014; 

Batal et al. 2013b). Yue et al. (Yue et al. 2014) quantitively assessed the four SM 

adducts N7-HETE-Gua, N3-HETE-Ade, Bis-Gua and O6-HETE-Gua. They used ID-

LC-MS/MS by adding deuterated internal standards, reaching detection limits in the 

sub-femtomole range (Yue et al. 2014). Follow-up studies also focused on adduct 

distributions in animal models (Yue et al. 2015), including urinary excretion of 

metabolites (Zhang et al. 2014). In a further study these authors compared adduct 

induction in adipocyte cell lines and adipose tissue, suggesting a depot effect of SM in 

lipid-rich tissues (Wang et al. 2015). 

In the current study, we developed and applied an ultrasensitive and versatile mass 

spectrometric platform based on ID-UPLC-MS/MS for the specific and absolute 



Results 

 

51 

   

quantitation of the most common mustard-induced DNA as well as RNA adducts, i.e. 

SM-induced N7-HETE-Gua, N3-HETE-Ade and Bis-Gua, as well as CEES-induced 

N7-ETE-Gua and N3-ETE-Ade adducts. To this end, we developed methods for 

sample preparation, chromatographic and mass spectrometric analyses, and the 

synthesis of 13C,15N-labelled chemical standards. We applied and validated these 

methods for adduct quantitation in several biological sample matrixes, such different 

cell culture models, isolated peripheral blood mononuclear cells (PBMCs), rat skin, 

human whole blood, and dried blood spots. Mechanistic insight into kinetics of repair 

and/or decay of the different DNA and RNA adducts was achieved by time course 

experiments in the HaCaT and A549 cell lines, representing the two major target 

organs skin and lung, as well as primary cells, i.e. human PBMCs and normal human 

epidermal keratinocytes (NHEKs). In all tested cellular systems sustained adduct 

stability was observed. The LC-MS/MS platform is currently implemented into the 

method portfolio of the Institute of Pharmacology and Toxicology of the Bundeswehr, 

Munich, Germany, which is an OPCW-approved laboratory, and has already led to first 

applications in follow-up research projects (Tsoutsoulopoulos et al., manuscript in 

preparation). 

4.3. Materials and Methods 

4.3.1. Chemicals 

CEES was purchased from Sigma Aldrich. Sulfur mustard (bis-[2-chloroethyl]sulfide, 

purity > 99%, confirmed by NMR) was made available by the German ministry of 

defense. CEES and SM are highly toxic and carcinogenic. The use of them must be 

handled with utmost caution. All experiments with SM were performed at the 

Bundeswehr Institute of Pharmacology and Toxicology, Munich, Germany according 

to all local safety regulations.  

4.3.2. Cell culture 

HaCaT and A549 cells were cultured in DMEM (Thermo Scientific) supplemented with 

10% fetal calf serum (Biochrome) and 1% penicillin-streptomycin (Thermo Scientific) 

at 37°C in a humidified incubator with 5% CO2. Cells were washed with PBS 

(Biochrome) and detached with trypsin-EDTA (0.05%, Thermo Scientific). 

Primary normal human epidermal keratinocytes (NHEKs) (adult, pooled, PromoCell) 

were cultured in Keratinocyte Growth Medium 2 (ready-to-use, PromoCell) at 37°C in 

a humidified incubator with 5% CO2. Detachment of cells was performed with Accutase 

solution (PromoCell) after washing with HEPES BSS (PromoCell). 
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4.3.3. SM and CEES treatment of DNA 

An amount of 1 mg calf thymus (CT) DNA (Sigma Aldrich) or baker’s yeast RNA (Sigma 

Aldrich) were dissolved in 1 ml Na2HPO4 buffer (50 mM, pH 7) overnight at 4°C. Pre-

mixes of SM in EtOH or CEES in EtOH/HCl (95%, v/v / 0.5%, v/v) were prepared freshly 

(200× of final concentration). Final dilutions were performed in pre-warmed PBS. 

Solvent controls were treated with 0.5% (v/v) solvent in PBS. Incubation was performed 

for 1 h at RT. DNA was precipitated with 350 µl isopropanol, centrifuged at 5,000 × g 

for 15 min at 4°C and washed with 250 µl cold EtOH (70%, v/v). Pellets were dried at 

37°C and resolved in 1 ml TE buffer (10 mM Tris, 1 mM EDTA, pH 7.9). RNA 

precipitation was performed with 1.3 ml ice-cold absolute EtOH per 500 µl and 

centrifuged at 10,000 × g for 15 min at 4°C. Pellets were washed with 250 µl cold EtOH 

(70%, v/v) and centrifuged at 13,000 × g for 15 min. Pellets were dried at 37°C and 

resolved in 500 µl TE buffer. 

4.3.4. SM and CEES treatment of cells 

Pre-mixes of SM in EtOH or CEES in EtOH/HCl (95%, v/v / 0.5%, v/v) (200× of final 

concentration) were prepared freshly. Final dilutions were performed in pre-warmed 

PBS. Solvent controls were treated with 0.5% (v/v) solvent in PBS. Incubation was 

performed for 1 h at 37°C if not stated otherwise. Cells were washed with pre-warmed 

PBS and further incubated with fresh medium or directly harvested with trypsin/EDTA, 

again washed with cold PBS and pellets were stored at -80°C. 

4.3.5. Ex-vivo treatment of whole blood samples with SM and CEES 

Blood from healthy volunteers was collected with a S-Monovette 10 ml 9NC (Sarstedt). 

Blood sample collection was approved by the Ethics Committee of the University of 

Konstanz. One-milliliter samples were prepared, directly treated with a 200× pre-mix 

of CEES or SM, and subsequently incubated for 1 h at 37°C. Afterwards DNA was 

directly isolated from blood samples or stored at -80°C. 

4.3.6. Isolation and treatment of PBMCs 

Fresh blood (20-30 ml) was centrifuged at 300 × g for 10 min without brake. Plasma 

supernatant was discarded. The rest of the blood was diluted in pre-warmed PBS to 

50 ml. A volume of 25 ml of the diluted samples were carefully applied to 15 ml Biocoll 

(Biochrome). After centrifugation at 900 × g for 15 min without brake, PBMCs were 

visible as a white ‘cloud’ above the Biocoll layer. PBMCs were collected on ice and 

diluted to 12.5 ml with PBS. After centrifugation at 300 × g for 10 min at 4°C, the pellet 

was washed with cold PBS. Cell numbers were determined and 1 × 107 cells in 1 ml 

PBS were treated with CEES. Cells were washed with pre-warmed PBS and 

centrifuged at 800 × g for 5 min. Afterwards pellets were stored at -80°C or PBMCs 

were seeded in RPMI medium (Thermo Scientific) with 10% fetal calf serum 
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(Biochrome) and 1% penicillin-streptomycin (Thermo Scientific) at 37°C in a humidified 

incubator with 5% CO2.  

4.3.7. Dried blood spot analysis 

A volume of 200 µl of ex-vivo-treated blood was spotted on filter blotting paper 

(Hartenstein, 0.76 mm, 330 g/m2) and dried over night at RT. Blood spots were 

dissolved in 1 ml PBS under agitation overnight at 37°C. Samples were dried under 

vacuum and resolved in 200 µl PBS and DNA was isolated with the QIAamp DNA 

blood Mini Kit and eluted with 100 µl TE buffer (10 mM Tris, 1 mM EDTA, pH 7.9). 

4.3.8. DNA and RNA extraction 

DNA from whole blood or PBMCs was isolated using the Blood & Cell Culture DNA 

Mini Kit (Qiagen) according to manufacturer’s instructions with an additional digestion 

step with 20 µg RNase (DNase and protease-free, Thermo Scientific) at 37°C for 1 h, 

after resuspension of samples in G2 buffer. 

DNA and RNA from other cells were isolated using the AllPrep DNA/RNA Mini Kit 

(Qiagen) including the optional on-column DNase digestion with the RNase-free 

DNase Set (Qiagen). β-Mercaptoethanol was added to buffer RLT. Furthermore, an 

on-column RNase digestion was performed. After washing the AllPrep DNA spin 

column with buffer AW1, columns were washed with 350 µl buffer RW1 and centrifuged 

for 15 s at 8000 × g. RNase (20 µg) was mixed with 80 µl buffer RDD, applied to the 

column membrane and incubate for 30 min at 30°C. After washing with 350 µl buffer 

RW1, the purification procedure was continued with buffer AW2 according to the 

manufacturer’s instructions. 

RNA from whole blood was isolated using the RNeasy Mini Kit (Qiagen), including the 

optional on-column DNase digestion. To lyse the blood 5 ml Red Blood Cell Lysis buffer 

(15.5 mM NH4Cl, 1 mM KHCO3, 10 mM EDTA) was added to 1 ml blood and incubated 

on ice for 10 min and vortexed thoroughly. After centrifugation at 400 × g for 10 min at 

4°C, the pellet was washed with 2 ml RBL buffer and centrifuged again. Cells were 

lysed with RLT buffer including β-mercaptoethanol and homogenized with a 

QIAshredder according to manufacturer’s instructions. 

Cytoplasmatic RNA was isolated from cells using the RNeasy Mini Kit (Qiagen) 

according to manufacturer’s instructions for isolation of cytoplasmatic RNA including 

the lysis of plasma membranes by buffer RLN. Nuclei were removed by centrifugation 

and used for isolation of nuclear RNA. miRNA was isolated using the HighPure miRNA 

Isolation Kit (Roche) according to manufacturer’s instructions. 

To digest DNA or RNA a 10× master mix was prepared with 20 U benzonase nuclease 

(Sigma Aldrich) and 40 µg DNase I (Roche) or 200 µg RNase, respectively, in 

Tris/MgCl2 (630 mM / 63 mM, pH 8). The final concentration of the buffer in samples 



Results 

 

54 

   

was 10.3 mM/1 mM Tris/MgCl2. Samples were incubated for 2 h at 37°C. Afterwards a 

second 10× mastermix with 50 U alkaline phosphatase from bovine intestine mucosa 

(Sigma Aldrich) and 2.5 U phosphodiesterase I (Affymetrix) was prepared in NaOAc 

(final concentration 12.4 mM, pH 7.8), added to the samples and incubated for 2 h at 

37°C. Ultrafiltration was performed with Pall NanoSep Omega 10K centrifugal devices 

(VWR) for 10 min at full speed. Thermal hydrolysis of DNA adducts was achieved by 

incubation for 20 min at 90°C. RNA adducts were hydrolyzed for 1 h at 90°C. 

4.3.9. Annexin V/PI analysis 

A number of 6 × 105 cells were seeded in 6-well plates one day prior to treatment. 

Twenty-four hours after treatment, medium was collected, and cells were detached. 

Cells were centrifuged at 1,600 × g for 5 min. A number of 4 × 106 cells/ml were 

resuspended in Annexin V binding buffer (10 mM HEPES, pH 7.4, 140 mM NaCl, 2.5 

mM CaCl2) and 195 µl were stained with 5 µl Annexin V-FITC conjugate (Enzo Life 

Technologies) for 15 min in the dark. Afterwards, 200 µl PI staining solution [10 µg/ml 

PI (Sigma Aldrich) in Annexin binding buffer] was added and samples kept on ice until 

measurement with a FACSVerse instrument (BD Biosciences). Per condition 20,000 

cells were analyzed. 

4.3.10. AlamarBlue assay 

A number of 3,000 cells per well was seeded in a 96-well plate in technical triplicates. 

At the next day, cells were washed with PBS and treated with CEES. After 1 h, cells 

were washed again with PBS and medium was added. After additional incubation for 

24, 48 and 72 h, 10 µl AlamarBlue 10× (Thermo Scientific) was added to each well and 

incubated for 3 h at 37°C in the dark. To stop the reaction, 50 µl SDS (3% w/v) was 

added. Plates were sealed and stored at 4°C in the dark. Fluorescent signals were 

detected using a Varioskan Flash reader (Ex.: 570 nm/Em.: 585 nm). 

4.3.11. Immuno slot blot assay 

The protocol was adapted from (Kehe et al. 2013). DNA was diluted to 50 µg/ml in 

0.4% (v/v) formamide and 11.1% (v/v) formaldehyde in TAE buffer (20 mM Trizma 

base, 1.3 mM EDTA, pH 8). Denaturation was performed at 52°C for 20 min. 

Afterwards samples were cooled and frozen at -80°C. Slots were washed once with 

PBS and with 6× SCC buffer (20× SCC buffer: 340 mM tri-sodium-citrate, 3 M NaCl), 

DNA was diluted to 1 µg in 200 µl PBS (1:10), samples were loaded with a negative 

pressure of 350 mbar on an Amersham Hybond-N+ membrane (GE Healthcare). Slots 

were washed with PBS and 2× SCC buffer. Afterwards the membrane was air dried for 

15 min and DNA was fixated at 80°C for 2 h. The membrane was washed twice with 

0.2× SCC buffer for 15 min and incubated with Dako Protein Block solution for 20 min. 

The antibody 2F8 (TNO, The Netherlands, 1:7000 in Dako Antibody Diluent) was 

applied overnight at 4°C. After washing thrice with TBS-T for 5 min, the membrane was 
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incubated with secondary antibody [goat anti-mouse HRP, Millipore, (1:2000) in milk] 

for 1 h at 37°C, again washed thrice with TBS-T for 5 min, and chemiluminescence 

was detected via ECL reaction. 

4.3.12. Synthesis and validation of analytical standards 

The nucleosides dG or dA (unlabeled, Sigma Aldrich, 800 µg/ml or 13C,15N-labeled, 

Euriso-Top, 1 mg/ml in Na2HPO4 buffer) were treated with 5 mM CEES or 1 mM SM 

and incubated for 4 h at RT and stored at -20°C overnight. Thermal hydrolysis was 

achieved at 90°C for 1 h and 5 mg treated dG or dA was pre-purified with a Discovery 

DSC-18 SPE tube (5g/20ml, Sigma Aldrich). Columns were equilibrated with 8 ml abs. 

MeOH and 8 ml 1% MeOH (v/v). After sample loading a pre-wash with 30 ml 1% MeOH 

(v/v) (20 ml for ETE-Ade) and washed with 30 ml 5% MeOH (v/v) (8 ml for ETE-Ade). 

Elution was performed with 30 ml 10% MeOH (v/v) and 30 ml 15% MeOH (v/v), 16 ml 

20% MeOH (v/v) and 8 ml 80% MeOH (v/v). Two additional elution steps with 8 ml abs. 

MeOH were performed for HETE-Ade. ETE-Ade was instead additionally washed with 

8 ml 15% MeOH (v/v), 16 ml 20% MeOH (v/v) and 16 ml 20% MeOH (v/v) in 5% formic 

acid (v/v). ETE-Ade was then eluted with 16 ml 30% MeOH (v/v) in 5% formic acid 

(v/v), 16 ml 40% MeOH (v/v) in 5% formic acid (v/v), 16 ml 50% MeOH (v/v) in 5% 

formic acid (v/v) and 8 ml 80% MeOH (v/v). Columns were regenerated with 8 ml abs. 

MeOH and re-used 5 times. 

Final purification was performed on a 2695 Alliance Separation Module (Waters) with 

a Nucleodur C18 HTec column (3 µm, 2x125mm, Machery-Nagel). ETE-Gua was 

purified with a gradient starting with 100% A (ammonium acetate buffer, 2 mM) at a 

flow rate of 0.2 ml/min. Buffer B (acetonitrile with 0.1% acetic acid) was increased to 

15% within 25 min, then further increased to 30% and held constant for 5 min. ETE-

Ade, HETE-Gua, Bis-Gua and HETE-Ade were purified with a normal or SemiPrep 

Synergi Fusion-RP column (80 Å, 4 µm, 250 × 4.6mm/250 × 10 mm, Phenomenex) 

with a flow rate of 0.7 or 3.3 ml/min. The gradient started with 100% A and increased 

in 5 min to 7.5% B. After 40 min 15% B, was reached, further increased to 30% in the 

next 5 min and held constant for 5 min. 

UV/Vis spectra of each adduct were acquired with an Ultrospec 2100 pro 

spectrophotometer (Amersham Biosciences). Extinction coefficients were ε284=7,400 

l×mol-1×cm-1 for mono-guanine adducts at pH 7 (Ludlum et al. 1994), ε270=17,400 

l×mol-1×cm-1 for mono-adenine adducts and ε265=15,700 l×mol-1×cm-1 for Bis-Gua at 

pH1 (Batal et al. 2013a). Product ion scans were performed at a high-end Xevo TQ-S 

triple quadrupole mass spectrometer (Waters). High-resolution MS spectra of each 

adduct were acquired at a Thermo LTQ Orbitrap Discovery in the Proteomics Facility 

of the University of Konstanz. 
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4.3.13. Isotope dilution UPLC-MS/MS quantification 

Analyses were performed on an ACQUITY UPLC H-class coupled to a Xevo TQ-S 

triple quadrupole MS (Waters). An ACQUITY UPLC BEH C18 column (130 Å, 1.7 µm, 

2.1 × 50 mm, Waters) was used for chromatographic separation of analytes. For the 

analysis of RNA, adducts were separated with a flow rate of 0.8 ml/min. Mobile phase 

A was Millipore water and B was acetonitrile (LC-MS grade, Carl Roth), both 

supplemented with 0.01% formic acid (Sigma Aldrich). Initial conditions were 100% A. 

B was increased to 5% in 2.5 min and held constant until 4 min. Then B was further 

increased to 15% at 5 min, to 30% at 5.5 min, and then held constant until 6 min. DNA 

adducts were separated with a flow rate of 0.35 ml/min. Initial gradient was 100% A. B 

was increased to 15% until 5 min, further increased to 30% at 6 min and then held 

constant until 7 min. 

The source settings were: Capillary: 0.7 kV, Cone: 11 V, Source Offset: 50 V, Source 

Temperature: 150°C, Desolvation Temperature: 500°C, Cone Gas Flow: 150 l/h, 

Desolvation Gas Flow: 1000 l/h, Collision Gas Flow: 0.15 ml/min, Nebuliser Gas Flow: 

7 bar. The analyzer was set to high mass resolution.  

The analytes were measured with cone voltage of 6 V, collision energy of 10 V and an 

auto dwell-time (37 ms) in MRM mode. The following ion transitions were analyzed: 

ETE-Ade m/z 224>89, ETE-Gua 240>89, ETE-dA 340.2>224, ETE-dG 356.2>240, 

ETE-rG 372.1>240, ETE-rA 356.1>224, HETE-Gua 256>105, HETE-Ade 240>105, 

Bis-Gua 389.3>210, HETE-dG 372>256, HETE-dA 356.2>240, HETE-rG 388.1>256, 

and HETE-rA 372.1>240. ‘dG’ and ‘dA’ refers to 2’-desoxyguanosine and 2’-

desoxyadenosine, respectively. ‘rG’ and ‘rA’ refers to guanosine and adenosine, 

respectively. 

DNA and RNA amounts were determined by UPLC-MS/MS measurements with the 

same parameters as described for nucleic acid adducts. The following ion transitions 

were analyzed: dG m/z 268.1>152, dA m/z 252>136, dT m/z 243>127, dC m/z 

228>112, rG m/z 284.2>152, rA m/z 268.2>136, rU m/z 245.2 >113 and rC 244.2>112. 

4.3.14. Method validation 

The linear range of 1-1000 fmol was determined by serial dilution of standard stock 

solutions. The LOD and LOQ were determined with a S/N ratio of 3 and 10, 

respectively. Low-, medium- and high-quality control concentrations (LQC, MQC and 

HQC) were prepared with an amount of 5, 50 and 500 fmol of each adduct. According 

to FDA guidelines (FDA 2005), intraday and interday variations, which are measures 

for the precision of a method, were determined as n=5 for all three concentration levels. 

Recovery rates and matrix effects were determined according to guidelines of the 

European Medicines Agency (EMA 2011) by preparing three different sets of LQC, 

MQC and HQC, each n=3. In Set 1 standards were spiked into digested, hydrolyzed 
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blank matrix. In Set 2 standards were spiked into water and in Set 3 standards were 

spiked into un-hydrolyzed blank matrix and afterwards hydrolyzed. By dividing Set 3 

and Set 1 the recovery rates were calculated. The ratio of Set 1 to Set 2 determined 

the respective matrix effect. All sets (1-3) were normalized to internal standards. 

Potential analyte losses due to short-term storage at RT and 37°C were determined 

for 6, 12 and 24 h of storage. Potential analyte losses due to long-term storage were 

measured after 2 and 4 weeks of storage at -20°C and -80°C. Up to three freeze-thaw 

cycles were also measured. All storage samples were analyzed in triplicates for LQC, 

MQC and HQC. 

4.4. Results 

4.4.1. Method development and synthesis of internal standards 

To develop chromatographic and mass spectrometric methods for the analysis of the 

most relevant adducts isolated calf thymus DNA or yeast RNA treated either with SM 

or CEES were used as a model system. In order to prepare samples for LC-MS/MS 

analyses, DNA or RNA were then digested to nucleotides with DNase I or RNase A, 

respectively, and benzonase nuclease. Afterwards nucleosides were generated by 

incubation of samples with alkaline phosphatase and phosphodiesterase I, and 

ultrafiltration was performed to remove enzymes and any potentially precipitated 

material. For the analysis of a key set of SM or CEES-induced nucleic acid adducts 

(Figure 13), appropriate UPLC gradients were developed, resulting in baseline 

separation of most DNA or RNA adducts from canonical nucleosides with retention 

times of about 4-5 min for CEES-induced DNA adducts, 3-4 min for CEES-induced 

RNA adducts, and 2-3 min for SM-induced DNA and RNA adducts (Figure 14). In 

CEES-treated samples, four adducts were detectable corresponding to the 

fragmentation pattern of the respective nucleoside adducts, i.e. N7-ETE-dG / N7-ETE-

rG and N3-ETE-dA / N3-ETE-rA, as well as spontaneously hydrolyzed nucleobase 

adducts, i.e. N7-ETE-Gua and N3-ETE-Ade. In the case of SM-treated samples, N7-

HETE-dG / N7-HETE-rG, N3-ETE-dA / N3-ETE-rA, N7-HETE-Gua and N3-HETE-Ade 

were detected (Figure 13). To further improve sensitivity, thermal hydrolysis was 

performed by incubating DNA samples at 90°C for 20 min. Due to the higher stability 

of the N-glycosidic bond, RNA adducts were hydrolyzed for 60 min prior to LC-MS/MS 

analysis. 
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Figure 13 The main adducts induced by SM  are N7-HETE-Gua (m/z 256, ~61%), cross-linked Bis-Gua (m/z 

389.3, ~17%), N3-HETE-Ade (m/z 240, ~16%) and highly mutagenic O6-HETE-Gua (0.1%). Mono-alkylated 
adducts are fragmented in MS/MS to a product ion of m/z 105, whereas Bis-Gua results in a fragment of m/z 210. 

 

Figure 14: UPLC-MS/MS chromatograms of SM and CEES-induced DNA and RNA adducts. Adducts were 

detected on a reverse phase BEH18 column with a water-acetonitrile gradient. Calf thymus (CT)-DNA was treated 
with 100 µM CEES (A.) or SM (B.), respectively, inducing the DNA-specific nucleoside adducts (H)ETE-dG and 

(H)ETE-dA, as well as the nucleobase adducts (H)ETE-Gua and (H)ETE-Ade. In SM-treated samples also the 
crosslinked Bis-Gua adduct was detected. In C. and D. yeast RNA was treated with 100 µM CEES or SM leading 

to the formation of the RNA-specific nucleoside adducts (H)ETE-rG and (H)ETE-rA, nucleobase adducts (H)ETE-
Gua and (H)ETE-Ade, and, in the case of SM-treatment, also Bis-Gua. 

As isotope dilution mass spectrometry represents the gold standard for accurate and 

absolute quantitation of DNA lesions, we synthesized suitable internal chemical 

standards. To this end, 13C,15N-labeled nucleosides were treated with SM and CEES. 

Pre-purification was achieved by C18 solid phase extraction and final purification was 

performed via HPLC. The chemical standards were characterized by high resolution 
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MS, UV/Vis spectrophotometry and LC-MS/MS fragmentation-induced product ion 

scans. Exact m/z of standards in SPE fractions were m/z XXX for HETE-Gua, m/z XXX 

for HETE-Ade, m/z XXX for Bis-Gua, m/z 240.09 for ETE-Gua, and m/z XXX for ETE-

Ade (Suppl. Figure 1 A-E). (N.B. High resolution MS measurements are currently 

conducted by the Proteomics Facility of the University of Konstanz.) The absorbance 

maxima of guanine adducts were at 285 nm, of adenine adducts at 264 nm, and of Bis-

Gua at 275 nm (Suppl. Figure 1 F-J).  Product ion scans of nucleoside adducts led to 

fragments of their corresponding nucleobase adduct, e.g. (H)ETE-Gua after 

fragmentation of (H)ETE-dG, as well as the fragment of the respective alkylating agent, 

i.e. [HETE+H]+ (m/z 105) or [ETE+H]+ (m/z 89) (cf. Figure 13). Nucleobase adducts led 

to [HETE+H]+ or [ETE+H]+, whereas Bis-Gua led to the expected fragment of m/z 210 

(Suppl. Figure 2 & Suppl. Figure 3, cf. Figure 13). 

Calibration curves of unlabeled standards spiked with isotope-labelled standards 

displayed a linear range of detection of at least two orders of magnitudes (Suppl. Figure 

4). The sensitivity was determined by a lower limit of detection (LLOD, S/N=3) of 0.1 – 

0.75 fmol and a lower limit of quantification (LOQ, S/N=10) of 0.25-1 fmol, depending 

to the respective analyte (Table 7). According to the EMA guidelines (EMA 2011), 

recovery rates and matrix effects were determined and revealed no considerable 

variance. Quality controls (QC) were prepared over a low (LQC), medium (MQC) and 

high (HQC) concentration range of 5, 50 and 500 fmol of each adduct. The relative 

standard deviations (RSD), which are measures for the precision of the method, were 

within the range of <20% for LQCs and <15% for MQCs and HQCs for samples 

measured on the same day (intraday precision) and on different days (interday 

precision), except for Bis-Gua measurements, which showed RSDs <30% (Table 8). 

These levels of variation are fully compatible with requirements of FDA guidelines for 

validation of analytical procedures (FDA 2005). Furthermore, three rounds of 

successive freeze-thaw cycles, as well as short-term and long-term storage did not 

affect the stability of the tested analytes (Table 9). 

Table 7: Linearity ranges of detection and sensitivity levels of measured analytes. 

 Linear range [fmol]  Calibration curve (n=3) Linearity (r2) LLOD [fmol] LOQ [fmol] 

HETE-Gua 1-1000 y=(1.039±0.008)x-(0.028 ± 0.018) 0.9991 0.75 1 

HETE-Ade 1-1000 y=(0.815±0.006)x-(0.018 ±0.025) 0.9991 0.25 0.5 

ETE-Gua 1-1000 y=(1.178±0.007)x-(0.014±0.015) 0.9993 0.1 0.25 

ETE-Ade 1-1000 y=(0.4525±0.003)x-(0.011±0.012) 0.9993 0.1 0.25 
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Table 8: Analyses of recovery rates, matrix effects and precision values of measured analytes. Recovery 

rates and matrix effects of standards in DNA were determined according to the EMA guidelines (EMA 2011). 
Precision was determined according to the FDA guidelines (FDA 2005). Standard samples were prepared over a 
range of 5, 50 and 500 fmol, representing low (LQC), medium (MQC) and high (HQC) concentration quality controls. 
*n=4 instead of n=5 

    

Recovery rate [%] Matrix effect [%] Precision (%RSD) 

(n=3)  (n=3) 
Interday 
(n=5) 

Intraday 
(n=5) 

HETE-Gua LQC 105,0 101,2 17.4 2.5 

 MQC 102,2 102,4 14.5* 1.3 

  HQC 100,0 103,5 9.9 0.9 

HETE-Ade LQC 102,3 102,6 5.1 7.3 

 MQC 103,6 100,1 2.3 6.2 

  HQC 104,3 95,6 2.5 5.6 

Bis-Gua MQC 93,2 133,9 22.3 23.3 

  HQC 57,7 114,9 26.0 15.7 

ETE-Gua LQC 103,2 101,4 14.2 5.5 

 MQC 92,7 100,8 13.0* 4.7 

  HQC 94,6 100,2 9.0* 2.5* 

ETE-Ade LQC 115,9 91,1 6.3 9.5 

 MQC 97,9 102,1 3.7* 6.1 

  HQC 101,2 101,0 2.0* 4.7* 

Table 9: Analysis of potential storage effects. Analyte stabilities were analyzed after repeated freeze-thaw 

cycles, short-term storage at ambient temperatures up to 24 h and long-term storage up to 4 weeks at -20°C and -
80°C. Standards samples were prepared over a range of 5, 50 and 500 fmol, representing low (LQC), medium 
(MQC) and high (HQC) concentration quality controls. 

  Freeze-thaw [%RSD] Short-term storage [%RSD]  Long-term storage [%RSD] 

     RT 37°C   -20°C  -80°C 

HETE-Gua LQC 3,9 8,1 8,7  18,7 15,9 

 MQC 0,4 8,4 8,9  17,7 16,1 

  HQC 0,0 4,9 5,2  15,1 14,2 

HETE-Ade LQC 9,3 4,4 6,6 7,7 17,8 

 MQC 5,2 3,6 5,2 11,4 16,3 

  HQC 4,6 3,2 3,4 9,8 12,3 

Bis-Gua MQC 10,7 21,6 15,2 41,1 22,2 

  HQC 5,8 17,8 12,3 41,7 40,4 

ETE-Gua LQC 2,1 8,8 8,9 20,7 16,4 

 MQC 0,6 5,0 5,6 20,0 17,9 

  HQC 5,4 3,5 3,3 18,3 16,0 

ETE-Ade LQC 8,2 3,3 2,1 14,3 17,8 

 MQC 3,6 2,7 2,4 16,2 16,3 

  HQC 12,6 3,4 3,6 16,8 12,3 
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The successful validation of the herein developed UPLC-MS/MS methods set the basis 

for toxicological and mechanistic investigations of mustard agent-induced nucleic acid 

damage in a spectrum of different biological model systems, i.e. isolated DNA/RNA, 

DNA/RNA isolated from different cell culture models, and DNA/RNA isolated from ex-

vivo-treated human whole blood and rat skin biopsies. 

4.4.2. Analyses of SM- and CEES-induced DNA / RNA adducts after 

treatment of pure DNA / RNA and cancer cell lines 

The matrices of lowest complexity used in this study were isolated CT-DNA and yeast 

RNA. Mustard agents directly reacted with the respective nucleic acid without potential 

interference of other influencing factors present in cellular and in vivo systems, CT-

DNA was treated with increasing concentrations of CEES or SM leading to the 

formation of the respective DNA adducts in a dose-dependent manner (Figure 15). 

CEES-induced adducts were detectable at concentrations of as low as 10 nM CEES 

(Figure 15A), while SM-induced adducts were detectable at concentrations >100 nM 

(Figure 15B). Furthermore, several DNA crosslinked molecules were identified such 

as previously reported Bis-Gua, but also two formerly unreported adducts, i.e. 

crosslinks of guanine and adenine (Gua-ETE-Ade) as well as of two adenines (Bis-

Ade) (Suppl. Figure 1A). Treatment with 100 µM CEES treatment resulted in molar 

percentages of 60% ETE-Gua and 40% ETE-Ade, whereas SM treatment resulted in 

the induction of 81.3% HETE-Gua and 18.7% HETE-Ade. Similar to results from DNA 

treatment, in yeast RNA, CEES and SM-induced adducts were detectable in a dose-

dependent manner with similar sensitivities as observed in DNA, i.e. at least 10 nM 

CEES and 100 nM SM (Figure 16A & B). Compared to DNA, the percentages of ETE-

Gua and HETE-Gua were higher (96% and 99%, respectively). To compare our MS-

based method with a technically completely independent method for the detection of 

SM-induced DNA adducts (Kehe et al. 2013), immunochemical detection with the 2F8 

antibody against HETE-Gua was performed. Statistically significant DNA adduct 

induction was visible after treatment with 500 µM of CEES and 100 µM of SM (Figure 

15C & D). In RNA treatment with 100 µM CEES and SM, respectively, resulted in 

statistically significant adduct induction (Figure 16C & D). Our mass spectrometric 

approach is therefore 3-4 orders of magnitudes more sensitive than the 

immunochemical detection. Furthermore, the LC-MS/MS-based detection exhibits full 

chemical specificity without any issues of antibody cross-reactivity. 
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Figure 15. SM and CEES-induced adducts in isolated CT-DNA. CT-DNA was treated with indicated 
concentrations of CEES or SM for 1 h. A. Dose-response relationship of CEES-induced ETE-Gua and ETE-Ade. 
Detection limit ≥10 nM CEES. Means ± SEM of n=3 B. Dose-response relationship of SM-induced HETE-Gua and 
HETE-Ade. Detection limit ≥100 nM SM. Mean of n=1. C-D. Immunochemically slot-blot detection of CEES (C.) and 
SM (D.) induced DNA adducts using the (H)ETE-Gua-specific antibody 2F8. Data are means ± SEM relative to 

control mean of three independent experiments. Statistical analysis was performed using one-way ANOVA followed 
by a post-hoc Bonferroni test. *p<0.05, **p<0.01, ***p<0.001. 
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Figure 16: SM and CEES-induced adducts in isolated yeast RNA. Yeast RNA was treated with indicated 
concentrations of CEES or SM for 1 h. A. Dose-response relationship of CEES-induced ETE-Gua and ETE-Ade. 
Detection limit ≥10 nM CEES. Means ± SEM of n=3 B. Dose-response relationship of SM-induced HETE-Gua and 
HETE-Ade. LOD ≥100 nM SM. Mean of n=1. C-D. Immunochemically slot-blot detection of CEES (C.) and SM (D.) 

induced RNA adducts using the (H)ETE-Gua-specific antibody 2F8. Data are means ± SEM relative to control mean 
of three independent experiments. Statistical analysis was performed using one-way ANOVA followed by a post-
hoc Bonferroni test. *p<0.05, **p<0.01, ***p<0.001. 

In a next step, DNA adduct induction was examined in the keratinocyte cell line, 

HaCaT, and in the lung carcinoma cell line, A549, which represent skin and lung as 

the most relevant SM target tissues. Cellular systems represent a more complex matrix 

than isolated DNA. Thus, on the one hand the toxicant has to pass several membrane 

structures to reach nuclear DNA, thereby losing some of the reaction potential. On the 

other hand, DNA and RNA have to be isolated from cells, which potentially leads to 

some loss of the analytes. In both cellular systems, DNA adducts were detectable after 

CEES treatment in concentrations as low as 100 nM (Figure 17A & B). In HaCaT cells 

ETE-Gua and ETE-Ade adducts were induced at relative frequencies of 75.1% and 

24.9%, respectively. In A549 cells ETE-Gua and ETE-Ade adducts were induced at 

relative frequencies of 94.6% and 5.4%. After SM treatment, DNA adducts were 

detectable after treatment with ≥100 nM SM (Figure 17C & D). The molar percentage 

of HETE-Gua and HETE-Ade in HaCaT and A549 cells were about 89-90% and 10-

11%, respectively. Interestingly, CEES induced about 5-10-fold more mono-alkylated 
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adducts than SM, suggesting different toxicokinetics and dynamics of the two 

substances. Additionally, in both cell lines also RNA adduct levels were investigated 

(Figure 18). The detection limits were determined to correspond to treatment 

concentrations of 100 nM CEES and SM, which was in the same range as in cellular 

DNA. In both cell lines analyzed, RNA adduct distribution after CEES treatment was 

about 95% ETE-Gua and 5% ETE-Ade, whereas SM induced a higher percentage of 

HETE-Gua (98.6%). Additionally, RNA adducts were analyzed in different RNA pools, 

such as RNA extracted from the nucleus, so mainly rRNA, the cytoplasm, including 

mRNA and tRNA, as well as in separately extracted miRNA (Suppl. Figure 6). Between 

the different RNA pools, no considerably differences were observed. 

 

Figure 17: Quantification of DNA adducts in HaCaT and A549 cells. Each cell line was treated with the indicated 

concentrations of CEES or SM for 1 h. After isolation of DNA, a defined amount of internal standard was spiked to 
the samples, which enabled total adduct quantification per 1 million canonical bases. HaCaT (A.) or A549 (B.) cells 
were treated with CEES. Adducts were detectable after treatment of ≥100 nM CEES. HaCaT (C.) or A549 (D.) cells 

were treated with SM leading to detectable adduct levels at concentrations ≥0.1 µM SM. Data in A. and B. are 
represented as means of n=3 ±SEM, data in C. and D. are from one experiment, respectively. 
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Figure 18: Quantification of RNA adducts in HaCaT and A549 cells. Each cell line was treated with the indicated 

concentrations of CEES or SM for 1 h. After RNA isolation, a defined amount of internal standard was spiked into 
the samples which enabled total adduct quantification per 1 million canonical bases. Concentrations of ≥100 nM 
CEES induced detectable adducts levels in HaCaT (A.) or A549 (B.). HaCaT (C.) or A549 (D.) cells were also 

treated with SM, in which case adducts were above detection limits for treatment concentrations ≥100 nM SM 
treatment. Data in A. and B. represent means of n=3 ±SEM, data in C. and D. are from one experiment, respectively.  

4.4.3. Time-course analyses of adduct stability in different cellular 

systems 

To gain insights in the DNA repair of SM- and CEES-induced nucleic acid damage, 

time-course analyses of adduct levels were performed in HaCaT and A549 cells. 

Appropriate doses were chosen according to toxicity testing via AlamarBlue and cell 

death staining. In both cell lines, 100 µM CEES treatment showed no impairment in 

viability for up to three days (Suppl. Figure 7). Also, AnnexinV/PI staining revealed no 

enhanced cell death after treatment with 100 µM CEES after 24h (Suppl. Figure 8A & 

B) as well as up to 3 days (Suppl. Figure 8C & D). Therefore, 100 µM was considered 

as a suitable concentration for long-term treatment, as no impairment in cell viability 

was observed. For comparability reasons, we also chose a concentration of 100 µM 

SM, although at this dose some cytotoxicity has been observed (Mangerich et al. 

2016), which needs to be taken into account, when interpreting the data. 
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CEES treatment led to a rapid adduct induction already 5 min upon treatment (Figure 

19A & B), whereas SM treatment led to a further increase in adduct levels up to 1 h 

after treatment (Figure 19C & D). Afterwards a constant decrease in adduct levels was 

observed, but still 6 days after treatment. DNA adducts were clearly detectable, in 

particular in the case of SM-treated samples. The half-live (T1/2) values of HETE-Gua 

were determined to be 23.4 h and 69.5 h in HaCaT and A549 cells, respectively. T1/2 

of Bis-Gua was 49.7 h in HaCaT cells and 34.1 h in A549 cells. HETE-Ade revealed a 

T1/2 value of 11.6 h in HaCaT, whereas in A549 cells T1/2 was determined to be 23.5 h. 

Although to a lower extent, even CEES adducts were still detectable 6 days after 

treatment, with T1/2 values of 21.7 h and 19.6 h for ETE-Gua and 14.2 h or 7.1 h for 

ETE-Ade in HaCaT and A549 cells, respectively. Since in the here examined period, 

the cells did proliferate (Suppl. Figure 9), the decrease of adducts might at least in part 

be due to dilution of unrepaired adducts by newly synthesized DNA. As compared to 

DNA adducts, similar results were obtained for RNA adducts. Thus, after CEES 

treatment adduct levels peaked already after 5 min (Figure 20A & B), whereas after 

SM treatment adduct levels increased until 1 h post treatment (Figure 20C & D). In all 

cases, sustained adduct stability was evident, as signals were still clearly detectable 

after 6 days, suggesting slow turn-over of damaged RNA in treated cells. For adenine 

adducts of CEES T1/2 values of ETE-Ade were 14.3 h and 12.1 h in HaCaT and A549, 

respectively. For presently unknown reasons, SM-induced RNA adenine adducts were 

not reliably detectable in both cell lines and therefore not included in the analyses. 

ETE-Gua instead had T1/2 values of 20 h and 18.8 h in both cell lines, whereas the T1/2 

of HETE-Gua was determined as 66.3 h and 35.5 h in HaCaT and A549 cells, 

respectively. 

Both, for DNA as well as for RNA adducts, a rather slow decay of adducts was 

observed, indicating only minor repair processes in DNA and slow turn-over of adducts 

in RNA. Similar results were obtained in other cell lines, such as HepG2, HeLa and 

Jurkat cells (data not shown), suggesting cell line independent mechanisms for the 

sustained adduct stability. Still, since we used immortal cell lines, cells might exhibit 

dysregulated DNA repair mechanisms. For this reason, in a next step, we employed 

primary cells for time course analyses. 
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Figure 19: Time course analysis of DNA adducts in HaCaT and A549 cells. Cells were treated for 5 min with 
100 µM CEES (A.-B.) or SM (C.-D.), and recovery of cells was allowed for the indicated time points up to 6 days 
post treatment. Upon CEES treatment, rapid adduct formation was observed in HaCaT (A.) and A549 (B.) cells. 

Only a slight decrease was detected until the first day. Afterwards constant decay in adduct levels was observed, 
but adducts were clearly detectable 6 days after exposure. Cells were proliferating throughout this period, 
multiplying the total DNA content of the samples. In C. and D. HaCaT and A549 cells were treated with SM and 

incubated for the indicated time points. An increase in adduct levels was observed until 1 h post treatment. 
Compared to CEES-induced adducts, SM-induced adducts were more stable and also clearly detectable up to 6 
days after exposure. Data in A. and B. represent means ± SEM of 3 independent experiments. Data in C and D are 
from one experiment. 
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Figure 20: Time course analysis of RNA adducts in HaCaT and A549 cells. HaCaT (A. and C.) or A549 (B. and 
D.) cells were treated for 5 min with 100 µM CEES or SM and further incubated for the indicated time points. A.-B. 

CEES treatment led to rapid adduct induction with peak adduct levels already 5 min after treatment, followed by a 
constant decay of adducts until 6 days post treatment. C. and D. After SM treatment peak adduct levels were 

observed by 1 h after treatment and adduct levels remained more constant compared to CEES treated cells. Data 
in A. and B. represent means ±SEM of 3 independent experiments. Data in C. and D. are from one experiment. 

4.4.4. Quantitative analyses of CEES-induced DNA adducts in primary 

cells 

To investigate the stability of SM- and CEES-induced adducts in primary cells, human 

peripheral blood mononuclear cells (PBMCs) and normal human epidermal 

keratinocytes (NHEKs) were examined. Freshly isolated PBMCs were successfully 

cultivated ex vivo for up to three days. NHEKs were cultivated for at least 15 population 

doublings corresponding to about 25 days. Dose-dependent adduct induction was 

examined in both cell types. In NHEKs comparable adduct induction was observed as 

in cancer cell lines, whereas a 7-8-fold higher adduct induction was observed in 

PBMCs (Figure 21). Similar results were evident for RNA adducts in NHEKs (Suppl. 

Figure 11A). Since both cell types were more sensitive against CEES as compared to 

cancer cell lines and 100 µM CEES already induced cytotoxic effects (Suppl. Figure 

10), we chose a sub lethal dose of 10 µM CEES for time course studies. Monitoring of 

time dependent adduct levels was conducted up to three days (Figure 21B and D & 

Suppl. Figure 11B). Still in both cell types sustained adduct stability was detected, as 
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especially in PBMCs about one half to one third of the adducts were detectable 3 d 

post exposure. Since PBMCs do not proliferate here a dilution effect due to DNA 

replication as seen in cancer cell lines is not present and adduct decay occurs due to 

DNA repair and potential cell loss. Therefore, these results support the notion of long 

adduct persistence because of insufficient repair and cellular tolerance. 

 

Figure 21: Analysis of DNA adducts in primary cells. A. Freshly isolated human PBMCs were treated with the 
indicated concentrations of CEES for 1 h. DNA adducts were detectable at concentrations ≥100 nM CEES. B. 

PBMCs were treated with 10 µM CEES for 5 min and further incubated for the indicated periods. After 2 days, only 
a moderate decrease of adducts was detectable. C. NHEKs were treated with the indicated concentrations of CEES 
for 1 h. Adducts were detectable at concentrations ≥1 µM CEES. D. NHEKs were treated with 10 µM CEES for 5 

min and further incubated for the indicated periods. After 3 days a moderate decrease of adducts was detectable. 
Data in A. represent means ±SEM of 5 independent experiments. Data in B.-D. represent means ±SEM of 3 
independent experiments. 

4.4.5. Quantitative analyses of SM- and CEES-induced DNA / RNA adducts 

in ex-vivo treated tissues 

In order to be able to verify SM exposure in different relevant biological sample 

matrices, protocols for the purification of nucleic acid adducts from ex-vivo treated 

human whole blood samples (including dried blood spots) and rat skin samples were 

established. Adduct verification in ex-vivo-treated fresh human whole blood was 

possible in DNA (Figure 22), as well as in RNA (Suppl. Figure 12). As simultaneously 
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isolation of DNA and RNA was not possible, a separate protocol for the isolation of 

RNA from blood was employed. The observed dose-response relationships were 

consistent with those observed in PBMCs (Figure 22A). Again, about 11-12 fold more 

adducts were induced by CEES treatment (Figure 22B). As blood components as well 

as cell types and numbers may vary between different human individuals or the time 

point of blood collection, the assay variability was tested by analyzing one donor at five 

different days (intra-donor or inter-day variability, Figure 22C) and five different donors 

(inter-individual variability, Figure 22D). Treatment with 10 µM CEES showed low 

variability in both data sets and therefore proof the robustness and suitability of the 

method for the analysis of whole blood samples. 

 

Figure 22: Analysis of SM- and CEES-induced adducts in ex-vivo treated human whole blood samples. 
Blood samples were treated with the indicated concentrations of CEES (A.) or SM (B.) Adduct induction was 
detectable at concentrations ≥100 nM CEES and SM. C. Inter-day variability of one blood donor treated with 10 µM 
CEES for x h. D. Inter-individual variability of different blood donors treated with 10 µM CEES for x h. Data in A. 

represent means ±SEM of 4 independent experiments. Data in B. represent means ±SEM of 3 independent 
experiments. Data in C.-D. represent means ±SEM of 5 independent experiments.  

Dried blood spots represent one of the easiest sampling procedures for subsequent 

biomarker analyses, since only low amounts of blood are necessary, and sampling can 

be conducted in remote and hard to reach areas without the need of any special 

medical equipment. Furthermore, after drying, blood is not considered anymore 

potentially infectious, which allows convenient shipping of the biological sample 

material without cooling and sophisticated biological safety measures. A recent study 

has demonstrated the suitability of this sampling procedure for the analysis of SM-
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protein adducts as biomarkers of exposure (John et al. 2016b). Due to the high 

chemical stability of DNA at room temperature, it is expected to be equally well suited 

for the analysis of SM-DNA adducts. To test if our mass spectrometric platform can be 

combined with the dried blood spot analysis, we performed proof-of-principles 

experiments by using 200 µl ex-vivo-treated blood samples spotted on a filter paper 

and dried overnight at room temperature. Afterwards, dried blood spots were resolved 

in PBS and DNA was isolated. Of note, limits of detection were only 10-fold higher 

compared to the analysis of fresh blood samples as DNA adducts could be clearly 

detected in blood samples treated with concentrations of CEES ≥ 1 µM CEES (Figure 

23A). The higher detection limits can be explained on the one hand by the different 

sample matrix and therefore altered DNA isolation efficiency, but on the other hand 

also by the lower amount of blood used for the analysis. Since all blood-based analyses 

are restricted to the life span of DNA containing blood cells, we additionally tested skin 

samples. In this case, a longer detection window can be assumed compared to blood 

as well as higher adduct induction, due to direct contact with the mustard agent. For 

this reason, again proof-of-principle studies were performed with rat skin treated ex 

vivo with CEES or SM and afterwards stored at -20°C. Tissue was homogenized and 

DNA was isolated. In rat skin treated with the lowest tested concentrations of CEES 

(i.e. 400 µM) or SM (i.e. 40 µM) DNA adducts were clearly detectable (Figure 23B & 

C). The higher detection limits can be explained by dilution effects from unexposed 

surrounding and underlying tissue. 

 

Figure 23: Analysis of SM- and CEES-induced DNA adducts in different matrices relevant for forensic and 
toxicological purposes. A. Dried blood spots of ex vivo CEES-treated blood samples were prepared and 
subsequently subjected to DNA isolation. Adduct induction was detectable at concentrations ≥1 µM CEES. B.-C. 
Analyses of CEES- (B.) or SM- (C.) ex-vivo-treated rat skin. DNA adducts were detected at concentrations ≥400 

µM CEES and ≥40 µM SM. 
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4.5. Discussion 

In this study, we developed and applied a novel bioanalytical platform based on isotope 

dilution UPLC-MS/MS platform for the quantitation of the major SM and CEES induced 

nucleic acid adducts. These methods enable the absolute quantitation of DNA- as well 

as RNA adducts. Non-radioactive, isotope-labelled internal standards were 

synthesized from 13C,15N-labeled nucleosides. Dual-labeled standards at the site of the 

nucleobase are considered as the most suitable standards, as the isotope 

incorporation is more stable as compared to deuterated standards. On the one hand, 

deuterated standards are cheaper, as they are derived by exchange synthesis; on the 

other hand, for this reason they are also prone to re-exchange with normal isotope 

atoms resulting in loss of the isotope label (Stokvis et al. 2005). Furthermore, 

deuterated standards can lead to a shift in retention times as some deuterated 

standards elute before the non-labeled analyte and therefore potentially show different 

properties during MS analysis (Iyer et al. 2004). In the current study, the standards of 

N7-(H)ETE-Gua and N3-(H)ETE-Ade were successfully characterized by their 

characteristic UV/Vis spectra, daughter ion scans and high-resolution MS analysis. 

(N.B. In addition, Bis-Gua standards has been successfully synthesized and purified, 

however for technical reasons, the currently obtained yield has been too low for using 

it for quantitation purposes. We are currently improving the synthesis and purification 

procedure to obtain Bis-Gua standards in higher yields.) 

Additional thermal hydrolysis was considered the method of choice during sample 

preparation, as it was obvious that thermal labile nucleoside adducts (e.g. HETE-dG 

and HETE-dA) showed in-source fragmentation, as well as spontaneously hydrolysis 

to the corresponding nucleobase adducts (i.e. HETE-Gua and HETE-Ade). In our 

hands degradation of the DNA to nucleosides by enzymes and subsequent thermal 

hydrolysis was the best choice for adduct analysis. On the one hand, digestion with 

enzymes allows very precise quantitation of canonical bases in a sample by 

simultaneous UPLC-MS/MS measurement, which is necessary for normalization of the 

adducts to 106 undamaged bases. On the other hand, thermal hydrolysis increases 

sensitivity of the method. Acidic hydrolysis showed no advantages in the herein 

performed experiments, but had the disadvantage of the need of neutralizing samples 

before UPLC-MS/MS analysis. Further characterization of the herein developed MS 

platform demonstrated high linearity and sensitivity without any interfering matrix 

effects and high stability of the analytes in short-term and long-term storage 

experiments.  

Adducts in isolated CT-DNA were detected at treatment concentrations of ≥10 nM 

CEES and ≥100 nM SM. In cell culture models adducts were detected at treatment 

concentrations ≥100 nM of CEES and SM, which is about one order of magnitudes 

higher than in isolated DNA and is presumably due to the buffering capacity of cell 

membranes and other cellular components, such as GSH. SM treatment of isolated 

DNA led to the discovery of two new DNA crosslinks, i.e. Gua-ETE-Ade and Bis-Ade, 
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both of which were also detectable at low levels in cells. The same holds true for the 

O6-HETE-Gua adduct. Although these adducts occur only at low levels, the may have 

significant biological consequences, as shown previously for O6-methyl-Gua in other 

genotoxicity studies (Thomas et al. 2015). Interestingly, O6-HETE-Gua was previously 

reported by Yue et al. (Yue et al. 2014), however in a follow-up study the detection was 

not possible (Yue et al. 2015). This might be attributed to the acidic hydrolysis used in 

the latter publication. Furthermore, a possible explanation might be the minor 

abundancy of this adduct in vivo compared to ex vivo treatment of homogenized skin 

samples. 

The herein developed UPLC-MS/MS methods displayed much higher sensitivity and 

specificity than the immunohistochemically ones using the N7-HETE-Gua specific 

antibody 2F8 (Kehe et al. 2013; van der Schans et al. 1994). Statistically significant 

adduct induction in isolated DNA was revealed upon treatment with ≥100 µM SM and 

≥500 µM CEES treatment, which corresponds to a 3-4 order of magnitudes difference 

compared to the herein developed MS method. Furthermore, up to now it is clear that 

the antibody is not completely specific for N7-HETE-Gua adducts, as detection of 

adducts induced by CEES and SM, as well as nitrogen mustards, in DNA as well as in 

RNA was reported (Mangerich et al. 2016). Furthermore, it is not clear whether the 

antibody detects only mono-alkylated guanine or additionally Bis-Gua adducts or even 

adenine adducts, as it was produced in rabbits after injecting complete SM-treated CT-

DNA.  

The previously reported distribution of DNA adducts induced by SM were ~61% N7-

HETE-Gua, ~17% Bis-Gua, ~16% N3-HETE-Ade and at very minor frequencies O6-

HETE-Gua (0.1%) (Kehe et al. 2009a). This implicated about 3 times more mono-

alkylated guanine adducts compared to Bis-Gua and mono-alkylated adenine adducts, 

respectively. Other LC-MS/MS based methods defined a higher percentage of mono-

alkylated guanine (81%) and less induction of mono-alkylated adenine (6%) and Bis-

Gua (12%) in isolated CT-DNA treated with SM. On the other hand, in this study CEES 

mainly induced the mono-alkylated guanine adducts (98%) (Batal et al. 2013a). In our 

experiments CEES induced about 60% and SM about 80% mono-alkylated guanine 

adducts in CT-DNA. So CEES induced 1.5-fold more guanine adducts compared to 

adenine adducts. SM induced 4 times more mono-guanine adducts than mono-

alkylated adenine ones. Comparing this to the results of Batal et al. 13-fold more 

HETE-Gua than HETE-Ade were induced by SM, suggesting a higher percentage of 

adenine adducts in our experiments. 

For cellular DNA, Batal et al. measured similar values as in isolated DNA after SM 

treatment, whereas CEES induced about 10% less mono-alkylated guanine adducts 

in this cellular context than in CT-DNA (Batal et al. 2013a). In our study about 90% 

mono-alkylated guanine adducts were detected in SM-treated HaCaT and A549 cells, 

which is 9 times more HETE-Gua than HETE-Ade. On the other hand, CEES induced 

75-95% guanine adducts, so 3-19 times more guanine adducts. Consistent with 
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isolated DNA, also in cells a higher percentage of mono-alkylated adenine adducts 

was induced. Wang et al. detected in SM-treated HaCaT cells a similar distribution of 

73% of mono-alkylated guanine, but only a minor part of mono-alkylated adenine (2%) 

and therefore a higher percentage of Bis-Gua (25%). This is equivalent to 36.5 times 

more HETE-Gua than HETE-Ade adducts. Comparing all examined cell lines in this 

study a certain variety of adduct induction was noticed, namely 65-80% Gua, 20-30% 

Bis-Gua and 1-2% mono-adenine (Wang et al. 2015). This suggests a considerable 

variability in adduct distribution depending on the used cell lines. 

In the current study, we also identified RNA as a possible biomarker of SM exposure. 

High RNA adduct induction was seen in isolated RNA, as well as cellular RNA, and 

adducts were at least as stable as DNA adducts over the examined periods of several 

days. In cellular RNA, CEES induced 77% mono-alkylated guanine adducts, similar to 

cellular DNA. In contrast SM induced mainly guanine adducts (95.5%) in RNA. 

Treating cells with sub-lethal doses of mustard agents, allowed time-dependent 

analyses of DNA adduct levels in proliferating and DNA repair-proficient cells. As in 

previous reports (Jost et al. 2015; Wang et al. 2015), rapid adduct induction was 

detected directly after treatment. Most studies concerning DNA repair of SM lesions 

attempted to monitor the repair of DNA crosslinks, however most methods were limited 

in their specificity, since they employed indirect approaches of adduct detection, such 

as the alkaline comet assays. Commonly only 10% of induced DNA adducts of cross-

linking agents are thought to result in ICLs (Clauson et al. 2013). Although a reduction 

in ICLs of SM was reported by (Jost et al. 2015), other studies found that they are 

indeed poorly repaired (Panahi et al. 2018) and instead converted to DNA double 

strand breaks (DSB) during replication. DSB induction would interfere with indirect 

measurements of DNA adducts, such as the comet and FADU assay. Furthermore, in 

such methods the induced mono-alkylated adducts are alkali labile and therefore 

converted to abasic sites during sample preparation, which are also able to induce a 

secondary ICLs (Clauson et al. 2013). Of note, our results were highly consistent with 

MS-based methods, which revealed that SM-induced adducts are detectable for at 

least 14 days (Yue et al. 2015) or 21 days (Batal et al. 2014) in internal organs or even 

29 days in urine (Zhang et al. 2014). We detected half-life values of 23.4 or 69.5 h of 

HETE-Gua in HaCaT or A549 cells. Values of Bis-Gua were determined as 49.7 h to 

34.1 h, whereas the HETE-Ade value was 11.6 – 23.5 h. Wang et al. reported similar 

half-life values in HaCaT cells of 46.6 h for HETE-Gua and Bis-Gua and 21.5 h for 

HETE-Ade (Wang et al. 2015).  

As DNA repair might be altered in immortalized cell lines, we also conducted time-

course analyses in a series of primary cell systems. PBMCs were very sensitive 

against CEES, as they showed high induction of cell death as well as high adduct 

levels compared to cell lines and NHEKs. Here experiments were only performed with 

CEES, therefore only mono-alkylated adducts could be monitored, which showed slow 

decay, suggesting inefficient repair of such adducts. Indeed, various repair resistant 
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DNA adducts were reported, e.g. several bulky adducts, especially minor groove bulky 

adducts as at the N3-position of adenine are inefficiently repaired (Geacintov and 

Broyde 2017). Furthermore, some populations of PBMCs display impaired DNA repair, 

e.g. monocytes are impaired in BER and DSB repair (Bauer et al. 2011). Experiments 

with repair deficient cells showed that BER-deficient cells are only sensitive to the 

mono-alkylating CEES, whereas NER-deficient cells are sensitive to both, CEES and 

SM, and in contrast NHEJ and HR deficient cells are only sensitive to crosslinking SM 

(Jowsey et al. 2012). 

As one aim of this study was to develop an analytical platform to verify SM exposure, 

adduct quantification in different sample matrices was analyzed. In this respect, we 

analyzed three different sample types: First, human whole blood, as it is easy to collect. 

Second, (rat) skin biopsies, which are commonly used in sampling of mustard exposure 

individuals due to higher concentrations of analytes than in blood (although this 

sampling method is more invasive than blood collection). Third, dried blood spot 

analysis, which represents an easy and non-invasive procedure, which allows easy 

handling of samples in regards of shipment and storage. In all three cases adduct 

verification was possible with highly satisfactory sensitivity to verify real-case 

concentrations of SM exposure. SM doses, Iranian victims were exposed to, 

correspond to experimental treatment doses of ex-vivo-treated blood of 0.4-1.8 µM SM 

(Noort et al. 1999). In our study, the detection limit in human whole blood corresponded 

to a treatment concentration of 0.1 µM SM. In the dried blood spot analysis, adducts 

could be clearly detected at treatment concentrations ≥1 µM CEES, which based on 

our data from other test systems can be assumed to be equivalent to 1 µM SM 

exposure. In rat skin the lowest tested dose was 40 µM SM. As absorbed 

concentrations in the blood stream are much lower than in the skin, which is in direct 

contact with the agent, still this detection level is suitable in real cases. Therefore, all 

three matrices are suitable to verify sulfur mustard exposure. 

In conclusion, in the present study we developed and validated a robust, precise and 

reliable bioanalytical platform for the quantitation of mustard agent-induced nucleic 

acid damage in relevant biological sample matrices. The LC-MS/MS platform is 

currently implemented into the method portfolio of the Institute of Pharmacology and 

Toxicology of the Bundeswehr, Munich, Germany, which is an OPCW-approved 

laboratory. This has already led to first applications in follow-up research projects 

(Tsoutsoulopoulos et al., manuscript in preparation) and furthermore sets the basis for 

its application in ‘real-world’ scenarios. 
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4.7. Supporting information 

 

Suppl. Figure 1: Structural characterization of the synthesized standard analytes by high resolution MS and 
UV/Vis spectroscopy. Standard analytes were synthesized and purified as described in the Material and Methods 
section. A. HR-MS spectra of ETE-Gua detected a major peak at 240.09 mass units. B. HR-MS of ETE-Ade 
revealed a major peak at XXX mass units. C. A predominant peak at XXX mass units was detected for HETE-Gua. 
D. HETE-Ade was detected at XXX mass units in HR-MS. E. HR-MS revealed a mass of XXX for Bis-Gua. UV-
spectra of ETE-Gua (F.) ETE-Ade (G.), HETE-Gua (H.), HETE-Ade (I.) and Bis-Gua (J.) revealed characteristic 
maxima at 285 nm in the case of guanine adducts, 264 nm for adenine adducts and 275 nm for the crosslink. (N.B. 
High resolution MS measurements are currently conducted by the Proteomics Facility of the University of Konstanz.) 
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Suppl. Figure 2: Product ion scans of mustard agent-treated CT-DNA samples. All precursor ions with the 
mass of a certain adduct were recorded and analyzed according to their fragmentation pattern. A. Fragmentation 
of ETE-dG at 4.6 min revealed ions with 240 and 89 mass units, representing ETE-Gua and the ETE-chain. B. 
Fragmentation of ETE-Gua revealed a signal at 5 min with 89 mass units corresponding to the ETE-chain. C. ETE-
dA was detected with the fragments of ETE-Ade (m/z=224) and ETE (m/z=89) at 4.7 min. D. At 4.4 min ETE-Ade 
showed a fragment with 89 mass units. E. HETE-dG fragmented to HETE-Gua (m/z=256) and the HETE-chain 
(m/z=105) at 3.1 min. F. HETE-Gua was detected with a fragment of 105 mass units at 3 min. G. A signal for HETE-
dA was recorded at 2.9 min with fragments of 240 (HETE-Ade) and 105 (HETE chain) mass units. H. HETE-Ade 
revealed a peak at 2.1 min with m/z=105 I. Bis-Gua eluted at 3.8 min with a product ion signal of 210 mass units. 
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Suppl. Figure 3: Product ion scans of mustard-treated yeast RNA samples. All precursor ions with the mass 
of a certain adduct were recorded and analyzed according to their fragmentation pattern. A. Fragmentation of ETE-
rG at 3.7 min revealed ions with 240 and 89 mass units, representing ETE-Gua and the ETE-chain. B. 
Fragmentation of ETE-Gua revealed a signal at 4.1 min with 89 mass units of the ETE-chain. C. ETE-rA was 
detected with the fragments of ETE-Ade (m/z=224) and ETE (m/z=89) at 3.3 min. D. At 3 min ETE-Ade showed a 
fragment with 89 mass units. E. HETE-rG fragmented to HETE-Gua (m/z=256) and the HETE-chain (m/z=105) at 
2.2 min. F. HETE-Gua was detected with a fragment of 105 mass units at 2.1 min. G. A signal for HETE-rA was 
recorded at 1.2 min with fragments of 240 (HETE-Ade) and 105 (HETE chain) mass units. H. HETE-Ade revealed 
a peak at 1.9 min with m/z=105 I. Bis-Gua eluted at 3.1 min with a signal of 210 mass units. 



Results 

 

80 

   

 

Suppl. Figure 4: Standard curves of the different nucleic acid adducts. Variable amounts of unlabeled standard 

were spiked with a defined amount of isotopic labelled standard. The ratios of the used concentrations are depicted 
on the x-axis and the resulting ratios of the signals are blotted on the y-axis. A. Variable amounts of ETE-Gua were 
spiked with 200 fmol labeled ETE-Gua resulting in a linear correlation of r2=0.9993. B. ETE-Ade was spiked with 
100 fmol labeled analyte. Thereby a linear correlation of r2=0.9993 was obtained. C. Standard curve of HETE-Gua 
spiked with 100 fmol labeled analyte revealed a linear correlation of r2=0.9991. D. For HETE-Ade spiked with 100 

fmol labeled analyte r2=0.9991 was obtained. N=3. 
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Suppl. Figure 5: Crosslink induction in different experiments: A. In isolated CT-DNA Bis-Gua was detected 

after a treatment of at least 1 µM SM. Additionally with 10 µM SM a Gua-ETE-Ade crosslink and a Bis-Ade crosslink 
could be detected. B. Bis-Gua induction was detectable in isolated yeast RNA in a range of 1-100 µM SM treatment. 
In DNA from treated HaCaT cells (C.) and A549 cells (D.) Bis-Gua was measured with 10 and 100 µM SM. In 
different ex-vivo-treated sample matrices as human whole blood (E.) and rat skin (F.) Bis-Gua was detectable with 

at least 1 µM and 4 mM, respectively. 
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Suppl. Figure 6: RNA adduct induction in different cellular compartments. RNA adducts were not only 
detectable in total RNA (A.), but also in miRNA (B.) nuclear RNA (C.) and cytoplasmatic RNA (D.). Direct 
comparison of 10 µM (E.) and 100 µM (F.) CEES treatment showed no considerable differences between the RNA 

types. 
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Suppl. Figure 7: Viability of CEES-treated HaCaT and A549 cells. Cells were treated with the indicated 
concentrations of CEES and Alamar Blue assays were performed 1, 2 and 3 days after exposure. A. HaCaT cells 

showed first reduction in viability already at concentrations of 500 µM CEES. Further reduction was seen at day 2 
and day 3. B. A549 cells revealed lower sensitivity to CEES, as only treatment with 2 mM CEES showed significant 

reduction in viability. Data were normalized to solvent controls and represent means ± SEM of >3 independent 
experiments. Statistical evaluation was performed using one-way ANOVA analysis followed by a post-hoc 
Bonferroni test. *p<0.05, **p<0.01, ***p<0.001. 
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Suppl. Figure 8: Cell death analysis of HaCaT and A549 cells after treatment with CEES. Annexin V/PI analysis 
was performed one day after treatment with the indicated concentrations of CEES. A. In HaCaT cells induction of 
cell death was visible after treatment with at least 400 µM CEES. B. A549 cells were less sensitive to CEES, as at 
least 1 mM CEES induced cell death. C. HaCaT cells were treated with 100 µM CEES and cell death analysis was 
performed for several days after treatment. The chosen dose showed no induction of cell death. D. A549 cells were 

treated with 100 µM CEES and further incubated for several days. No induction of cell death was visible. 

 

Suppl. Figure 9: Cell divisions in cell lines after mustard agent treatment. HaCaT and A549 cells were treated 

with the indicated doses of CEES and SM. Cells are still viable under all conditions at least with lower concentrations 
of SM and 100 µM CEES. 
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Suppl. Figure 10: Cell death analysis of human PBMCs and NHEKs after treatment with CEES. Annexin V / 
PI analysis was performed one day after treatment with the indicated concentrations of CEES. A. In PBMCs 
induction of cell death was visible after treatment with at least 100 µM CEES. n=3 B. NHEKs are as sensitive to 

CEES as PBMCs, as at least 100 µM CEES induced cell death. n=1. 

 

Suppl. Figure 11: RNA adduct induction in primary NHEKs. A. NHEKs were treated with the indicated 
concentrations of CEES for 1 h in. Adduct induction was detectable at 100 nM CEES. B. NHEKs were treated with 

10 µM CEES for 5 min and further incubated for the indicated time points. After 3 days only a slight decrease of 
adducts was detectable. Data in A.-B. represent means ±SEM of 3 independent experiments. 

 

Suppl. Figure 12: RNA adduct induction in human whole blood. Blood samples were treated with the indicated 

concentrations of CEES. Adduct induction was detectable after treatment with 0.1 µM CEES. Data represent means 
±SEM of 3 independent experiments.  
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5.1. Abstract 

Aristolochic acids (AA), a constituent of several Aristolochia plant species, native in the 

Balkan region and component of traditional Chinese medicine. is considered to be the 

major cause of Aristolochic acid nephropathy, characterized by severe renal fibrosis 

and upper urothelial cancer. It is currently hypothesized that following enzymatic 

activation (e.g. NQO1), AAI metabolites react with genomic DNA to form persistent 

DNA adducts with deoxyadenosine (dA) and deoxyguanosine (dG), generating a 

unique mutational spectrum. However, the impact of AA-associated DNA adduct 

formation in nephrotoxicity and renal fibrosis is not solved, because appropriate renal 

cell models to investigate AA toxicity are scarce. In the current study, we investigated 

AAI-induced toxicity in renal proximal tubular cells (RPTEC/TERT1), immortalized by 

overexpression of human telomerase subunit. We synthesized [15N5]-labeled and 

unlabeled dA-AAI standards in a Zn2+-catalyzed reaction and verified the structure by 

UV/Vis spectra, product ion scans, high resolution MS and NMR analysis. Using this 

standards, we established an isotope dilution ultra-pressure liquid 

chromatography/tandem mass spectrometry (ID-UPLC-MS/MS) based method for the 

detection of dA-AAI adducts in genomic DNA. We observed an increase in dA-AAI 

adduct formation depending on state of differentiation in RPTEC/TERT1. Low to 

medium exposed RPTEC/TERT1 cells showed similar adduct levels as found in DNA 

from renal cortex of short term AA treated Eker rats. We could confirm expression and 

activity of NQO1 in RPTEC/TERT1 cell, which is required for dA-AAI adduct formation 

in cells. In contrast, we observed almost no dA-AAI adduct formation in NQO1-negative 

human embryonic kidney (HEK293) cells, but very high adduct levels in primary renal 

kidney cells (HKC), which showed only a minimal NQO1 activity and expression. To 

elucidate the impact of AA-associated DNA adduct formation on cytotoxicity, we 

analyzed the cell viability after AAI treatment using MTT reduction assay and observed 

a reduction in cell viability for HKC, but not for HEK293 and RPTEC/TERT1 cells.  

We conclude that our here established UPLC-MS/MS based detection method was 

reliable to quantify dA-AAI adducts in DNA samples. Furthermore, differentiated 

RPTEC/TERT1 cells are suitable to investigate the underlying mechanism of AA 

associated DNA adduct formation and associated nephropathy.  
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5.2. Introduction 

Aristolochic acids (AA), a group of structure related derivatives, have been detected in 

several Aristolochiaceae and Asarum plant subspecies, also known as birthwort or 

pipevine (Debelle et al. 2008a). Human exposure incidents to AA have been frequently 

discussed in several publications. Plant components, primary the roots of AA 

containing plants have been used for traditional medicine over years, mainly to treat 

inflammatory diseases or gynecological disorders. The suspicion that AA are 

nephrotoxic and carcinogenic in humans raised in the 1990s, when patients from a 

Belgian clinic, who followed the same weight loss program, were diagnosed with 

severe interstitial nephritis and upper urothelial cancer (Vanherweghem 1998; 

Vanherweghem et al. 2003). The cause was an inadvertent replacement of Stephania 

tetrandra by Aristolochia fangchi, which is containing a high amount of AA (Vanhaelen 

et al. 1994). Furthermore, there is increasing evidence of AA-contaminated food in 

endemic areas in the Balkan region caused by Aristolochia clematitis, a plant which is 

native in the Balkans and often has been found in the cultivated fields. It is 

hypothesized that Aristolochia seeds comingle with wheat grain during the annual 

harvest and finally are processed in bread, resulting in a low dose exposure to AA over 

years (Hranjec et al. 2005; Ivic 1969). 

Today AAs are associated with similar disease patterns, which are summarized under 

the term "Aristolochic acid nephropathy” (AAN). This includes any form of toxic 

interstitial nephropathy that is caused either by ingestion of plants containing AA as 

part of traditional phytotherapies (formerly known as “Chinese herbs nephropathy”), or 

by the environmental contaminants in food (Balkan endemic nephropathy) (Jadot et al. 

2017). Basically, the pathology of AAN is characterized by extensive cortical tubular 

atrophy, loss of the tubules and dense interstitial fibrosis, most prominent in the outer 

area of the cortex, while the glomeruli are relatively spared (Depierreux et al. 1994a; 

Jelakovi et al. 2011). Progressive renal fibrosis results in loss of function and 

subsequently to end stage renal disease and kidney failure, requiring dialysis or 

transplantation. AAN patients are also frequently diagnosed with urothelial (transitional 

cell) carcinomas of the renal pelvis and ureter (Nikolic 2006). These upper urinary tract 

cancers (UUCs), which account for only 5% of all urinary tract cancers worldwide, are 

present in ∼50% of AAN cases (Petronić 2000).  

The nephrotoxic, genotoxic and carcinogenic properties of AA have been discussed in 

several publications. One of the most common and moreover the best investigated AA 

derivative is Aristolochic acid I (AAI). Bioactivation of AAI leads to a highly reactive 

intermediate, which is able to form DNA adducts including 7-(deoxyadenosine-N6-yl) 

aristolactam I (dA-AAI) and 7-(deoxyadenosine-N2-yl) aristolactam I (dG-AAI) (Pfau et 

al. 1990c). Several mammalian phase I enzymes such as NAD(P)H dehydrogenase 

(quinone 1) (NQO1), prostaglandin H synthase, cytochromes P450 (CYP) like 

CYP1A1/2 and xanthine oxidase have been discussed to be involved in AAI 

metabolism (Stiborova et al. 2009; Stiborova et al. 2005; Stiborova et al. 2003). Data 
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regarding the potential involvement of phase II metabolic enzymes as 

sulfotransferases (SULTs) are inconsistent (Meinl et al. 2006; Stiborova et al. 2011), 

however nitroreduction followed by sulfonation (SULT1B1) further increased the 

mutagenic and cytotoxic potential of AAI (Sidorenko et al. 2014a). To the current 

knowledge, nitroreduction (e.g. by NQO1) is considered to be the main pathway for 

AAI bioactivation and thus is supposed to be required for AAI DNA adduct formation 

(Figure 24). 

 

Figure 24: Metabolic activation via NQO1 (phase I metabolism) and hypothesized participation of SULT1B1 
(phase II metabolism) on DNA adduct formation of AA in mammalian cells.  

The formation of AAI-associated DNA adducts have been confirmed in vitro and in vivo 

in rodents as well as in human patient material (Chen et al. 2013; Yun et al. 2012a). 

Due to their long persistence, the specific adducts can serve as biomarker of exposure 

to AAI (Stiborová et al. 2017). However AAI-DNA adducts have been observed not 

only in the kidney of AAN patients, but also in organs without abnormal pathology (e.g. 

spleen, liver, brain, etc.) (Arlt et al. 2004), indicating that AA-associated fibrosis and 

carcinogenicity can probably not be explained only by AAI DNA adduct formation. Early 

stages in AAN disease development need to be investigated to understand the cell 

specific mechanisms, but human patient material is limited and represents usually a 

late stage in disease development. Animal models like rodents represent an alternative 

and the genotoxicity and carcinogenicity of AAI have been proven in a number of rat 

and mice studies. However the nephrotoxic potential of AAI has not been elucidated, 

because mice and rats orally exposed to AAI developed mainly forestomach and also 

renal tumors, but did not show renal fibrosis (Cosyns et al. 1998b; Mengs 1988; Mengs 

et al. 1982). After subcutaneous or intraperitoneal AAI exposure some rodent strains 

developed also renal fibrosis (Cosyns et al. 2001; Debelle et al. 2002), indicating that 

gastrointestinal differences are the reason for species specific effects when orally 

exposed to AA. However, species specific differences in gene expression and 

substrate specificity relevant for AAI toxicity should not be excluded.  

Human cell culture represent an alternative for the elucidation of toxicity mechanisms. 

However, immortalized renal cell models (e.g. HK-2 or HEK293) show often a 

tumorigenic pheno- and genotype and consist of an altered gene expression compared 

to the original tissue. Therefore, they are not suitable to investigate relevant 
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mechanisms in nephrotoxicity. Human primary cells demonstrate a similar expression 

pattern to the tissue of origin, but are more expensive and can only be cultivated for a 

few passages. Donor-specific differences due to enzyme polymorphisms, as it is 

known for NQO1 (Lajin and Alachkar 2013), have to be considered for toxicity 

evaluation.  

To elucidate the renal specific mechanisms in AAI-associated nephrotoxicity we 

investigated the applicability of a renal proximal tubular epithelial cell line 

(RPTEC/TERT1), immortalized by expression of the human telomerase reverse 

transcriptase (hTERT), the catalytic subunit of the telomerase complex. 

RPTEC/TERT1 possess a primary cell like phenotype, a diploid genotype and can be 

used in proliferating or differentiated stage (Wieser et al. 2008). Like primary cells, they 

express a wide range of drug transporters (Aschauer et al. 2014a), thus giving 

promising results in renal toxicity studies in recent publications (Aschauer et al. 2014b). 

The aim of this investigation was to establish a UPLC-MS/MS based method to quantify 

AAI-associated DNA adduct formation in human renal cell models. Further we wanted 

to elucidate the suitability of RPTEC/TERT1 cells for AAI-associated toxicity. 

5.3. Materials and Methods 

5.3.1. Materials 

Aristolochic acid I (AAI) was purchased from Sigma. [15N5]-labeled 2’-deoxyadenosine 

([15N5]-dA) was purchased from Cambridge Isotope Laboratories, Inc. 2’-

deoxyadenosine, calf thymus DNA, DNase I (Type IV, from bovine pancreas), alkaline 

phosphatase (from Escherichia coli), and nuclease P1 (from Penicillium citrinum) and 

phosphodiesterase I (from Crotalus adamanteus venom) were purchased from Sigma. 

Dimethyl sulfoxide (DMSO) (>99,98 %) and N,N-dimethylformamide (DMF) (>99,8 %) 

were purchased from Roth. All solvents for mass spectrometry were of LC-MS grade 

from Roth. Formic acid (LC-MS grade) was purchased from Sigma. 

5.3.2. Synthesis and purification of dA-AL-I standards 

The synthesis of dA-AAI standard and [15N5]-dA-AAI were performed by the reaction 

of AA-I with dA or [15N5]-dA, using a modification of the protocol described by Yun et 

al. (Yun et al. 2012a). AA-I (1 mg) in DMF (100 µl) were mixed with 20 mg Zn dust 

(Sigma), preactivated with 1% HCl for 15 min. Then, dA or [15N5]-dA (2 mg) in 50 mM 

potassium phosphate buffer (1 ml, pH 5.8) were added and the reaction was performed 

at 37 °C for 16 h in the dark while shaking. Thereafter, the solution was placed at 4°C 

for 30 min to pellet the zn dust. The supernatant was removed and the Zn pellet was 

washed with 2 x 250 µl H2O. The combined supernatants were applied to Isolute SPE 

C18(ec) cartridges (500 mg) (Biotage), which were preconditioned with CH3OH (2 ml), 
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followed by H2O (2 ml). Subsequently the cartridges were washed with H2O (4 ml). The 

adducts (together with AA-I, AL-I and residual dA) were eluted with CH3OH (2 ml) and 

evaporated to dryness, dissolved in DMSO (250 µl) and purified by HPLC. Final 

purification was performed on a 2695 Alliance Separation Module (Waters) with a 

Vydac protein & peptide C18 column (300 Å, 5 µm, 4.6 x 250mm). dA-AAI was purified 

with a gradient starting with 90% A (H2O supplemented with 0.1% acetic acid) at a flow 

rate of 0.6 ml/min. Buffer B (acetonitrile supplemented with 0.1% acetic acid) was 

increased to 90% in 30 min and held constant for 5 min. 

5.3.3. Standard verification 

UV/Vis spectra were acquired with an Ultrospec 2100 pro from Amersham 

Biosciences. Extinction coefficients were ε305=16,140 l×mol-1×cm-1 and ε415=5,400 

l×mol-1×cm-1 (Yun et al. 2012a) Product ion scans were acquired at a Xevo TQ-S 

tandem MS from Waters. High-resolution MS of each adduct was performed at a 

Thermo LTQ Orbitrap Discovery in the Proteomics Facility of the University of 

Konstanz. NMR spectrum was determined with a Bruker Avance III 600 at the NMR 

core facility of the University of Konstanz.  

5.3.4. Isotope dilution-UPLC-MS/MS quantification 

Analysis was performed on a ACQUITY UPLC H-class coupled to a Xevo TQ-S tandem 

MS (Waters). An ACQUITY UPLC Peptide CSH C18 column (130 Å, 1.7 µm, 2.1 × 50 

mm, Waters) was used for chromatographic separation. DNA samples were separated 

with a flow rate of 0.4 ml/min. Mobile phase A was Millipore water and B was 

acetonitrile (LC-MS grade, Carl Roth), both supplemented with 0.1% formic acid 

(Sigma Aldrich). Initial conditions were 90% A. B was increased to 90% in 8 min and 

held for 2 min.  

The source settings were: Capillary: 0.7 kV, Cone: 11V, Source Offset: 50V, Source 

Temperature: 150°C, Desolvation Temperature: 500°C, Cone Gas Flow: 150 l/h, 

Desolvation Gas Flow: 1000 l/h, Collision Gas Flow: 0.15 ml/min, Nebuliser Gas Flow: 

7 bar. The analyzer was set to high mass resolution. The analytes were measured with 

cone voltage of 6V, collision energy of 10V and an auto dwell-time (104 ms) in MRM 

mode. The transitions were dA-AAI 543.3 > 427.2 and [15N]-dA-AAI 548.3 > 432.2. 

DNA amounts were determined by UPLC-MS/MS measurements (estimated injection 

of 0.6 ng DNA) with the same parameters as described for nucleic acid adducts. The 

following ion transitions were analyzed: dG m/z 268.1>152, dA m/z 252>136, dT m/z 

243>127 and dC m/z 228>112. 
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5.3.5. Validation of the analytical method 

Serial dilution of standard stock solutions was performed to determine the linear range, 

linearity and sensitivity. LOD (S/N of 3) and LOQ (S/N of 10) was determined. Quality 

control samples were prepared in a low, medium and high concentration (LQC, MQC 

and HQC) of 5, 50 and 500 fmol to determine interday and intraday precision (n=5) 

according to FDA guidelines. Three different sample sets were prepared according to 

EMA guidelines to define recovery and matrix effects: Standards were spiked in 

digested blank matrix (Set 1), standards were spiked in water (Set 2) or standards were 

digested in presence of blank matrix (Set 3). Sets were evaporated to dryness using 

vacuum centrifugation and re-dissolved in 50% DMSO. The percentage of recovery 

was calculated by the ratio of Set 3 and 1. Dividing Set 1 and 2 determined matrix 

effects. All sets (1-3) were normalized to internal standards. The influence of storage 

was evaluated by short-term storage at RT and 37°C for 6, 12 and 24h. The influence 

of long-term storage at -20°C and -80°C was determined after 2 and 4 weeks. Up to 

three freeze-thaw cycles were also measured. All storage samples were analyzed in 

triplicates of all three QC concentrations. 

5.3.6. Routine cell culture 

All cells were cultured routinely in T75 flasks (Sarstedt) at 37 °C in a 5% CO2 humidified 

atmosphere and subcultured by trypsination. Fresh medium was provided three times 

per week.   

The human proximal tubule cell line RPTEC/TERT1 (Wieser et al. 2008) were 

purchased from Evercyte GmbH, Vienna, Austria and cultured in hormonally defined 

medium consisting of a 1 to 1 mixture of Dulbecco’s modified Eagle’s medium (Life 

Technologies, Darmstadt, Germany) and Ham’s F-12 nutrient mix (Life Technologies) 

supplemented with 2 mM Glutamax (Life Technologies), 5 μg/ml insulin (Sigma-

Aldrich), 5 μg/ml transferrin (Sigma-Aldrich), 5 ng/ml sodium selenite (Sigma-Aldrich), 

10 ng/ml epithelial growth factor (Sigma-Aldrich) and 36 ng/ml hydrocortisone (Sigma-

Aldrich), 100 U/ml penicillin and 100 μg/ml streptomycin. For subculture the cells were 

seeded at 30 % confluence when establishing contact-inhibited monolayer. Cells were 

seeded at 30 % density and harvested or treated at day 3-4 (80-90% confluence) for 

proliferating cells or at day 16 for differentiated cells. These conditions are associated 

with radically different phenotypes (Aschauer et al. 2013). For Transwell experiments 

the cells were seeded at 100 % density on PET Transwell® inserts with 0.4 µm pore 

size (Corning) and harvested or treated after 10 days. 

The human embryonic kidney cells HEK293 were purchased from Leibniz Institute 

DSMZ – German Collection of Microorganisms and Cell Cultures and cultured in 

Dulbecco’s modified Eagle’s medium (DMEM) containing low glucose (1g/l) 

supplemented with 10 % fetal bovine serum (FBS) gold, 100 U/ml penicillin and 100 
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µg/ml streptomycin. Cells were seeded with a density of 5 x 104 cells/cm2 48h before 

harvesting or treatment in poly D-Lysine (Sigma) coated plates.  

Primary human renal epithelial cells (HKC) were isolated from human biopsy material 

(K. Hochberg, Klinikum Konstanz, Konstanz, Germany) from a 65 year old woman as 

described by O’Brien et al. (O'Brien et al. 2001). Cells were cultured in DMEM/Ham’s 

F-12 (Biochrom) supplemented with 1 X Insulin-Transferrin-Selenium (ITS-G) 

(Invitrogen), 10 ng/ml epidermal growth factor (Sigma-Aldrich), 18 ng/ml 

hydrocortisone (sigma), 4 ng/ml L-thyroxin (sigma), 100 U/ml penicillin and 100 µg/ml 

streptomycin. Cells were seeded with a density of 0.5-1 x 106 cells/cm2 and were 

harvested or treated after 48h incubation (confluent monolayer). 

5.3.7. Cell treatment for DNA adduct detection 

Cells were seeded in 6 well plates and were treated with 0 (solvent control), 1, 10, 25, 

50 or 100 µM AAI in 0.2 M NaHCO3 for 48 h. Cells were trypsinated, washed in 1 ml 

PBS and finally resuspended in 200 µl before DNA was extracted.  

5.3.8. Rodent experiments 

Six to ten weeks old heterozygous Tsc2 mutant Eker rats (Tsc2+/-, Long Evans) and 

Tsc2+/+ wild-type littermates were purchased from the MD Anderson Cancer Center, 

Smithville, Texas, USA and housed at the University of Konstanz animal research 

facility under standard housing conditions. Prior to exposure, male and female Eker 

rats were randomly assigned to dose groups and allowed to acclimatize to laboratory 

conditions for 4 weeks. All animal experiments were approved by the State of Baden-

Württemberg, Germany (Regierungspräsidium Freiburg, AZ: G-03/65). Groups of three 

male and female Eker rats were daily treated with a mixture of AAI (41%) and AAII (56 

%) by oral gavage for 1, 3, 7, and 14 days (10 mg / kg body weight). Time-matched 

vehicle controls (n=3) received corresponding volumes of 0.1M NaHCO3.  

At the end of each treatment period, anesthetized rats were sacrificed by 

exsanguination subsequent to retrograde perfusion with PBS. Kidneys were collected 

and sectioned longitudinally into 5mm slices. Sections were snap frozen and stored at 

-80 °C until further usage. 

5.3.9. Extraction and enzymatic digestion of DNA 

DNA from cell and tissue samples was extracted with the PureLinkTM Genomic DNA 

Mini Kit (Thermo Fisher Scientific) according to manufacturer’ protocol. For cellular 

samples cells from 1 well of a 6 well plate were trypsinated, washed and processed 

according to protocol for DNA extraction. For the rat tissue 40-50 mg renal cortex tissue 

were lysed for 1-1.5 h in the genomic digestion buffer before DNA extraction. DNA was 



Results 

 

93 

   

finally eluted in 100 µl nuclease free water and DNA concentration was assessed via 

nanodrop. 

The enzymatic digestion conditions used for the hydrolysis of DNA (5-20 µg) to 

2’deoxynucleosides were adapted from Yun et al. (Goodenough et al. 2007b; Yun et 

al. 2012a) DNA amount was resuspended in 100 µl H2O and 200 fmol/10 µg DNA 

internal standard ([15N5]-dA-AAI) were mixed to the DNA prior digestion. DNase I (2542 

U/mL in 0.15 M NaCl; 254.2 U/mg DNA) was added, and the mixture was incubated 

for 1.5 h. Next, nuclease P1 (from Penicillium citrinum; 100 U/mL in 1 mM ZnCl2; 4 

U/mg DNA) was added, and the incubation was further incubated for 3 h at 37 °C. 

Alkaline phosphatase (from E. coli; 24 U/mL in 1 mM MgCl2; 2 U/mg DNA) and 

phosphodiesterase I (from Crotalus adamanteus venom; 1.7 U/mL in 110 mM Tris-HCl 

at pH 8.9, containing 110 mM NaCl, 15 mM MgCl2; 0.0714 U/mg DNA) were added 

last, and the incubation was continued for an additional 18 h at 37 °C. After digestion 

samples were evaporated to dryness by vacuum centrifugation for 2 h and rehydrated 

in H2O for 2 h and finally the same volume of DMSO was added (final concentration: 

0.125 ng DNA/µl 50% DMSO). Samples were stored at -20°C and were filtered through 

a 0.2 µm Millex-LG PTFE syringe filter (Millipore).  

5.3.10. MTT cell viability assay 

Cell viability was determined by MTT reduction assay. Treated cells were incubated 

for 1 h in 1 mM MTT in medium at 37 °C. MTT was removed and cells were lyzed in 

95% isopropanol and 5% formic acid. Formazan absorption was measured at 550 nm 

using a Tecan M200Pro microplate reader (Tecan). Values obtained for dead cells 

(0.1% Triton X-100 treated) were subtracted from all other values and data were 

expressed as percentage of non-treated cells. 

5.3.11. Western blot analysis 

Cells were seeded in 6 well plates. 1 well/cell line was used for protein sample 

preparation. Cells were trypsinated, washed in PBS and lysed with 200-300 µl RIPA 

buffer (50 mM Tris-HCl, 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% 

Triton X-100) for 10 min on ice. After passage through a 26G needle, protein 

concentrations were determined using Pierce BCA Protein Assay (Thermo Fisher 

Scientific) and samples for SDS Page were generated by addition of 1.5 X Urea sample 

buffer (93.75 mM Tris-HCl pH=6.8, 9 M Urea, 7.5% (v/v) β-Mercapto-ethanol, 15 % 

(v/v) glycerol, 3 % (w/v) SDS, 0.01 % (w/v) bromphenol blue), boiled at 95 °C for 5 min. 

and stored at -80°C. 

Subsequently, 4.5 µg total protein/sample were separated by a 12% SDS-PAGE and 

blotted onto a nitrocellulose membrane. The membrane was stained with Ponceau S 

and then blocked with 5% (w/v) milk powder in TTBS (100 mM Tris- HCl, 150 mM NaCl, 

0.1% (v/v) Tween 20, pH 7.6) for 1 h at RT. The membrane was incubated with either 
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anti-NQO1 antibody (1:1000 in 5% milk, Thermo Fisher Scientific, #MA1-16672) or 

anti-β-actin (1:4.000 in 5% milk, Sigma, #A2228) over night at 4 °C. After washing, 

membrane was incubated for 1 h at RT with peroxidase-conjugated secondary 

antibody anti-mouse IgG-peroxidase (1:80.000 in 5% milk, Sigma, #A9044). Signals 

were detected by enhanced chemiluminescence (Lumigen® ECL ultra, Lumigen) via 

ImageQuantTM LAS 4000 (GE Healthcare). Stripping of the membrane was performed 

with 0.2 M NaOH for 10 min followed by incubation for 10 min in MilliQ H2O.  

5.3.12. NQO1 activity assay 

The NQO1 activity assay was performed using a modified protocol of the “Prochaska” 

microtiter plate bioassay described by Fahey et al. (Fahey et al. 2004). Cells were 

seeded in 96 well plates or on 6 well transwells and incubated as described above. For 

the NQO1 assay the cells were washed with PBS and lysed by incubation with 50 µl 

0.8 % digitonin in 2 mM EDTA (pH 7.8) at 37 °C for 10 min followed by an additional 

incubation at 25 °C for 10 min while shaking. For Transwell inserts cells were detached 

by trypsination, washed and lysed in 750 µl 0.8 % digitonin in 2 mM EDTA (pH 7.8). 

Briefly, 10 µl cell lysates were transferred into a new 96 well plate and mixed with 200 

µl of the reaction mixture containing 25 mM Tris-HCl (pH 7.4), 0.066 % bovine serum 

albumin, 0,01 % Tween-20, 7.2 µM Thiazolyl Blue Tetrazolium Bromide (MTT), 1 mM 

NADPH (freshly added) and 50 nM menadione (freshly added). Control reactions were 

performed by addition of 50 µl 0.3 mM dicoumarol in 0.5 % DMSO and 5 mM potassium 

phosphate (pH 7.4). Blank reactions were performed w/o menadione in the reaction 

buffer. Absorption at 610 nm was quantified using a plate reader every min for 30 min 

in total. The specific NQO1 activity was quantified using the slope of the linear range 

of absorption increase. Values were normalized to total protein amount in the reaction, 

quantified by PierceTM BCA Protein Assay Kit (Thermo Fisher Scientific). 

5.3.13. Statistical analysis 

Unless otherwise indicated data are presented as mean ± SEM. Sample size (n) 

indicates the number of independent experiments performed. Statistical significance 

was determined using GraphPad Prism Version 7, statistical tests as indicated in the 

figure legends. 
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5.4. Results 

5.4.1. Performance of the UPLC-MS/MS detection method of dA-AAI 

adducts 

AAI-associated DNA adduct formation was used as endpoint for toxicity. We 

established a UPLC-MS/MS based method to quantify dA-AAI adducts in genomic 

DNA. As isotope-dilution LC-MS/MS is considered as the gold standard for quantitation 

of DNA adducts, dA-AAI and [15N5]-dA-AAI standards were synthesized by a 

biomimetic reaction described by Yun et al. (Yun et al. 2012a). Pre-purification of the 

standards was performed by solid phase extraction (SPE) and final purification was 

achieved by HPLC purification. Thereby an approximate yield of ~1-1.5% adducts 

compared to the AAI starting material was achieved. Standards were verified by their 

characteristic UV/Vis spectra (Suppl. Figure 13), product ion scans (Figure 25), high 

resolution MS (Suppl. Figure 14) and NMR (Suppl. Figure 15 & Suppl. Figure 16). 

Product ion scans resulted in detection of the detection of the aglycone adducts (m/z 

427 for dA-AAI [BH2]+ and m/z 432 for [15N5]-dA-AAI [BH2]+). 

 

Figure 25: Product ion scans of (a) dA-AAI (m/z 543) and (b) [15N5]-dA-AAI (m/z 548). 

Method validation was performed according to FDA and EMA guidelines (European 

Medicines Agency 2011; U.S. Food and Drug Administration 2005): The sensitivity was 

determined by a lower limit of detection (LLOD, S/N of 3) of 0.1 fmol and a limit of 

quantification (LOQ, S/N of 10) of 0.5 fmol. Serial dilutions of unlabeled standards were 

spiked with internal isotopically labeled standards were used to prepare calibration 

curves with a linear range of at least three orders of magnitude (see Table 10). 

Table 10: Linearity and sensitivity of the mass spectrometric method for quantification of dA-AAI adducts. 

 Linear range [fmol]  Calibration curve (n=3) Linearity (r2) LLOD [fmol] LOQ [fmol] 

dA-AAI 1-1000 y=(0.863±0.021)x + (0.069±0.322) 0.9855 0.1 0.5 
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Recovery rates were determined by comparing standards, which were digested 

together with blank matrix, to standards which were spiked to separately digested blank 

matrix. Matrix effects were determined by standards spiked to digested blank matrix, 

compared to standards spiked into water. Precision of measurements at different runs 

(interday) and within a run (intraday) were determined by relative standard deviation 

(%RSD) (see Table 11). 

Table 11: Validation parameters of the mass spectrometric method for quantification of dA-AAI adducts. 

Recovery and matrix effects were determined according to EMA guidelines. Precision was determined according 
to the FDA guidelines. Three sets of quality control samples in low, medium and high concentrations were used 
over a range of 5, 50 and 500 fmol (LQC, MQC and HQC). 

    
Recovery [%] Matrix effect [%] Precision (%RSD) 

(n=3)  (n=3) Interday (n=5) Intraday (n=5) 

dA-AAI LQC 84.2 128.0 11.9 13.1 

 MQC 99.4 106.9 9.1 10.7 

  HQC 110.5 81.0 8.9 9.8 

Potential analyte loss due to storage or repeated freeze-thaw cycles was determined. 

Short-term storage at ambient temperatures (RT and 37°C), as well as long-term 

storage at lower temperatures (-20°C and -80°C) showed low influence. Taken 

together a reliable, sensitive and accurate ID-UPLC-MS/MS method was established 

to quantify dA-AAI adducts in cellular systems (see Table 12). 

Table 12: Stability determination of dA-AAI adducts: Repeated freeze-thaw cycles, short-term storage at 

ambient temperatures up to 24h and long-term storage up to 4 weeks at -20°C and -80°C were examined over a 
range of low (5 fmol, LQC), medium (50fmol, MQC) and high concentration quality control concentrations (500 fmol, 
HQC). 

  Freeze-Thaw [%RSD] Short-term storage [%RSD]  Long-term storage [%RSD] 

     RT 37°C   -20°C  -80°C 

dA-AAI LQC 27,6 11.9 14.9  25.1 24.6 

 MQC 33,8 7.9 8.5  24.2 22.9 

  HQC 41,7 5.9 5.8  22.4 21.7 

5.4.2. Comparison of dA-AAI adduct formation in human primary renal 

cells and immortalized renal cell lines 

Using the described UPLC-MS/MS based detection method for dA-AAI adducts, we 

compared the DNA adduct formation in two different renal cell lines (HEK293 and 

RPTEC/TERT1) and primary renal epithelial cells (HKC). The cell lines were exposed 

to different AAI concentrations (1-100 µM) or solvent control for 48h, DNA was isolated 

and digested and dA-AAI adducts were quantified using isotope dilution UPLC-MS/MS. 

The mass chromatograms of dA-AAI adducts from RPTEC/TERT1 DNA of control and 

AAI-treated (50 µM) are shown in Figure 26. 
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Figure 26: Mass chromatograms of dA-AAI modified genomic DNA from control (c and d) or 50 µM exposed 
(a and b) RPTEC/TERT1.  

Adduct formation in RPTEC/TERT1 could already be detected at 10 µM (70 dA-AAI 

adducts/108 bases) and increased to 940 dA-AAI adducts/108 bases at 100 µM AAI 

(Figure 27a). DNA adducts in HEK293 cells could not be detected before 25 µM with 

3 dA-AAI adducts/108 bases and levels increased only to 50 dA-AAI adducts/108 bases 

(Fig. 4a). In comparison primary HKC cells developed much higher dA-AAI adduct 

levels than the human renal cell lines tested in this study. Adducts could be quantified 

already at 1 µM with 1163 dA-AAI adducts/108 bases and increased to a level of ca. 

30.000 dA-AAI adducts/108 bases (Figure 27b).  

 

Figure 27: Quantification of dA-AAI adducts in renal cells after 48h AAI exposure. (a) Differentiated (diff.) 
RPTEC/TERT1 cells had a much higher level of dA-AAI adducts in comparison to HEK293 cells. (b) Adduct levels 

in primary HKC cells were much higher in comparison to differentiated RPTEC/TERT1 cells. Values represent mean 
± SEM. Statistical significance was analyzed using a 2-way ANOVA with a Bonferoni multiple comparison test.   
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To assess the impact of cell differentiation on dA-AAI adduct formation we exposed 

proliferating (d3) and differentiated (d16) RPTEC/TERT1 cells and furthermore 

RPTEC/TERT1 cells grown on transwell inserts (Figure 28). We observed a two- to 

three-fold increase in dA-AAI adduct level depending on state of cell differentiation. At 

100 µM the dA-AAI adduct levels in the RPTEC/TERT1 cells grown on transwell inserts 

(1780 dA-AAI adducts/108 bases) were significantly higher than in proliferating or 

differentiated cells grown on plastic. 

 

Figure 28: Quantification of dA-AAI adduct levels after 48 h AAI exposure in proliferating (prol.) and 

differentiated (diff.) RPTEC/TERT1 cells grown on plastic and in RPTEC/TERT1 cell grown on transwell inserts. 
Values represent mean ± SEM. Statistical significance was analyzed using a 2-way ANOVA with a Bonferoni 
multiple comparison test and * indicates p-value < 0.0005.  

5.4.3. Influence of AAI exposure on cell viability  

We next studied the effect of AAI exposure on cell viability in the selected renal cell 

models (Figure 29). The cell viability was assessed by MTT reduction assay after 48 h 

exposure to various AAI concentrations. Although we observed an AAI concentration 

dependent reduction in cell viability in diff. RPTEC/TERT1, the cell line was the most 

resistant cell line regarding MTT reduction after AAI exposure. Cell viability was 

significantly reduced starting at an AAI concentration of 100 µM (70 % compared to 

neg. ctrl.) to 500 µM (46 % compared to neg. ctrl.), the maximal concentration which 

was used in the experiment. For HEK 293 cells the cell viability was not significantly 

different to diff. RPTEC/TERT1 cells for most of the concentrations. Only the highest 

concentrations showed a significantly reduced cell viability up to 26 % at 500 µM AAI 

compared to diff. RPTEC/TERT1. Primary HKC cells demonstrated already at the 

lowest concentration which was used (1 µM AAI) a reduction in cell viability. At all 

concentrations the cell viability was significantly reduced to diff. RPTEC/TERT1 and 

HEK293 cells. 
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Figure 29: Cell viability in differentiated (diff.) RPTEC/TERT1, HEK293 and primary HKC cells. Values 

represent mean ± SEM. Statistical significance was analyzed using a 2-way ANOVA with a Bonferoni multiple 
comparison test and * indicates p-value < 0.0001. 

5.4.4. Comparison of NQO1 expression and activity in human primary 

renal cells and immortalized renal cell lines 

The metabolic enzyme NQO1 is hypothesized to be the major enzyme in AAI 

activation, which is relevant for DNA adduct formation. We examined the expression 

and the activity of NQO1 in the applied cells lines. For determination of NQO1 

expression, we performed Western Blot analysis using a specific antibody for human 

NQO1 (Figure 30a). The expression was quantified and normalized to housekeeping 

gene -actin (Figure 30b). NQO1 was present in all prol. and diff. RPTEC/TERT1 and 

in RPTEC/TERT1 cells grown on transwell inserts. HEK293 cells did not show any 

NQO1 expression. Primary HKC cells demonstrated a significantly lower expression in 

comparison to RPTEC/TERT1 cells. 
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Figure 30: Expression of human NQO1. (a) Western Blot analysis using a specific antibody for human NQO1 in 

prol. and diff. RPTEC/TERT1 cells grown on plastic, RPTEC/TERT1 cells grown on transwell inserts, HEK293 and 

primary HKC cells. Specific antibody for -actin was used for loading control. (b) Quantification of the Western Blot 

analysis in (a). Data represent n=1.  

NQO1 activity was assessed using a modified version of the “Prochaska” microtiter 

assay and the results were comparable to the expression analysis of NQO1. Activity 

levels for all RPTEC/TERT1samples were significantly higher in comparison to 

HEK293 and primary HKC cells (Figure 31). HEK293 cells demonstrated no NQO1 

activity and primary HKC cells a 40-fold lower activity than RPTEC/TERT1 cells. 

 

Figure 31: Measurement of NQO1 enzyme activity in prol. and diff. RPTEC/TERT1 cells grown on plastic, 

RPTEC/TERT1 cells grown on transwell inserts, HEK293 and primary HKC cells. NQO1 enzyme activity was 
determined using menadione as substrate and normalized to total protein in amount in the reaction. Values 
represent mean ± SEM. Statistical significance was analyzed using a 1-way ANOVA with a Bonferoni multiple 
comparison test and * indicates p-value < 0.001.  
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5.4.5. UPLC-MS/MS analysis of dA-AAI adduct formation in fresh frozen 

rat tissue 

We analyzed dA-AAI adduct formation in kidney cortex tissue from AA exposed rats to 

investigate whether dA-AAI adduct levels are similar to the RPTEC/TERT1 cell system. 

We were able to detect dA-AAI adduct formation already after 24 h of exposure. In 

male Eker rats AA treatment induced a time-dependent accumulation of dA-AAI 

adducts in the kidney cortex (Figure 32a). Due to problems in DNA digestion procedure 

data are missing for the AA treated female EKER rats on day 3. However also female 

Eker rats demonstrated a time-dependent accumulation of dA-AAI adducts between 

day 1 and day 7 (Figure 32b). Surprisingly there was no increase in DNA adduct levels 

on day 14 in comparison to day 7.  

 

Figure 32: Quantification of dA-AAI adduct formation in DNA of male (a) and female (b) Eker rats after 1, 3, 
7 and 14 days of AA treatment (10 mg / kg body weight). Values represent mean ± SEM of n=2 (n=3 is in 
preparation).  

5.5. Discussion 

AAI-associated DNA adducts represent a biomarker for AA exposure in vivo in rodent 

studies as well as in human patient material (Yun et al. 2012a; Yun et al. 2017). We 

investigated the applicability of the RPTEC/TERT1 system to elucidate AAI-relevant 

toxicity mechanisms. We compared the data for dA-AAI adduct levels, cell viability as 

well as NQO1 expression and activity, required for AAI metabolism, in HEK293, 

primary HKC (human kidney cells) and proliferating as well as differentiated 

RPTEC/TERT1 cells. In many publications AA-associated DNA adducts have been 

investigated by 32P-postlabeling in DNA. However, the 32P-postlabeling method 
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consists of several disadvantages (e.g. variable labeling efficiencies, equivocal 

identities of carcinogen adducts, no high through-put). Modern techniques as mass 

spectrometry represent a more reliable option to quantify AA-associated DNA adducts 

(Yun et al. 2012a). Therefore, we established a highly sensitive isotope dilution UPLC-

MS/MS method to quantitate dA-AAI adducts induced by AAI in genomic DNA. Isotope-

labeled [15N5]-dA-AAI was successfully synthesized and purified. Its use as internal 

standard allows precise absolute quantitation of induced DNA adducts normalized to 

108 normal bases, as internal standards accounts for sample loss during preparation 

and variances during measurement. Standards were characterized by their product ion 

scans, high resolution MS, NMR and UV/Vis spectra. The method was validated 

according to linearity, recovery, matrix effects, precision and storage conditions. 

Thereby a sensitive, precise and reliable UPLC-MS/MS method was developed and 

applied for dA-AAI adduct formation in human renal cell models and rat tissue. 

Interestingly dA-AAI adduct levels in RPTEC/TERT1 cells were similar to the dA-AAI 

adduct levels in rat kidney cortex. Previous studies reported that renal cortex from the 

same rats did not show cell necrosis nor increased cell proliferation, but upregulation 

of NQO1 and of several p53 pathway genes, indicating a DNA damage response 

(Stemmer et al. 2007). Furthermore, Yun et al. reported also similar dA-AAI adduct 

levels (1020 dA-AAI adducts/108 bases) for mice treated with 1 mg/kg (unknown 

duration) (Yun et al. 2012a). Human patient material, which was also analyzed by Yun 

et al. interestingly demonstrated similar dA-AAI levels (ca. 10-150 dA-AAI adducts/108 

bases) to low – medium dose treated diff. RPTEC/TERT1 cells (70-130 dA-AAI 

adducts/108 bases) in our study, indicating that this cell model represents a suitable 

model to mimic relevant dA-AAI adduct formation in human tissue. We observed higher 

dA-AAI adduct levels in RPTEC/TERT1 cells cultivated on transwell inserts. Aschauer 

et al. demonstrated that the expression of organic anion transporter (OAT), mainly 

OAT1 and OAT3 is increased when incubated on transwell inserts (Aschauer et al. 

2014a). OAT1 and OAT3 are major transporters for AAI (Bakhiya et al. 2009a; Xue et 

al. 2011a) and thus provide an increased uptake and higher intracellular AAI levels, 

resulting in higher dA-AAI adduct levels.  

Metabolic activation of AAI is required for associated DNA adduct formation. It has 

been demonstrated that NQO1 is able to bioactivate AAI in cell free systems (Stiborova 

et al. 2011) and its role in vivo is also already discussed (Bárta et al. 2014). We 

investigated NQO1 expression in the applied cell systems and identified neither 

expression nor activity in HEK293, which correlates with the fact that dA-AAI adduct 

formation was almost absent. RPTEC/TERT1 cells expressed NQO1 and showed also 

significantly higher enzyme activity. Detection of dA-AAI adducts after exposure to AAI 

confirmed the assumption that NQO1 expression is relevant for AAI-associated DNA 

adduct formation. However, NQO1 expression and activity was low in primary HKC, 

but dA-AAI adduct levels were 30-40-fold higher in comparison to diff. RPTEC/TERT1 

at high AAI concentrations and already detectable at 1 µM AAI, which was not the case 

for diff. RPTEC/TERT1. It has to be investigated if AAI is able to upregulate NQO1 
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expression or if other metabolic enzymes are able to activate AAI in renal cell systems. 

It is shown that also cytochrome P450 enzymes are able to activate AAI, however the 

publication focused on CYP1a1/2 (Levová et al. 2011), isoforms which are not mainly 

expressed in human kidney (Knights et al. 2013).  

Molecular mechanisms in AAI-associated renal fibrosis are not fully understood yet, 

which is also attributed to the lack of an appropriate cell model for the investigation. It 

is hypothesized that AAI induces cell death in renal proximal tubular cells, which are 

replaced by fibroblasts through epithelial to mesenchymal transition (EMT) processes 

(Kalluri and Neilson 2003; Pozdzik et al. 2008). In our study the presence of high dA-

AAI adduct levels in primary HKC cells correlated with the significantly reduced cell 

viability in these cells. However, we did not observe a significant difference in cell 

viability between dA-AAI adduct forming RPTEC/TERT1 cells and HEK293, which did 

not show DNA adduct formation. It is also published that the expression of hTERT can 

be resistant to DNA-damaging response and to suppress activation of p53 function 

under DNA-damaging induction (Jin et al. 2010). However, RPTEC/TERT1 cells have 

been already used for several nephrotoxicity studies and it has been reported that 

responses after exposure to the DNA damaging substance B[a]P were consistent with 

what is known regarding these cells in a normal, healthy kidney, including significant 

gene expression changes and induced BPDE-DNA adducts (Simon-Friedt et al. 2015).  

In summary, we demonstrated that the ID-UPLC-MS/MS method, established in our 

lab was reliable to quantify dA-AAI adduct in DNA from human renal cell systems and 

rodent tissue. We showed that RPTEC/TERT1 cells represent an appropriate model to 

investigate mechanism(s) underlying AAI-mediated DNA adduct formation in humans. 

In contrast, HEK293 serve as excellent negative control to elucidate specific steps in 

metabolism of AAI in renal cells. 
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5.6. Supporting information 

 

Suppl. Figure 13: UV spectra of (a) dA-AAI and (b) [15N5]-dA-AAI in DMSO. 

 

 

Suppl. Figure 14: High resolution mass spectrometry of dA-AAI.  
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Suppl. Figure 15: 1H NMR of dA-AAI in DMSO-d6. 
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Suppl. Figure 16: 2D NMR of dA-AAI in DMSO-d6.  
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Chapter 6. Quantitation of poly(ADP-Ribose) by isotope dilution 

mass spectrometry 

Tabea Zubel, Rita Martello, Alexander Bürkle and Aswin Mangerich 

Methods in Molecular Biology, Volume 1608, 11 July 2017, Pages 3-18 

6.1. Abstract 

Poly(ADP-ribosyl)ation (PARylation), i.e., the formation of the nucleic acid-like 

biopolymer poly(ADP-ribose) (PAR), is an essential posttranslational modification 

carried out by poly(ADP-ribose) polymerases (PARPs). While PAR levels are low 

under physiological conditions, they can transiently increase more than 100-fold upon 

induction of genotoxic stress. The accurate quantitation of cellular PAR with high 

sensitivity is of critical importance to understand the role of PARylation in cellular 

physiology and pathophysiology and to determine the pharmacodynamic efficiencies 

of clinically relevant PARP inhibitors, which represent a novel class of promising 

chemotherapeutics. Previously, we have developed a bioanalytical platform based on 

isotope dilution mass spectrometry (LC-MS/MS) to quantify cellular PAR with 

unequivocal chemical specificity in absolute terms with femtomol sensitivity (Martello 

et al. ACS Chem Biol 8(7):1567–1575, 2013). This method enables the analysis of 

steady-state levels, as well as stressinduced levels of PAR in various biological 

systems including cell lines, mouse tissues, and primary human lymphocytes. It has a 

wide range of potential applications in basic research, as well as in drug development 

(Martello et al. ACS Chem Biol 8(7):1567–1575, 2013; Mangerich et al. Toxicol Lett 

244:56–71, 2016). Here, we present an improved and adjusted version of the original 

protocol by Martello/Mangerich et al., which uses UPLC-MS/MS instrumentation. 

6.2. Introduction 

[Note: This introduction represents an updated version of a previously published text 

(Martello et al. 2013) (adapted with permission of the American Chemical Society).] 

Given the significance of PARylation in biomolecular research and pharmaceutical 

drug development, its accurate and reliable quantification is essential for investigating 

its complex role on a cellular and organismic level (Martello et al. 2013). However, in 

particular, the quantitative analysis of basal PAR levels in cells is a challenging task 

that requires analyte-specific, highly sensitive methods. Early techniques to study 

cellular PAR levels used dihydroxyboryl-Bio-Rex (DHBB) affinity chromatography to 

isolate PAR (Juarez-Salinas et al. 1982; Juarez-Salinas et al. 1979; Kanai et al. 1982; 

Shah et al. 1995), which was followed by compound derivatization and LC-based 

detection. These techniques, first developed by Jacobson et al. (Juarez-Salinas et al. 

1979), allowed accurate quantification; however, routine usage was hampered by the 
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amount of cellular material required, radioactive labeling, or derivatization of the 

analytes and by the overall time-consuming 

procedure. Other approaches were based on treating cells with radioactively labeled 

PAR precursors such as adenine (Aboul-Ela et al. 1988; Shah et al. 1995). Although 

leading to precise results, these techniques were prone to overestimate PAR levels, 

due to artificial DNA damage induced by the radioactive isotopes and subsequent 

collateral PARP activation. The most current tools to quantify PAR rely on antibodies, 

which, due to their convenience, are widely used in basic research, as well as 

preclinical and clinical studies (Horvath et al. 2011; Ida et al. 2016; Shah et al. 2011). 

However, such approaches are limited with regard to sensitivity and linearity of 

quantification. For example, one of the most widely used anti-PAR antibody, i.e., 10H, 

prefers binding to long PAR chains over short ones, thus leading to a potential 

underestimation of PAR levels and lack of linearity in quantification (Fahrer et al. 

2007b; Kawamitsu et al. 1984). Furthermore, immuno-based methods lack chemical 

specificity and do not use internal standards to control for losses during sample 

preparation [1]. Isotope dilution mass spectrometry is the current gold standard to 

quantify nucleosides derived from DNA and RNA, including enzymatic modifications 

and damage products (Liu and Wang 2015; Mangerich et al. 2012; Tretyakova et al. 

2012). To overcome the limitations of earlier PAR quantification methods, we have 

previously developed an HPLC-coupled tandem mass spectrometric (LC-MS/MS) 

platform to robustly and accurately quantify PAR in cells and tissues in absolute terms 

with formerly unmet sensitivity and chemical specificity (Mangerich et al. 2016; Martello 

et al. 2013). Here, we present an adjusted and improved version of this protocol, which 

was transferred to an UPLC-MS/MS system. The overall method workflow comprises 

four key steps that can be accomplished in about 2 working days (Figure 33) (Martello 

et al. 2013), (1) precipitation of cellular macromolecules by trichloroacetic acid (TCA) 

and addition of an authentic non radioactively labeled internal PAR standard; (2) 

detachment of protein-bound PAR by alkaline treatment and removal of DNA, RNA, 

and proteins by enzymatic digestion; (3) PAR extraction by solid-phase extraction; and 

(4) enzymatic digestion of PAR to individual characteristic nucleosides and mass 

spectrometric analysis (Figure 33):  

1. To achieve the most rigorous quantification possible, after TCA precipitation of 

cellular macromolecules, 13C,15N-labeled PAR is added in defined amounts to 

each sample as an authentic chemical standard. This approach ensures 

unequivocal chemical specificity for the analyte and minimizes technical 

variability of the method. Since 13C,15N-labeled PAR is not commercially 

available, we developed a one-step in vitro protocol for the synthesis of 13C,15N-

labeled PAR. This reaction is based on the use of rec. nicotinamide 

mononucleotide adenylyl transferase I (NMNAT1), which converts 13C,15N-

labeled ATP and non-labeled nicotinamide mononucleotide (NMN) to 13C,15N-

labeled NAD+. This serves as a substrate for rec. PARP1 to synthesize 13C,15N-

labeled PAR [1].  
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2. In TCA-precipitated material, PAR is quantitatively detached from proteins by 

alkaline treatment, which also converts monomeric protein-bound ADP-ribose 

to 5′ AMP, rendering this method specific for PAR. Thereafter, DNA, RNA, and 

proteins are digested by DNase, RNase, and proteinase K, respectively, which 

serve as a means to reduce the complexity of the sample, since, if present in 

large excess compared to PAR, these macromolecules may interfere with PAR 

purification efficacy and LC-MS/ MS quantification. Proteinase K digestion 

serves as a second means to ensure the formation of protein-free PAR 

molecules [1]. 

3. Next, PAR is extracted via solid-phase extraction. We reasoned that RNA 

isolation methods may be suitable of PAR extraction, given the similar chemical 

structure of the building blocks of PAR and RNA. Therefore, we tested a set of 

commercially available RNA extraction kits and compared those to classical 

DHBB chromatography and phenol/chloroform extraction. Two RNA extraction 

kits, i.e., the Roche High Pure microRNA Isolation Kit and the PeqLab PeqGold 

RNA Pure Kit led to a high recovery of PAR in terms of quantity and quality, i.e., 

no loss of overall PAR signal and no bias in the extraction efficacy of PAR of 

different chain length was observed [1]. In the protocol presented in this chapter, 

we focus on the usage of the Roche High Pure microRNA Isolation Kit. 

4. Since PAR is highly variable in chain length, it is hydrolyzed to characterize 

monomeric nucleosides using phosphodiesterase (PDE) and alkaline 

phosphatase (AP) prior to LC-MS/MS analysis. Digestion products include 

adenosine (Ado), ribosyladenosine (R-Ado), and diribosyl adenosine (R2-Ado), 

which are characteristic of the terminal, linear, or branched part of the polymer, 

respectively (Figure 33). Whereas R-Ado and R2-Ado are diagnostic for PAR, 

Ado is not, since it can also be derived from cellular RNA. Samples are 

subjected to HPLC/UPLC to reduce the complexity of the sample and hence to 

enhance sensitivity of the subsequent mass spectrometric quantification. Since 

cellular PAR consists of >98–99% of R-Ado [1, 3, 4], it is sufficient to focus on 

this analyte for quantification. The transitions of m/z 400 → 136 and m/z 415 → 

146 were monitored for the quantification of unlabeled and 13C,15N-labeled R-

Ado, respectively. The quantification of cellular PAR refers to the area ratio of 

unlabeled R-Ado to 13C,15N-labeled R-Ado. Usually, a recovery rate of 13C,15N-

labeled R-Ado of 50–60% is achieved, which is comparable to other techniques. 

Absolute PAR values are then calculated by means of calibration curves. These 

are acquired on a daily basis using unlabeled and 13C,15Nlabeled R-Ado 

standards, which are purified from in vitro-synthesized PAR [1]. 
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Figure 33: Overview of the method principle and workflow for the mass spectrometric quantitation of 
cellular PAR. (a) Central steps of sample preparation for mass spectrometric quantification of R-Ado. (b) PAR can 

be quantitatively detached from acceptor proteins by alkaline treatment. Subsequent digestion of PAR with 
phosphodiesterase and alkaline phosphatase releases adenosine from the PAR termini and other unique 
nucleosides, i.e., ribosyladenosine (R-Ado) and diribosyl adenosine (R2-Ado), which are characteristic for the linear 
or branched part of the polymer, respectively. (c) LC-MS/MS chromatogram of Ado, R-Ado, and R2-Ado obtained 

from digested PAR synthesized in vitro. Reprinted from [1] with permission of the ACS. 

6.3. Materials 

6.3.1. In vitro synthesis of PAR 

1. PAR synthesis buffer (PARSB): 60 μl 1 M HEPES (pH 7.4), 7 μl 1 M MgCl2, 12 μl 
100 mM 13C,15N-labeled ATP (B.A.C.H. UG), 24 μl 50 mM nicotinamide 
mononucleotide (NMN, Sigma-Aldrich), 4 μl 1 M DTT, 150 μl 2 mg/ml histone H1 
(Merck KGaA), 50 μl 1 mg/ml activator oligonucleotide 5′-GGAATTCC-3′ EcoRI linker 
(Sigma-Aldrich) (see Note 1). 

2. Ice-cold 20% TCA (w/v). 

3. Ice-cold 70% EtOH (v/v). 

4. 0.5 M KOH. 

5. 4.8 M MOPS buffer. 

6. 2 M MgCl2. 

7. 100 mM CaCl2. 

8. Phenol, chloroform, isoamyl alcohol (25:24:1, v/v/v). 

9. Rec. NMNAT1 (nicotinamide mononucleotide adenylyltransferase I, gift from M. 
Ziegler, University of Bergen). 

10. hPARP1 overexpressed in Sf9 cells using baculovirus system [1]. 

11. 2 mg/ml DNase I (Roche). 



Results 

 

111 

   

12. 40 mg/ml proteinase K (Roche). 

6.3.2. HPLC purification of ribosyladenosine (R-Ado) 

1. 10 U/μl alkaline phosphatase (AP) from a bovine intestinal mucosa (Sigma-Aldrich) 
in 930 μl 10 mM Tris–HCl (pH 8.0), 2.5 mM MgCl2, 0.1 mM ZnCl2, and 20% glycerol 
(w/v). 

2. 0.5 U/μl phosphodiesterase I (PDE, Affymetrix) in 200 μl 110 mM Tris–HCl (pH 8.9), 
100 mM NaCl, 15 mM MgCl2, and 20% glycerol. 

3. 10 mM magnesium acetate. 

4. 250 mM ammonium acetate. 

5. Mobile phase A: 8 mM ammonium acetate (LC-MS grade). 

6. Mobile phase B: acetonitrile (LC-MS grade). 

7. Nanosep 10 kDa cutoff filter (Pall). 

8. HPLC Alliance 2695 (Waters). 

9. Hydro-RP column 80A 250 × 4.6 mm particle size 4 μm (Phenomenex). 

6.3.3. Induction of PAR formation by treatment of cells with genotoxins 

1. Hydrogen peroxide (H2O2, 30%, Merck Millipore) solution as a positive control. 

2. Ice-cold PBS. 

3. Ice-cold 20% (w/v) TCA. 

4. Ice-cold 70% (v/v) EtOH. 

6.3.4. Purification of PAR from cells and tissues 

1. 0.5 M KOH. 

2. 4.8 M MOPS. 

3. 2 M MgCl2. 

4. 100 mM CaCl2. 

5. 10 mM magnesium acetate. 

6. 250 mM ammonium acetate. 

7. 1 μM 13C,15N-labeled undigested PAR standard prepared as described in 
Subheading 3.1. 

8. 2 mg/ml DNase I (Roche). 

9. 10 mg/ml RNase (Thermo Fisher Scientific). 

10. 40 mg/ml proteinase K (Roche).  

11. 10 U/μl AP from a bovine intestinal mucosa (Sigma-Aldrich) in 930 μl 10 mM Tris–
HCl (pH 8.0), 2.5 mM MgCl2, 0.1 mM ZnCl2, and 20% (w/v) glycerol. 
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12. 0.5 U/μl PDE I (Affymetrix) in 200 μl 110 mM Tris–HCl (pH 8.9), 100 mM NaCl, 15 
mM MgCl2, and 20% (w/v) glycerol. 

13. High Pure miRNA Isolation Kit (Roche). 

14. Nanosep 10 kDa cutoff filter (Pall). 

6.3.5. Sample preparation and LC-MS/MS analysis 

1. Mobile phase A: H2O supplemented with 0.01% of formic acid (LC-MS grade). 

2. Mobile phase B: acetonitrile supplemented with 0.01% formic acid (LC-MS grade). 

3. ACQUITY UPLC BEH C18 column, 130 Å, 1.7 μm and 2.1 mm × 50 mm (Waters). 

4. ACQUITY UPLC H-Class coupled to a Xevo TQ-S triple quadrupole mass 
spectrometer (Waters). 

6.3.6. Preparation and acquisition of standard curves 

1. 1 M KOH. 

2. 2 M MOPS buffer. 

3. 1 mg/ml Hoechst 33342. 

4. 1 mg/ml DNA sodium salt from calf thymus (Sigma-Aldrich). 

5. 200 nM unlabeled R-Ado. 

6. 100 nM 13C,15N-labeled R-Ado prepared as described in Subheading 3.2. 

6.4. Methods 

6.4.1. In vitro synthesis of PAR 

1. Add 0.038 U NMNAT1 and human PARP1 to a final concentration of 150 nM to the 
PAR synthesis buffer. Fill up to a final volume of 1 ml with Milli-Q H2O. Incubate at 37 
°C for 1 h. 

2. Stop the reaction by adding 1 ml of 20% (w/v) ice-cold TCA and incubated on ice for 
15 min. Centrifuge at 9000 × g at 4 °C for 10 min. Wash the pellet twice with 70% (v/v) 
EtOH and air-dry the pellet by incubating at 37 °C. 

3. Add 800 μl 0.5 M KOH and incubate at 37 °C for 10 min to detach PAR from proteins. 
Add 200 μl 4.8 M MOPS buffer to neutralize the solution. 

4. Add 25 μl 2 M MgCl2 and 55 μl 2 mg/ml DNase I at 37 °C for 2 h. To digest proteins, 
add 10 μl 100 mM CaCl2 and 5 μl 40 mg/ml proteinase K and incubate at 37 °C 
overnight. 5. Next, purify PAR by phenol-chloroform extraction. Add 600 μl phenol to 
the samples and mix the two phases by inverting. Centrifuge at 14,000 × g for 10 min 
and transfer the upper aqueous phase into a new reaction tube. 

6. Add 600 μl of phenol, chloroform, isoamyl alcohol mix (25:24:1, v/v/v). Again, mix by 
inverting, centrifuge at 14,000 × g for 10 min, and transfer the upper phase into a new 
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15 ml reaction tube. 7. To precipitate PAR, add ice-cold 99.8% (v/v) EtOH to a final 
concentration of 70% EtOH and incubate at –20 °C overnight. 

8. Centrifuge at 9000 × g at 4 °C for 30 min and air-dry the pellet. Wash the pellet with 
250 μl 70% (v/v) EtOH, centrifuge and air-dry again to remove any residual phenol 
(see Note 2). 

9. Dissolve pellets in 320 μl Milli-Q water. Then either digest PAR according to 
Subheading 3.2 or determine the concentration of 13C,15N-labeled PAR by UV 
absorbance at 260 nm (absorption coefficient: 13,500 M−1 cm−1). With regard to the 
latter, adjust the concentration to 1 μM in order to use it as internal-labeled standard 
as described in Subheading 3.4 (see Note 3). 

6.4.2. HPLC purification of ribosyladenosine (R-Ado) 

1. To digest the in vitro synthesized PAR to ribosyladenosine (R-Ado), add 60 μl 10 
mM magnesium acetate, 60 μl 250 mM ammonium acetate, 1 μl 10 U/μl AP, and 1 μl 
0.5 U/μl PDE and incubate at 37 °C for 3 h. 

2. To remove enzymes, use a 10 kDa cutoff filter, then vacuum-dry the flow-through 
and resuspend in 100 μl Milli-Q water.  

3. Inject samples into a HPLC equipped with a Hydro-RP column. R-Ado is separated 
by a flowrate of 0.5 ml/min at a column temperature of 30 °C. The HPLC gradient 
protocol is listed in Table 13. Collect the R-Ado fraction, which elutes at a retention 
time of approx. 125 min. 

4. Determine the concentration of purified R-Ado by the measurement of UV 
absorbance at 260 nm (absorption coefficient of 13,500 M–1 cm–1). Then adjust the 
concentration to 100 nM for 13C,15N-labeled and 200 nM for unlabeled R-Ado.  

Table 13: HPLC gradient for the purification of R-Ado using a Hydro-RP column 

RT [min] Mobile phase A [%] Mobile phase B [%] 

0 98.5 1.5 

180 0 100 

185 0 100 

200 98.5 1.5 

 

6.4.3. Induction of PAR formation by treatment of cells with genotoxins 

Volumes stated in steps 1–5 are optimized for treatment of cells in a 10-cm culture dish 

and need to be adjusted, when using differently sized dishes. 

1. Seed cells at least 1 day before treatment in an appropriate number to reach about 
90% confluency at the day of harvest. Depending on the cell type, approx. 1 × 106 cells 
are required. When PAR-branching frequency of untreated cells should be determined, 
a number of 5 × 106 cells are recommended. 
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2. Treat cells with your substance of interest. In addition, use H2O2 treatment as a 
positive control. Depending on the sensitivity of the cells used, it is recommended to 
treat cells with 50–500 μM H2O2 in pre-warmed PBS or medium at 37 °C for 5 min (see 
Note 4). 

3. Wash the cells with 10 ml ice-cold PBS. Add 1.5 ml of ice-cold 20% (w/v) TCA to 
lyse the cells and precipitate macromolecules. Place cells on ice (see Note 5). 

4. Detach acid-insoluble material by scraping with a rubber policeman and transfer it 
to a 2-ml reaction tube. Wash the plates with another 0.5 ml of 20% (w/v) TCA to 
ensure that material is completely transferred to the reaction tube. 

5. Centrifuge at 3000 × g at 4 °C for 5 min and discard the supernatant. 

6. Wash the resulting pellets twice with 500 μl ice-cold 70% EtOH. Centrifuge the tubes 
again with 3000 × g at 4 °C for 5 min and discard the supernatant. 

7. Air-dry the pellets at 37 °C and store them at –20 °C (see Note 6). 

6.4.4. Purification of PAR from cells and tissues 

6.4.4.1. Purification from solid tissues 

1. Cut snap frozen tissue samples in small pieces (~2 mm). Add 2 ml of cold 10% (w/v) 
TCA and homogenize the samples with a tissue disruptor. 

2. Centrifuge at 3000 × g at 4 °C for 10 min. Wash the resulting pellet twice with 500 
μl ice-cold 70% (v/v) EtOH and air-dry pellets. 

3. Resuspend pellets in 400 μl 0.5 M KOH and incubate at 37 °C for 45 min. 

4. Centrifuge at 3000 × g for 10 min to remove cellular debris. Take 255 μl from the 
supernatant and continue with neutralization (refer to step 2 of purification of PAR from 
cells; see below). 

6.4.4.2. Purification from PBMCs 

1. After treatment, resuspend the PBMCs in a defined volume of PBS. 

2. Add 1× additional volume of ice-cold 20% (w/v) TCA to the samples. Incubate on ice 
for 15 min.  

3. Centrifuge at 3000 × g at 4 °C for 5 min and discard the supernatant. 

4. Wash the resulting pellets twice with 500 μl ice-cold 70% (v/v) EtOH. Centrifuge the 
tubes again at 3000 × g at 4 °C for 5 min and discard the supernatant. 

5. Air-dry the pellets and continue with the alkaline treatment (refer to step 1 of 
purification of PAR from cells; see below). 

6.4.4.3. Purification from cells 

1. Add 255 μl 0.5 M KOH to the pellets to detach protein-bound PAR. Resolve the 
pellets under agitation at 37 °C. Check every 15 min if the pellets are completely 
dissolved. Depending on the cell number used, this may take up to 45–90 min (see 
Note 7). 

2. Add 50 μl of 4.8 M MOPS buffer to neutralize the solution (see Note 8). 
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3. Transfer a 30-μl aliquot of the solution to a new reaction tube and store it at –80 °C 
for DNA concentration determination (see Subheading 3.6). 

4. Add 10 μl of 1 μM 13C,15N-labeled PAR standard prepared as stated in Subheading 
3.1. The internal standard is added at this point to account for possible losses of 
analytes during subsequent sample preparation. 

5. To digest nucleic acids, i.e., DNA and RNA, add 6.25 μl 2 M MgCl2, 2.5 μl 100 mM 
CaCl2, 12.5 μl 2 mg/ml DNase, and 2.5 μl 10 mg/ml RNase, and incubate at 37 °C for 
3 h on a shaker (see Note 9). 

6. Afterwards, add 1.25 μl 40 mg/ml proteinase K and incubate at 37 °C overnight (see 
Note 10).  

7. Next, use the High Pure miRNA Isolation Kit (Roche) to enrich samples for PAR. 
Add 624 μl of binding buffer to the samples. Then add 400 μl enhancer and resuspend 
the samples. Load 700 μl of the mix on the high pure columns and centrifuge at 15,700 
× g for 30 s. Discard the flow-through and load the remaining mix on the same column. 
Again, centrifuge at 15,700 × g for 30 s and discard the flow-through (see Note 11). 

8. Add 300 μl washing buffer, centrifuge at 15,700 × g for 30 s, and discard the flow-
through. Wash again with 200 μl washing buffer, centrifuge at 15,700 × g for 30 s, and 
discard the flow-through. Centrifuge at 15,700 × g for 1 min to dry the columns (see 
Note 12). 

9. Place the columns in new reaction tubes and add 100 μl Milli-Q water. Centrifuge at 
15,700 × g for 1 min and discard columns. 

10. To digest the purified PAR to its monomeric units, add 60 μl 10 mM magnesium 
acetate, 60 μl 250 mM ammonium acetate, 1 μl 10 U/μl AP, 1 μl 0.5 U/μl PDE I, and 
220 μl H2O. Incubate at 37 °C for 3 h. 

11. Filter the samples through a Nanosep 10 kDa cutoff filter at 13,000 × g for 10 min 
to remove enzymes. Vacuum-dry and resuspend samples in 25 μl Milli-Q water for 
immediate processing or store at −20 °C. 

6.4.5. Sample preparation and LC-MS/MS analysis  

1. Prior to the measurements, centrifuge all samples in a tabletop centrifuge at full 
speed for 5 min in order for the pellet to have potential solid contaminations. Transfer 
20 μl of the samples to the HPLC vials with inserts. 

2. Inject 15 μl into the UPLC system and separate monomeric PAR digestion products 
on a BEH C18 column with an isocratic gradient of 99% mobile phase A and 1% mobile 
phase B with a flow rate of 0.5 ml/min for 11 min at a column temperature of 30 °C. In 
general, any triple-quadrupole, as well as ion-trap mass spectrometer, can be used for 
measurements. We use an UPLC that is coupled to a Xevo TQ-S mass spectrometer 
(Waters). Analytes of interest are detected in MRM mode (instrument settings are listed 
in Table 14 and Table 15) by fragmentation of ribosyladenosine (R-Ado, m/z 400 → 
136), 13C,15N-labeled R-Ado (m/z 415 → 146) and diribosyl adenosine (R2-Ado, m/z 
532→136). R-Ado elutes at a retention time of approx. 5.4 min and R2-Ado at approx. 
8.7 min (see also Figure 34). 
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6.4.6. Preparation and acquisition of calibration curve 

Calibration curve using unlabeled and 13C,15N-labeled R-Ado is recorded to calculate 

the absolute amount of R-Ado present in samples. 

1. Prepare the following samples (see Table 16) for the recording of calibration curves. 

2. Measure samples of the calibration curves in exactly the same manner as cellular 
samples (see Subheading 3.6 and Note 13). 

Table 14: Source settings for MRM mode of digested PAR of the Xevo TQ-S 

Source Value 

Capillary (kV) 1.0 

Cone (V) 7.0 

Source offset (V) 50.0 

Source temperature (°C) 150 

Desolvation temperature (°C) 500 

Cone gas flow (l/hr) 150 

Desolvation gas flow (l/hr) 1000 

Collision gas flow (ml/min) 0.15 

Nebuliser gas flow (bar) 7.0 

Table 15: Analyzer settings for MRM mode of digested PAR of the Xevo TQ-S mass spectrometer 

Analyzer Value 

LM1 resolution 3.0 

HM1 resolution 14.9 

Ion energy 1 0.1 

MS mode collision energy 4.0 

MS-MS mode collision energy 20.0 

MS Mode entrance 1.0 

MS Mode exit 1.0 

LM2 resolution 3.0 

HM2 resolution 15.0 

Ion energy 2 0.6 

Gain 1.0 

Multiplier 0.0 
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Figure 34: Example of chromatograms of digested PAR extracted from 1 × 106 HeLa cells: (a) chromatogram 
of PAR samples isolated from untreated cells. R-Ado elutes at a retention time of approx. 5.4 min. (b) Chromatogram 

of cells treated with 500 μM of H2O2. Significant increases in signals of R-Ado and R2-Ado are evident. R2-Ado 
elutes at a retention time of approx. 8.7 min 

Table 16: Preparation of R-Ado calibration curve 

Conc. of standard Unlab. R-Ado 

(200 nM) [µl] 

13C,15N-lab. R-Ado 

(100 nM) [µl] 

H2O [µl] 

0 fmol 0 0 25 

100 fmol 0.5 12.5 12 

250 fmol 1.25 12.5 11.25 

500 fmol 2.5 12.5 10 

1 pmol 5 12.5 7.5 

2.5 pmol 12.5 12.5 0 

6.4.7. Quantitation of DNA content 

PAR levels are normalized to cell numbers (if cell counting is applicable) or to the DNA 

content of TCA-precipitated samples. DNA content is determined using a protocol 

based on a previously published method (Brabeck et al. 2003). Briefly: 



Results 

 

118 

   

1. Prepare samples for a standard curve for DNA determination. Dilute the DNA 
solution (calf thymus DNA, 1 mg/ml, Sigma Aldrich) as follows: 120 μl H2O, 117 μl H2O 
+ 3 μl 1 mg/ml DNA, 114 μl H2O + 6 μl 1 mg/ml DNA, 108 μl H2O + 12 μl 1 mg/ml DNA, 
and 102 μl H2O + 18 μl 1 mg/ml DNA to obtain samples containing 0, 25, 50, 100, and 
150 ng/μl of DNA. To each sample, add 360 μl 1 M KOH and denature DNA at 60 °C 
for 30 min. Then, add 360 μl of 2 M MOPS buffer (see Note 14). 

2. Add 4.2 μl 1 mg/ml Hoechst 33342 to DNA standards and pipet 4 × 200 μl of each 
sample into a 96-well plate.  

3. Add 90 μl 2 M MOPS buffer and 90 μl 1 M KOH to the DNA aliquots stored at –80 
°C in Subheading 3.4. Add 1.05 μl 1 mg/ml Hoechst and transfer 200 μl to the 96-well 
plate. 

4. Measure the fluorescence (extension, 360/40 nm; emission, 460/40 nm) after 5 min 
in a fluorescence plate reader. 

6.4.8. Data evaluation 

1. Set up a linear regression curve from values obtained by DNA measurements. 

2. Calculate the amount of DNA [mg] in your samples using the standard curve 
equation received in step 1. Multiply the received concentration with 275 μl, which was 
the used amount of sample for PAR quantitation. See also the example equation 
shown in Figure 35. 

 

Figure 35: Example of a DNA standard curve. DNA standard solutions (concentrations ranging from 0 to 150 

ng/μl) were incubated with Hoechst 33342 and measured using a fluorescence reader. Fluorescence intensities are 
plotted against concentrations, and a linear regression analysis is performed 
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Figure 36: Example of a calibration curve of unlabeled and 13C,15N-labeled purified R-Ado: The ratio of the 

concentration of unlabeled to 13C,15N-labeled R-Ado is plotted on the x-axis. The ratio of the areas under the curve 
of unlabeled to 13C,15N-labeled R-Ado is plotted on the y-axis. A linear regression analysis was applied 

3. Set up a linear regression curve of the area under the curve (AUC) values obtained 
from UPLC-MS/MS measurements of R-Ado standard solutions. Here, the ratio of the 
used concentrations of unlabeled to 13C,15N-labeled R-Ado is plotted on the x-axis, and 
the ratio of the areas under the curve (AUCs) of unlabeled to 13C,15N-labeled R-Ado is 
plotted on the y-axis (see Figure 36). 

Table 17: Exemplary data and calculation of untreated and H2O2-treated HeLa cells (numerical data from 
example shown in Figure 34) 

 untreated H2O2-treated 

Area (unlabeled R-Ado) 97,075 23,511,672 

Area (13C,15N-labeled R-Ado) 6,122,016 5,176,076 

Area R2-Ado 0 57,004 

y 0.02 4.54 

x 0.03 1.65 

Total R-Ado [pmol] 0.32 16.47 

DNA [mg] 0.0144 0.0137 

PAR [pmol/mg DNA] 22.58 1,203.69 

BF [%] n/d 0.24 

4. Calculate the area ratio (y) of unlabeled to 13C,15N-labeled R-Ado of analyte 
samples. Calculate the concentration ratio by using the received regression equation. 
Afterward, multiply the obtained concentration ratio (x) with the used amount of internal 
standard of 10 pmol (see also the example equation in Figure 36). 

5. Finally, normalize the total R-Ado value by division with the used amount of DNA 
[mg] to obtain the absolute amount of PAR [pmol/mg DNA] (Table 5). 
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6. Branching frequency can be assessed by dividing the AUC of the R2-Ado peak by 
the AUC of the R-Ado peak (Table 17): 

AdoR

AdoR
BF






2

 

6.5. Notes 

1. Always prepare fresh PAR synthesis buffer. 

2. Residual phenol might interfere with other assays or photometric measurements, 
but this step may also cause a significant loss of PAR. Alternatively, longer drying is 
possible, until no phenol is detectable by smelling anymore. Thereby, the second EtOH 
washing step may be skipped. 

3. Internal 13C,15N-labeled PAR standard should be aliquoted and stored at –20 °C. 

4. Avoid any unnecessary kind of stress to the cells, as this may induce artificial PAR 
formation, e.g., use only pre-warmed solutions and avoid any medium change. Work 
quickly and stick to the given incubation times, as PARylation is a very rapid and 
dynamic modification. 

5. Work as quickly as possible, as stress caused by medium removal may induce PAR 
formation. It is possible to store the cells for a short time (up to 15 min) on ice, when it 
is ensured that the TCA solution covers the cells evenly. Ensure that all following steps 
are performed on ice. 

6. Do not dry the pellets for too long. Excessive EtOH should be removed by this step 
until the pellets have a glossy appearance. Completely dried pellets may otherwise be 
hard to resolve. Storage at –20 °C is only possible for a few days. Otherwise, samples 
can be stored at –80 °C for up to 1 month. Longer storage of the TCA pellets results in 
acid-dependent PAR degradation. 

7. As the solution might stay cloudy, complete dissolution can be checked by 
centrifugation for a few seconds at full speed. Afterward, flip the tubes to swirl up 
possible remaining undissolved material. 

8. It is very important to ensure a neutral pH. To test this, spot 0.5 μl of the solution on 
a pH indicator paper. 

9. Here also a master mix containing the 13C,15N-labeled internal PAR standard, MgCl2, 
CaCl2, DNase, and RNase can be prepared. 

10. When the samples are still cloudy after the proteinase digest, proceed with the next 
step. The samples become clear when adding the solutions of the next step. 

11. Collect the flow-through in a waste container, as it contains guanidinium HCl, which 
is irritating. 

12. Be sure EtOH is added to the washing buffer, as indicated by the manufacturer. 

13. Measure the standard samples at the same day as the cellular samples to exclude 
possible inter-day variations. 

14. Denaturated DNA standards can also be prepared beforehand and stored at –80 
°C. 
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Chapter 7. Analyzing structure-function relationships of artificial 

and cancer-associated PARP1 variants by reconstituting TALEN-

generated HeLa PARP1 knock-out cells 
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S, Fischer JM, Zubel T, Stier A, Renner C, Schmalz M, Beneke S, Groettrup M, Kuiper RP, Bürkle A, 

Ferrando-May E, Mangerich A. 

Nucleic Acids Research, Volume 44, Issue 21, 1 December 2016,  

Pages 10386–10405 

7.1. Abstract 

Genotoxic stress activates PARP1, resulting in the post-translational modification of 

proteins with poly(ADP-ribose) (PAR). We genetically deleted PARP1 in one of the 

most widely used human cell systems, i.e. HeLa cells, via TALEN-mediated gene 

targeting. After comprehensive characterization of these cells during genotoxic stress, 

we analyzed structure–function relationships of PARP1 by reconstituting PARP1 KO 

cells with a series of PARP1 variants. Firstly, we verified that the PARP1\E988K mutant 

exhibits mono-ADP-ribosylation activity and we demonstrate that the PARP1\L713F 

mutant is constitutively active in cells. Secondly, both mutants exhibit distinct 

recruitment kinetics to sites of laser-induced DNA damage, which can potentially be 

attributed to non-covalent PARP1–PAR interaction via several PAR binding motifs. 

Thirdly, both mutants had distinct functional consequences in cellular patho-

physiology, i.e. PARP1\L713F expression triggered apoptosis, whereas 

PARP1\E988K reconstitution caused a DNA-damage-induced G2 arrest. Importantly, 

both effects could be rescued by PARP inhibitor treatment, indicating distinct cellular 

consequences of constitutive PARylation and mono(ADP-ribosyl)ation. Finally, we 

demonstrate that the cancer-associated PARP1 SNP variant (V762A) as well as a 

newly identified inherited PARP1 mutation (F304L\V762A) present in a patient with 

pediatric colorectal carcinoma exhibit altered biochemical and cellular properties, 

thereby potentially supporting human carcinogenesis. Together, we establish a novel 

cellular model for PARylation research, by revealing strong structure–function 

relationships of natural and artificial PARP1 variants. 

7.2. Introduction 

Poly(ADP-ribosyl)ation (PARylation) is a post-translational modification that plays key 

roles in cellular physiology and stress response (Hottiger 2015). It mainly occurs in the 

nucleus and to a lesser extent in the cytoplasm. The reaction is carried out by enzymes 

of the family of poly(ADP-ribose) polymerases (PARPs), which use NAD+ to synthesize 

poly(ADP-ribose) (PAR), a biopolymer with variable chain length and branching. Of the 
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17 members of the human PARP gene family, at least four have been shown to be true 

PARPs, i.e. these do exhibit PAR-forming capacity, while other family members act as 

mono-ADP-ribosyl transferases or are catalytically inactive. PARP1 is a highly 

abundant, chromatin-associated protein that exhibits PARylation activity. Upon binding 

to DNA damage, in particular to strand breaks, and subsequent conformational 

rearrangements, PARP1 is catalytically activated and contributes to the bulk of the 

cellular PAR formation (Hottiger 2015). This can happen either in cis by activation of a 

single PARP1 molecule (Eustermann et al. 2015; Langelier et al. 2012), or in trans, by 

PARP1 dimerization at sites of DNA damage (Ali et al. 2012; Mendoza-Alvarez and 

Alvarez-Gonzalez 1993). Apart from DNA damage-dependent activation, PARP1 

activity is also regulated by post-translational modifications, such as phosphorylation, 

acetylation, and SUMOylation (Cohen-Armon et al. 2007; Hassa et al. 2005; 

Kauppinen et al. 2006; Messner et al. 2009; Walker et al. 2006), as well as by direct 

protein-protein interactions (Berger et al. 2007; Guastafierro et al. 2008; Krukenberg 

et al. 2014; Midorikawa et al. 2006). Catalytic activation leads to covalent PARylation 

of hundreds of target proteins (Jungmichel et al. 2013; Zhang et al. 2013), however, 

PARP1 itself is the main target of its modification (i.e. PARP1 automodification) 

(Chapman et al. 2013; Gagne et al. 2015). In addition to covalent PARylation, PAR 

can interact with proteins non-covalently via distinct PAR binding modules (Krietsch et 

al. 2013). Importantly, PARylation is highly dynamic (Alvarez-Gonzalez et al. 1999; 

Martello et al. 2013), because shortly after being synthesized, PAR is rapidly 

hydrolyzed by poly(ADP-ribose) glycohydrolase (PARG) and other catabolizing 

enzymes (Pascal and Ellenberger 2015). Thereby, PARylation transiently modulates 

physico-chemical properties and spatio-temporal activities of target proteins, including 

chromatin and DNA repair factors, as well as PARPs themselves (Altmeyer et al. 2015; 

Mangerich and Buerkle 2012). On the cellular level, PARylation fulfills pleiotropic 

functions in genome maintenance, including DNA repair, telomere length regulation 

and re-initiation of stalled replication forks (Bai 2015). Moreover, it is involved in a host 

of further cell functions, such as chromatin remodeling, transcription, epigenetics, 

signaling, cell cycle, and regulation of cell death. There is also evidence that some 

functions of PARP1 are independent of its enzymatic activity, such as its action as a 

co-activator or repressor of certain transcription factors (Hottiger 2015). On the 

organismic level, these functions link PARP1 and PARylation to mechanisms of 

inflammation and metabolism, as well as aging and cancer biology (Bai 2015; 

Mangerich and Buerkle 2012). Notably, several PARP inhibitors are currently being 

tested in clinical cancer therapy, either in combination with classical chemo- or 

radiotherapy or as stand-alone drugs following the concept of synthetic lethality in 

BRCA1/2 deficient tumors. Recently, the PARP inhibitor olaparib has been approved 

by the EMA and FDA for the use in certain BRCA-mutated ovarian cancers (Curtin and 

Szabo 2013; Sonnenblick et al. 2015). 

A lot of our knowledge on PARP1 and PARylation has been obtained through a series 

of studies using three independently generated Parp1 knock-out mouse models and 
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immortalized mouse embryonic fibroblasts (MEFs) derived thereof (deMurcia et al. 

1997; Masutani et al. 1999; Shall and de Murcia 2000; Wang et al. 1995), as well as 

siRNA-based knock-down approaches (Blenn et al. 2012). Strikingly, a genetic double 

knock-out of Parp1 and Parp2 resulted in embryonic lethality in the mouse, thereby 

demonstrating a key function of PARylation during development (Menissier de Murcia 

et al. 2003). To the best of our knowledge, besides a very recent report on a 

CRISPR/Cas-generated PARP1 knock-out in HEK cells (Gibbs-Seymour et al. 2016), 

genetic deletion of PARP1 in human cancer cell lines has so far not been described. 

Notably, at present no PARP1 mutations have been directly related to human 

hereditable diseases – presumably because such mutations lead to embryonic lethality 

beforehand. Yet, several PARP1 polymorphisms exist that have been associated with 

an increased risk for cancer development and inflammatory diseases. For example, a 

PARP1 polymorphism, causing the amino acid exchange (aa) V762A (Cottet et al. 

2000), leads to reduced enzymatic activity of purified recombinant PARP1 protein 

(Beneke et al. 2010; Wang et al. 2007). Notably, the PARP1\V762A variant is 

associated with an increased risk for the development of several types of cancers in 

specific ethnicities (Hua et al. 2014; Qin et al. 2014). How the V762A variant and other 

potentially disease-associated PARP1 polymorphisms and mutations affect cellular 

PARP1 activities and functions is so far unknown. 

Here, we report a genetic knock-out of PARP1 in one of the most widely used human 

cell systems, i.e. HeLa cells, via TALEN-mediated gene targeting. We characterized 

these cells with regards to PARylation metabolism and genotoxic stress resistance. By 

reconstituting HeLa PARP1 KO cells with a series of PARP1 variants, we then 

analyzed structure–function relationships of PARP1 variants in a cellular environment 

without interfering with endogenously expressed WT-PARP1. These variants included 

sets of artificial mutants and natural variants to illustrate the potential of this system for 

its wider usage in PARylation research. The first set included two artificial PARP1 

mutants that are of high interest to understand the cellular biochemistry of PARylation, 

i.e. a hypomorphic (E988K) and a hypermorphic (L713F) PARP1 mutant. Using a 

second set of PARP1 variants, we then analyzed cellular consequences of naturally 

occurring PARP1 variants, i.e. the PARP1 polymorphism leading to the V762A aa 

exchange and a newly identified germline PARP1 mutant (F304L) in a patient with 

pediatric colorectal carcinoma (NB. in addition the patient carried the V762A 

polymorphism and a pathogenic mutation in BRCA2). Further, we characterized 

functional consequences of the PARP1-reconstitution in HeLa PARP1 KO cells to 

improve our understanding on the significance of PARP1 and PARylation in (patho-

)physiology. 
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7.3. Materials and Methods 

7.3.1. Generation of HeLa PARP1 KO cells by TALEN-mediated gene 

targeting 

Cells were cultured in DMEM supplemented with 10% FBS, 2 mM l-glutamine and 1% 

penicillin/streptomycin at 37°C, 5% CO2 and 95% humidity. TALENs were custom 

synthesized by Cellectis Bioresearch and were designed to target the first exon of the 

PARP1 gene in close proximity to the start codon (Suppl. Figure 17Suppl. Figure 17. 

Binding sites of TAL effector DNA binding domains within the 1st exon of the PARP1 

gene.). For the generation of stable PARP1 KO cell lines, HeLa Kyoto cells were 

transfected with 1 μg of each TALEN arm DNA using Effectene transfection reagent 

(Qiagen). After 24 h, cells were subcloned using a limited dilution approach. Briefly, 

TALEN-transfected cells were trypsinized and diluted to a concentration of 1000 

cells/ml. From this dilution, three different sub-dilutions were prepared (100 cells/ml, 

30 cells/ml, and 5 cells/ml) and each one seeded into a 96-well plate (100 μl per plate). 

After 5–8 days, the plates were examined for the formation of cell colonies. Only wells 

with one single colony were selected for further processing. Clones were screened for 

a reduction in PARP1 expression via immunofluorescence analysis (see below). Two 

rounds of TALEN-transfection and clonal expansion were necessary to target all 

PARP1 alleles present in the HeLa genome. Complete ablation of PARP1 expression 

in individual clones was verified by Western blotting. The parental HeLa Kyoto cell line 

was used as a wild-type (WT) control. 

7.3.2. Orthologous expression and purification of recombinant PARP1 

Baculovirus expression constructs of PARP1 were generated according to 

manufacturer's instructions (BD). Recombinant (rec.) PARP1 was overexpressed in 

Sf9 insect cells with an MOI of 1 for 60 h. Thereafter, cells were harvested, pelleted 

and stored at −80°C. Rec. PARP1 was purified as described previously (Beneke et al. 

2000), with modifications. Briefly, cell pellets were lysed for 20 min in lysis buffer (1 ml 

per 1.5 × 107 cells; 25 mM Tris–HCl pH 8.0, 10 mM EDTA pH 8.0, 50 mM glucose, 

0.2% Tween 20, 0.2% NP-40, 0.5 M NaCl, 1 mM PMSF and 1 mM 2-mercaptoethanol) 

and cell debris was cleared by centrifugation at 20 000 × g for 20 min. Protamine sulfate 

(1 mg/ml) was added to the supernatant and samples centrifuged again for 10 min at 

20 000 × g. Next, ammonium sulfate was added to 30% saturation, followed by 

centrifugation at 25 000 × g for 20 min. Ammonium sulfate saturation in the supernatant 

was increased to 80%, and centrifuged again at 20 000 × g for 15 min. For desalting, 

the PARP1 containing pellet was dissolved in Buffer 2 (1 ml per 1.5 × 107 cells; 100 

mM Tris–HCl pH 7.4, 0.5 mM EDTA pH 7.4, 10% glycerol, 1 mM PMSF and 2 mM 2-

mercaptoethanol) and loaded onto a Sephadex G-100 column (Sigma-Aldrich). 

Proteins were eluted with 10 ml Buffer 3 (50 mM Tris–HCl pH 8.0, 0.5 mM EDTA pH 

8.0, 5 mM MgCl2, 5% glycerol, 1 mM PMSF and 2 mM 2-mercaptoethanol) and 
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fractions were separated on a 10% SDS gel, followed by Coomassie staining and 

western blotting to identify the PARP1 containing fractions. These fractions were 

pooled and loaded onto a dsDNA-cellulose column (Sigma-Aldrich). Proteins were 

eluted with Buffer 3, containing increasing concentrations of KCl (100 mM, 200 mM, 

400 mM and 1 M). The PARP1 fractions were pooled and concentrated using an 

Amicon 50-kD cut-off spin filter, for buffer exchange (storage buffer, 20% glycerol in 

PBS). Protein concentration was determined using the Bradford assay and the purified 

rec. PARP1 samples were aliquoted, snap-frozen in liquid nitrogen and stored at −80°C 

until further usage. 

7.3.3. PARP1 activity assay 

PARP1 activity was performed as previously described (Beneke et al. 2010), with 

modifications. Reaction buffer (100 mM Tris–HCl pH 7.8, 1 mM DTT, 10 mM MgCl2 

and 25 μg/ml of double-stranded DNA activator oligonucleotide, i.e. EcoRI linker) was 

pre-incubated at 30°C for 60 s. The reaction was started by addition of 5 nM PARP1 

and varying concentrations of NAD+ (50–400 μM) and was stopped by addition of an 

equal volume ice-cold 20% TCA. Each sample (15% of total) was loaded per slot in a 

slot-blot manifold in technical triplicates and vacuum aspirated on a Hybond-N+ nylon 

membrane (GE Healthcare). Purified PAR in different concentrations (200–1500 fmol) 

was applied as technical standards. The slots were washed with 10% TCA and 70% 

ethanol before heat-crosslinking for 1 h at 90°C. Afterwards, the membrane was 

blocked in M-TNT, followed by incubation with anti-PAR antibody 10H (1:300 in M-

TNT) for 1 h. Next, the membrane was washed thrice in TNT for 5 min, followed by 

incubation with secondary antibody goat anti-mouse-HRP (1:2000 in M-TNT) for 1 h. 

The membrane was again washed thrice in TNT, followed by chemiluminescence 

detection at LAS 4000 mini (GE Healthcare). The band intensities were evaluated 

densitometrically using ImageJ software. 

7.3.4. In silico search for PAR binding motifs 

PARP1 was screened for PAR-binding motifs (PBMs) using the PATTINPROT tool 

(https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_pattinprot.html) as 

described previously (Popp et al. 2013). The PBM-pattern [HKR]-X-[AVILFWP]-

[AVILFWP]-[HKR]- [HKR]-[AVILFWP]-[AVILFWP] (Pleschke et al. 2000b) was 

searched against the full-length protein sequence of PARP1 (http://www.uniprot.org/; 

P09874 PARP1_HUMAN), allowing for one (PBM1) or two mismatches (PBM2). 

7.3.5. Far-western PAR binding assay 

Rec. PARP1 was either size-separated using SDS-PAGE and subsequent Western 

blotting on a PVDF membrane, vacuum-aspirated onto a nitrocellulose membrane 

using a slot-blot manifold (Roth), or, in case of the peptide studies, purchased as a 

membrane with covalently attached peptides (PepSpot membrane with on-membrane 

https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_pattinprot.html
http://www.uniprot.org/
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synthesized peptides, JPT Technologies). The PepSpot membrane was activated in 

100% methanol for 5 min according to the manufacturer's instructions, followed by a 

5-min wash in TNT [150 mM NaCl, 10 mM Tris–HCl pH 8.0, 0.05% (v/v) Tween 20] 

and a 1-h incubation in TNT. The membrane was then incubated over night with 0.2 

μM unfractionated PAR in TNT at 4°C. Negative controls were incubated with TNT 

only, i.e. w/o PAR. The blots were subjected to three 10-min washes with high salt 

buffer to remove non-specifically bound PAR. Next, membranes were washed twice 

with TNT for 10 min and blocked with 5% milk powder solution in TNT (M-TNT) for 1 

h. Subsequently, blots were incubated for 1 h with anti-PAR-specific primary antibody 

10H (1:300 in M-TNT), followed by three 5-min TNT washes. The blots were then 

incubated for 1 h with secondary antibody goat anti-mouse-HRP (Dako Cytomation, 

1:2000 in M-TNT), followed by three 5-min washes in TNT and subsequent 

chemiluminescence detection. Slot-blot and western blots were stripped, blocked 

again, and re-probed with mouse anti-PARP1 antibody CII-10 (1:300 in M-TNT) as 

loading control. 

7.3.6. Biotinylation and size-fractionation of PAR 

Biotinylation of PAR was performed as described previously (Fahrer et al. 2007c) with 

some modifications. Briefly, 400 μM of purified PAR were incubated for 8 h at RT in a 

buffer consisting of 100 mM sodium acetate buffer pH 5.5, 1 mM NaBH3CN, 4 mM EZ-

Link Hydrazide-Biocytin (Thermo Scientific). After dialysis against 100 mM sodium 

acetate buffer pH 5.5 with a 2 kDa cut-off Slide-A-Lyzer Dialyis cassette G2 (Thermo 

Scientific), PAR was ethanol-precipitated. Concentration of PAR was determined via 

UV absorbance measurements at 258 nm. The biotinylated PAR was separated from 

non-biotinylated PAR by affinity purification using the Pierce Monomeric Avidin Kit 

(Thermo Scientific) according to the manufacturer΄s instructions. The elution fractions 

were dialyzed against 100 mM sodium acetate buffer pH 5.5 followed by ethanol-

precipitation. HPLC fractionation of the biotinylated PAR was performed as described 

previously (Fahrer et al. 2007c). Briefly, the biotinylated PAR was fractionated using 

an Agilent 1100 series HPLC with a semi-preparative DNAPac™ PA100 BioLC column 

(Thermo Scientific), by applying a multistep NaCl gradient in 25 mM Tris–HCl pH 9.0, 

modified from (Fahrer et al. 2007c). The 258 nm UV absorbance signal was used to 

collect PAR fractions manually, followed by ethanol-precipitation. 

7.3.7. Electrophoretic mobility shift assays (EMSAs) 

DNA-EMSAs were performed as described previously (Popp et al. 2013). Briefly, rec. 

PARP1 was incubated for 20 min with 200 fmol biotinylated double-stranded DNA 

oligonucleotide [5΄-biotin-(TTT)5-

TTAGGGTTAGGGTTAGGGTTAGGGCATGCACTAC-3΄ and 5΄-

GTAGTGCATGCCCTAACCCTAACCCTAACCCTAA-(TTT)5-3΄] in EMSA buffer (40 

mM Tris–HCl pH 8.0, 5 mM DTT, 4 mM MgCl2, 0.1 mg/ml BSA and 0.1% NP-40) at 
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RT. Then, samples were mixed with 10× loading dye (40% glycerol, 0.05% orangeG 

and 0.05% bromphenol blue) and loaded on a 5% native TBE gel. The gel was blotted 

onto a nylon membrane, followed by heat-crosslinking (1 h at 90°C). The blot was 

blocked for 1 h in M-TNT, washed thrice for 5 min in TNT and then incubated for 1 h 

with streptavidin-HRP (1:1000 in TNT). Afterwards, membranes were washed thrice 

for 5 min in TNT followed by chemiluminescence detection. When the effect of PAR 

binding on PARP's DNA binding ability was tested, PARP1 was pre-incubated with 

unfractionated PAR (in amounts as indicated) for 20 min at RT before addition of the 

DNA substrate. The band intensities were analyzed using ImageJ to calculate relative 

band shifts. 

PAR-EMSAs were essentially performed as described previously (Fahrer et al. 2007a), 

with modifications. Briefly, rec. PARP1 in increasing concentration was mixed with 

EMSA buffer (see above) and incubated at 25°C for 10 min. After addition of 500 fmol 

size-fractionated biotinylated PAR (30–35 mer) the samples were again incubated at 

25°C for 20 min. The samples were mixed with 10× loading dye (40% glycerol and 

0.05% orangeG), separated on a 5% native TBE gel by electrophoresis, semi-dry 

blotted on nylon membrane, followed by drying at 90°C for 1 h. After 1-h blocking in M-

TNT, the blots were washed thrice for 5 min with TNT followed by an 1-h incubation 

with streptavidin-HRP (1:1000 in TNT). Afterwards, the blots were washed again thrice 

with TNT, followed by chemiluminescence detection. 

7.3.8. Identification of F304L variant in a patient with pediatric colorectal 

carcinoma 

This patient, with non-polyposis, microsatellite stable colorectal cancer, diagnosed at 

13 years of age, was included in a study to identify novel CRC predisposing genes by 

applying exome sequencing on germline DNA. Clinical data, tumor tissue and DNA 

samples were obtained. The patient and the parents provided informed consent and 

the studies were approved by the Medical Ethics Committee of the Radboud University 

Medical Center in Nijmegen (no. 2012/271). DNA was extracted from peripheral blood 

cells and tumor tissues using standard procedures. 

The exome sequencing procedures used were essentially as reported before (Vissers 

et al. 2010). Briefly, exome enrichment was performed using an AB SOLiD optimized 

SureSelect human exome kit v1 (Agilent). Small insertions and deletions were detected 

using the SOLiD Small InDel Tool. All variants were annotated using an in-house 

developed analysis pipeline (Hoischen et al. 2011; Vissers et al. 2010). For 

prioritization, we selected high confident non-synonymous variants that had a high 

probability of being pathogenic, and were absent in dbSNPv132 and our in-house 

variant database containing at time of analysis 1302 in-house analyzed exomes. The 

candidate mutations were validated by Sanger sequencing in peripheral blood DNA of 

the child and its parents. 
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7.3.9. Generation of PARP1-GFP expression constructs and cell 

transfection 

PARP1 mutants were generated by site-directed mutagenesis (mutated bases are 

marked by bold underlining). Plasmids pET15b::PARP1\V762 and 

pET15b::PARP1\A762 were used as templates to generate the mutants 

pET15b::PARP1\V762\L304 and pET15b::PARP1\A762\L304 using the primer pair 5΄-

AATGCTCGGGTCAGCTGGTCCTCAAGAGC-3΄ and 5΄-

GCAGTAATAGGCATCGCTCTTGAGGACCAGCT-3΄. For rec. protein expression in 

Sf9 cells the PARP1 sequences were PCR-extracted (5΄- 

AAACTGGCGGCCGCATGGCGGAGTCTTCGGATAAGC-3΄ and 5΄-

TCGAGTGCGGCCGCTTACCACAGGGAGGTCTTAA-3΄) and sub-cloned into the 

pJET1.2 vector using the CloneJET PCR cloning kit (Thermo Fisher), thereby 

introducing NotI restriction sites up- and downstream of the PARP1 sequences 

(underlined in primer sequence). Using these restriction sites the PARP1 sequences 

were cloned into the MCS of the baculovirus expression vector pVL1393 (BD). peGFP-

N1::PARP1\V762A, peGFP-N1::PARP1\F304L and peGFP-N1::PARP1\F304L\V762A 

were generated using the pVL1393 plasmids as donors. Therefore, the respective 

pVL1393 plasmids and pEGP-N1::PARP1 were digested with BssHII and EcoRV. The 

resulting fragments were ligated in the pEGP-N1::PARP1 backbone. peGFP-

N1::PARP1\E988K and peGFP-N1::PARP1\L713F were generated by site-directed 

mutagenesis using peGFP-N1::PARP1 as a template. For peGFP-N1::PARP1\E988K 

the primer pair 5΄-CCTCTCTACTATATAACAAGTACATTGTCT-3΄ with 5΄-

CATAGACAATGTACTTGTTATATAGTAGAG-3΄ was used. For peGFP-

N1::PARP1\L713F the primer pair 5΄-GCATACTCCATCTTCAGTGAG-3΄ with 5΄-

GGACCTCACTGAAGATGGAG-3΄ was used. Correct orientation of the inserts and 

successful mutagenesis were verified by DNA sequencing (GATC Biotech). 

For reconstitution experiments, PARP1 KO cells were transfected with different eGFP-

N1::PARP1 plasmids using Effectene (Qiagen), according to the manufacturer's 

instructions. Briefly, DNA, EC-buffer and Enhancer were carefully mixed and incubated 

for 4 min. Next Effectene was added and the solution was again carefully mixed. After 

incubation for 10 min at room temperature cell culture medium was added and the 

transfection mix was pipetted dropwise onto the cells. In order to mitigate cytotoxicity 

of the transfection the medium was exchanged 12–16 h after transfection. 

7.3.10. Immuno-chemical detection of PARP1 and PAR by 

fluorescence microscopy 

HeLa WT and HeLa PARP1 KO cells were seeded on glass cover slips in 12-well 

plates. PAR formation was induced by H2O2 treatment for 5 min, 48 h after transfection. 

After treatment, cells were washed once with PBS and fixed in 4% (w/v) PFA in PBS 

for 20 min. All subsequent incubation steps were performed at RT on a shaker. In order 

to stop fixation, 100 mM glycine in PBS was added for 1 min followed by washing of 
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the slides in PBS. For permeabilization, the slides were incubated for 3 min in 0.4% 

Triton X-100 in PBS, followed by washing with PBS. 

For immunofluorescence staining, the cells were blocked in PBS containing 20% (w/v) 

non-fat milk powder and 0.2% (v/v) Tween 20 (PBSMT) for 1 h. Then, samples were 

either incubated with the primary antibodies mouse-anti-PAR (10H) or mouse-anti-

PARP1 (FI-23 or CII-10) at 37°C for 1 h. Subsequently, the slides were washed thrice 

for 10 min in PBS, followed by incubation with the secondary antibodies goat anti-

mouse IgG coupled to Alexa546 (1:400 in PBSMT). Next, the slides were washed 

thrice for 10 min in PBS, nuclei were stained with Hoechst33342 (0.1 μg/ml in PBS) for 

5 min, slides were washed again in PBS thrice for 10 min, and mounted with Aqua 

Poly/Mount (Polysciences Inc.). Microscopic images were acquired using a Zeiss 

Axiovert 200M microscope. Image data for PARP1 and PAR was analyzed using an 

automated KNIME workflow. Antibody controls, prepared without the primary antibody 

were used to determine background fluorescence. Only cells with a GFP fluorescence 

intensity higher than 1.5-fold of the mean background fluorescence intensity were 

considered GFP-positive and analyzed for PAR-fluorescence. 

7.3.11. Western blot analysis 

Protein lysates of PARP1-transfected HeLa PARP1 KO cells were prepared about 40 

h after transfection. To this end, cells were trypsinized, counted and 5 × 105 cells were 

centrifuged. The pellet was resuspended in 33 μl PBS containing 1× complete protease 

inhibitor cocktail (Roche) and lysed by addition of 66 μl SDS loading dye (93.75 mM 

Tris-HCl (pH 6.8), 9 M urea, 7.5% (v/v) β-mercaptoethanol, 15% (v/v) glycerol, 3% 

(w/v) SDS and 0.01% (w/v) bromphenol blue). DNA was sheared through syringes with 

decreasing diameters and 30 μl protein lysates were loaded per lane, run on 10% SDS 

gels, and semi-dry blotted onto a nitrocellulose membrane. Membranes were blocked 

for 1 h in M-TNT or in TNT with 5% BSA (in case of antibodies detecting 

phosphorylated proteins), followed by 1-h incubation with primary antibodies [mouse 

anti-PARP1 CII-10 (1:300); mouse-anti-p53 (1:1000, Merck Millipore); rabbit-anti-p16 

(1:2000, Abcam mouse anti-actin (1:50 000, Millipore) in M-TNT and rabbit anti-ph-

p53(Ser15) (1:1000, Cell Signaling); mouse-anti-γH2A.X (1:2000, Millipore) both in 

TNT with 5% BSA, rabbit anti-phospho-RPA2 (Ser4/8) (Sigma-Aldrich)] and three 5-

min washes in TNT. Next, membranes were incubated 1 h with the respective 

secondary antibodies [goat-anti rabbit-HRP 1:2000 in M-TNT (Dako); goat-anti mouse-

HRP 1:2000 or 1:5000 in M-TNT (Dako)], again followed by three 5-min washes in TNT 

and chemiluminescence detection. 

7.3.12. LC–MS/MS quantitation of cellular PAR 

Quantitation of cellular PAR levels by isotope dilution mass spectrometry (LC–MS/MS) 

was conducted as described previously (Martello et al. 2013), with modifications. 

Briefly, cells were treated with H2O2 in concentrations as indicated for 5 min at 37°C. 
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Then, cells were washed briefly with ice-cold PBS, placed on ice and lysed with 1 ml 

20% TCA. The lysed cells were harvested using a cell scraper and centrifuged for 5 

min at 3000 × g and 4°C. The supernatant was discarded, the pellet washed twice with 

500 μl ice-cold 70% ethanol and centrifuged for 5 min at 3000 × g at 4°C. The pellet 

was air-dried at 37°C, resuspended in 255 μl 0.5 M KOH by constant shaking until 

completely dissolved and was then neutralized with 50 μl 4.8 M MOPS buffer. For 

determination of DNA concentration, 30 μl were removed. To each 30-μl sample, 390 

μl MOPS:KOH (1 M:0.5 M) and 2.1 μl Hoechst 33342 (1 mg/ml) were added and 

fluorescence intensities were measured with an extinction wavelength of 360 nm and 

an emission wavelength of 460 nm utilizing a VarioskanFlash Fluorescence Reader 

(Thermo Scientific). The DNA concentration of a sample was calculated using a 

standard curve from defined amounts of calf thymus DNA (Sigma-Aldrich). Heavy-

isotope labeled, undigested PAR (12 pmol) was added as an internal standard. DNA 

and RNA were digested for 3 h at 37°C by incubating samples with 0.1 mg/ml DNase 

1 (Roche), 0.1 mg/ml RNase A (Sigma-Aldrich), 50 mM MgCl2 and 100 mM CaCl2. 

Then, 1.25 μl of 40 mg/ml proteinase K (Roche) were added and samples were 

incubated at 37°C over night. Thereafter, PAR was purified using the High Pure miRNA 

Isolation kit (Roche) according to the manufacturer's instructions. PAR was eluted in 

100 μl RNase-free water and then digested into its subunits with 10 U PDE1 

(Affymetrix) and 0.5 U alkaline phosphatase (Sigma-Aldrich) for 3 h at 37°C. Next, the 

samples were filtered through a 10-kD Nanosep filter (Pall) and subsequently dried in 

a speedvac. The samples were then resolved in 100 μl MilliQ water and subjected to 

LC–MS/MS analysis. 

7.3.13. NAD+ cycling assay 

HeLa WT or HeLa PARP1 KO1 cells were seeded in 6-well plates and transfected with 

the different eGFP-N1::PARP1 plasmids using Effectene (Qiagen). Two days after 

transfection, NAD+-cycling assays were performed. To this end, PAR formation was 

induced by treatment with 500 μM H2O2 for 8 min. Cells were harvested using 

trypsin/EDTA and kept on ice during all subsequent steps. The cell numbers were 

determined using a CASY cell counter (Roche) and 5 × 105 cells were used for 

analysis. Cell pellets were resuspended in 500 μl PBS and lysed by addition of 24 μl 

3.5 M perchloric acid. After a 15-min incubation, samples were centrifuged to remove 

cellular debris. The supernatant was mixed with 350 μl phosphate buffer (0.33 mM 

K2HPO4, 0.33 mM KH2PO4 pH 7.5) followed by a 15-min incubation to allow 

precipitation. After centrifugation, the supernatant was incubated on ice for 20 min 

followed by another round of centrifugation. The resulting supernatant was used in the 

NAD+-cycling assay. As a reference, a standard curve was determined in each 

experiment. To this end, NAD+ was diluted to concentrations ranging for 0 μM to 0.48 

μM. Each sample was measured in technical triplicates and therefore 40 μl of the 

supernatant were diluted in 160 μl Diluent (0.5 M H3PO4, 0.5 M NaOH). To each well 

100 μl of a reaction mix [0.48 M bicine (pH8), 4 mg/ml BSA, 0.02 M EDTA, 2.4 M 
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ethanol, 2 mM MTT, 0.96 mg alcohol dehydrogenase and 5.7 mM phenazine 

ethosulfate] was added. Absorption at 550 nm was measured after a 30-min incubation 

at 30°C using 690 nm as a reference wavelength. The intracellular NAD+ concentration 

was calculated with the help of the standard curve and normalized to the transfection 

efficiencies as determined by FACS analysis performed in parallel according to the 

following formula:   

n(NAD+inKO1)×(1−transfectionefficiency)+n(NAD+ intransfectedcells)×transfectioneff

iciency=n(NAD+measured) 

7.3.14. Cell proliferation and viability analysis 

For the Alamar Blue assay, a number of 4000 cells were seeded into a 96-well plate in 

technical triplicates and incubated for 4 h at 37°C (defined as time point ‘0 h’). At 

subsequent time points, Alamar Blue solution (Invitrogen) was added and cells were 

incubated for an additional hour at 37°C. The fluorescence signal was measured at 

550 nm excitation wavelength and 590 nm emission wavelength and data normalized 

to the ‘0 h’ time point. 

For annexin V /PI staining, HeLa WT and PARP1 KO cells were seeded in 6-well plates 

and transfected with the different eGFP-N1::PARP1 plasmids using Effectene 

(Qiagen). In case of treatment, camptothecin (CPT; Sigma-Aldrich) or DMSO as 

solvent control were added to the medium 24 h after transfection. Two days after 

treatment, cells were harvested using trypsin/EDTA. The used medium, the PBS, and 

the trypsin/EDTA with the fresh medium were collected. The resulting cell 

concentration was determined using a CASY cell counter (Roche). A number of 2.5 × 

105 cells was pelleted and resuspended in annexin V binding buffer (10 mM HEPES 

pH 7.4, 140 mM NaCl, 2.5 mM CaCl2). A volume of 195 μl of the cell suspension was 

mixed with 5 μl annexin V-FITC (for untransfected cells) or annexin V-APC (for 

transfected cells) and incubated in the dark at RT. Finally, 200 μl of propidium iodide 

(PI) solution (10 μg/ml PI in annexin V binding buffer) were added and the cells were 

analyzed using a FACSCalibur (BD). For each sample, 10 000 transfected cells were 

analyzed. Only GFP-positive cells were included in the analyses. 

7.3.15. Cell cycle analysis 

HeLa WT or HeLa PARP1 KO cells were seeded in 6-well plates and transfected with 

the different eGFP-N1::PARP1 plasmids using Effectene (Qiagen). Three days after 

transfection, the cells were harvested using trypsin/EDTA, pelleted, and resuspended 

in 300 μl PBS. Then, 700 μl ethanol were added for fixation, cells were incubated for 

20 min followed by centrifugation. The pellet was washed with PBS, centrifuged again 

and resuspended in 30 μl PBS. A volume of 120 μl of DNA extraction buffer (4 mM 

citric acid, 0.2 M Na2HPO4, pH 7.8) was added and the samples were incubated for 20 

min on a shaker at RT. After centrifugation the samples were resuspended in PI-
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staining solution (PBS, 0.2 mg/ml RNAase A, 20 μg/ml PI) and analyzed using a 

FACSCalibur (BD). For each sample, 10 000 transfected cells were measured. Only 

GFP-positive cells were included in the analyses. 

7.3.16. Clonogenic survival assay 

Cells (1 × 106 cells/ml) were incubated for 5 min in the presence of H2O2 in 

concentrations as indicated. Subsequently, 500 cells were seeded in 6-cm plates and 

incubated at 37°C, 5% CO2 and 95% humidity. After 2 weeks, medium was removed 

and colonies were fixed and stained for 1 h using a 10%-formaldehyde solution (Sigma-

Aldrich) mixed with 0.1% crystal violet. The culture dishes were washed and colonies 

consisting of at least 20 cells were counted using a stereomicroscope (Leica). 

7.3.17. Live imaging of PARP1 recruitment to sites of laser-induced 

DNA damage 

For the analysis of recruitment to DNA damage, 1 × 105 HeLa PARP1 KO cells were 

seeded on μ-slides (ibidi) 24 h before transfection with the different eGFP-N1::PARP1 

constructs using Effectene (Qiagen) according to the manufacturer's instructions. 

Protein expression was allowed for 40 h. On the day of irradiation, the medium was 

changed to phenol red-free DMEM (Invitrogen). 

DNA damage was induced with a commercially available 780 nm femtosecond-pulsed 

fiber laser (Toptica, Munich, Germany) coupled into a LSM700 confocal laser scanning 

microscope (Zeiss) through an independent scanner system (Rapp Optoelectronics, 

Hamburg, Germany). Within the GFP-positive cell nuclei a 6 μm line was irradiated for 

a total irradiation time of 3.78 sec using 5 mW average power and a repetition rate of 

40 MHz. Imaging was performed using a Zeiss EC-Plan-Neofluar 40×/1.3 oil immersion 

objective lens at a wavelength of 488 nm through an open pinhole. Acquisition of time 

lapses at multiple positions was facilitated by an automated macro (LIC macro, 

University of Freiburg, Germany) and analysis was performed with a line analysis 

macro for ImageJ which is available for download on http://www.bioimaging-center.uni-

konstanz.de (BIC tool box, University of Konstanz, Germany). 

7.3.18. Statistical analysis 

Statistical testing was performed using GraphPad Prism and tests were applied as 

indicated in Figure legends. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001. 

http://www.bioimaging-center.uni-konstanz.de/
http://www.bioimaging-center.uni-konstanz.de/
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7.4. Results 

7.4.1. Generation and characterization of HeLa PARP1 knock-out cells 

We set out to generate a genetic PARP1 KO in one of the most widely used human 

cellular model systems, i.e. HeLa cells. Recently the HeLa genome has been fully 

sequenced (Adey et al. 2013; Landry et al. 2013), enabling us to use the TALEN 

technology to target exon 1 of PARP1 [MIM 173870] (Suppl. Figure 17). We identified 

two independent clones, termed PARP1 KO1 and KO2, that displayed complete 

abrogation of PARP1 expression, as evaluated by single-cell fluorescence microscopy 

(Figure 37A) and Western blotting (Figure 37B). DNA sequencing of PCR amplicons 

of the genomic region of interest confirmed successful targeting by introducing small 

deletions in PARP1 exon 1 in both clones (data not shown). To characterize how the 

loss of PARP1 affects PAR metabolism, we treated HeLa WT and PARP1 KO clones 

with doses of 10 μM to 1 mM H2O2. As it is evident from single-cell immuno-

epifluorescence microscopy using the anti-PAR specific antibody 10H, no PAR signal 

could be observed in PARP1 KO cells even at the highest treatment dose of 1 mM 

H2O2 (Figure 37C). Next, we tested if the loss of PARP1 affects NAD+ levels under 

non-stress conditions as well as upon H2O2 treatment by using an enzymatic NAD+ 

cycling assay based on (Jacobson and Jacobson 1976). Figure 37D shows that under 

non-stress conditions the loss of PARP1 did not lead to significant changes in basal 

NAD+ levels. As expected, treatment of HeLa WT cells with H2O2 led to a dramatic drop 

in cellular NAD+ levels. In contrast, NAD+ levels did not significantly change in PARP1 

KO cells upon H2O2 treatment (Figure 37D). To analyze cellular PAR metabolism in 

greater detail, we used a bioanalytical method based on isotope dilution mass 

spectrometry, which, in contrast to immunochemical-based technologies, is sensitive 

enough to quantify basal PAR levels in unstressed cells with unequivocal chemical 

specificity (Martello et al. 2013). A 100-fold increase in cellular PAR levels was 

observed, when HeLa WT cells were treated with up to 200 μM H2O2. As expected this 

effect could be largely inhibited by treating cells with the pharmacological PARP 

inhibitor ABT888 (10 μM) (Figure 37E). Residual PARP activity in the presence of 10 

μM ABT888 has been observed before (Martello et al. 2013) and can be attributed to 

the much higher sensitivity of the LC–MS/MS method as compared to the 

immunofluorescence analysis, which is not able to detect this residual PARP activity 

(Martello et al. 2013). HeLa PARP1 KO cells showed only a 5–7-fold increase in PAR 

levels, which could be completely inhibited by ABT888 treatment. These results 

demonstrate that upon induction of severe genotoxic stress, PARP1 contributes to 

>90% of cellular PAR formation in HeLa cells. The residual PAR forming ability can be 

probably attributed to other DNA damage dependent PARPs, such as PARP2 and 

PARP3 (Beck et al. 2014). Importantly, while stress-induced PAR formation was 

almost completely abolished in PARP1 KO cells, basal PAR levels remained constant, 

indicating that under physiological, non-stress conditions other PARPs can 

compensate for the loss in PARP1 (insert in Figure 37E). Recently, it has been shown 

https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/nar/44/21/10.1093_nar_gkw859/3/gkw859_Supp.pdf?Expires=1522514199&Signature=Ih41jwyJWGS~XKg3B9A10U8Uwcm5oRaxJfybQN5fRtIK4kbDiGGKbbO7sgJ0E-tpBi7i1gy2cWLOvVD3IDbbk~HvdFYGzVN5E8obUBwa9smpru8sB12WZNgrHWQ4oiU~V7WtpG9TlZwfOCRrR5~-e2j22GrCb8CwRU0~7hJ16OGnoaY-gJGmufXpX~-Kqeurl4gyuWbg7NAP5gUBHP8mB13lt5vmBGokNGmFqBHRO5C0y9p30wV~ukn4WzsjR9Ugs5fibhhYTXH~ue4DZpOJpX3d2c8TmFYjUUtY2qPg-zPJQMRZTWO3mRPwzvhMUr~TtR9xEfsoxXxMonEgkDKqfQ__&Key-Pair-Id=APKAIUCZBIA4LVPAVW3Q
https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/nar/44/21/10.1093_nar_gkw859/3/gkw859_Supp.pdf?Expires=1522514199&Signature=Ih41jwyJWGS~XKg3B9A10U8Uwcm5oRaxJfybQN5fRtIK4kbDiGGKbbO7sgJ0E-tpBi7i1gy2cWLOvVD3IDbbk~HvdFYGzVN5E8obUBwa9smpru8sB12WZNgrHWQ4oiU~V7WtpG9TlZwfOCRrR5~-e2j22GrCb8CwRU0~7hJ16OGnoaY-gJGmufXpX~-Kqeurl4gyuWbg7NAP5gUBHP8mB13lt5vmBGokNGmFqBHRO5C0y9p30wV~ukn4WzsjR9Ugs5fibhhYTXH~ue4DZpOJpX3d2c8TmFYjUUtY2qPg-zPJQMRZTWO3mRPwzvhMUr~TtR9xEfsoxXxMonEgkDKqfQ__&Key-Pair-Id=APKAIUCZBIA4LVPAVW3Q


Results 

 

135 

   

that PARP1 plays a crucial role in the response of cells to camptothecin (CPT) 

treatment (Berti et al. 2013; Patel et al. 2012). Using our highly sensitive LC–MS/MS 

technique, we analyzed if CPT treatment directly stimulates PARP activity in HeLa 

cells. As shown in Figure 37F, CPT treatment for 30 min led to a significant induction 

of PARP activity, yet this induction was far more moderate than after H2O2 treatment. 

Thus, a 1-μM treatment led to ∼2-fold and a 100-μM CPT treatment to 4-fold higher 

PAR levels compared to basal PAR levels in untreated cells. Importantly, this increase 

in PAR can be completely attributed to PARP1 activity, since no increase in PAR levels 

was observed in PARP1 KO cells. 
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Figure 37: TALEN-mediated gene targeting of PARP1 in HeLa cells. (A) Single-cell immuno-epifluorescence 
analysis of PARP1 expression in HeLa WT and in two independently generated PARP1 knock-out (KO) clones 
(KO1 and KO2). (B) Western blot analysis of PARP1 expression in HeLa WT and PARP1 KO clones. PCNA served 
as a loading control. (C) Single cell immuno-epifluorescence analysis of PAR formation in HeLa WT and PARP1 

KO clones. WT cells showed a dose-dependent increase in cellular PAR levels upon H2O2 treatment (for 5 min), 
while PAR levels in PARP1 KO cells remained close to background signal intensities. Representative epifluorescent 

microscopic images (left panel), quantitation of image data (right panel). Means ± SEM, at least 70 cells per data 
point were analyzed. Statistical analysis was performed via two-way ANOVA testing and Sidak's post-test. (D) 
Intracellular NAD+ levels in WT and PARP1 KO cells ± H2O2 treatment for 7 min as measured by an enzymatic 
NAD+ cycling assay. Means ± SEM of n = 3 independent experiments. Statistical analysis was performed using 
two-way ANOVA testing and Sidak's post-test. (E) Quantitation of basal and H2O2-induced PAR levels in WT and 
PARP1 KO cells via isotope dilution mass spectrometry (LC–MS/MS) using a previously published method (Martello 
et al. 2013). To induce PAR-formation, cells were treated with H2O2 as indicated. If indicated, cells were pretreated 
with 10 μM ABT888 for 45 min. Insert: Basal PAR levels in untreated WT and PARP1 KO cells. Means ± SEM of n 

= 3 independent experiments. Statistical analysis was performed using one-way ANOVA testing and Sidak's post-
test within one group of cells (i.e. WT, KO1, KO2). (F) LC–MS/MS analysis of PAR levels ± camptothecin (CPT) 
treatment for 30 min. Means of n = 2 independent experiments. R-Ado indicates ribosyl-adenosine. 

After having analyzed PAR metabolism in HeLa PARP1 KO clones, we characterized 

cellular and functional consequences of the genetic deletion of PARP1. When culturing 

HeLa PARP1 KO cells, it became apparent that these cells grew considerably slower 

compared to their WT counterparts. In agreement with this observation, proliferation 

analysis revealed that both PARP1 KO clones showed significantly slower proliferation 

rates compared to WT, while the overall cell cycle distribution appeared to be 

unaffected (Figure 38A and B). A plethora of reports from Parp1 KO mice and human 

cell culture studies using RNA interference and pharmacological inhibition of PARP 
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activity showed that loss of PARP1 leads to a sensitization of cells towards genotoxic 

stimuli (Blenn et al. 2012; Godon et al. 2008; Shall and de Murcia 2000). To test if the 

same holds true in genetically-targeted HeLa PARP1 KO cells, we performed a 

clonogenic survival analysis of HeLa WT and PARP1 KO cells upon H2O2 treatment. 

Consistent with data from other mammalian systems, loss of PARP1 led to a significant 

sensitization of HeLa cells towards low-dose H2O2 treatment (Figure 38C). Next, we 

analyzed how PARP1 deficiency affects the response of HeLa cells to CPT treatment 

by performing cell viability and cell cycle analyses. Figure 38D demonstrates that HeLa 

PARP1 KO clones were significantly sensitized to CPT treatment, resulting in lower 

cell viability two days after CPT treatment, which could be attributed to both increased 

apoptosis as well as necrosis rates. Interestingly, in terms of necrosis, the two 

independently generated PARP1 KO clones showed significant differences, with clone 

KO2 showing higher necrosis induction than clone KO1. Such slight differences in the 

phenotypes of the two clones are not unexpected, since selection processes may occur 

during culturing of the clones, before initial biochemical analysis by 

immunofluorescence microscopy and Western blotting. To analyze if also nanomolar 

doses of CPT, which are assumed to induce primarily replicative stress without directly 

inducing DNA strand breaks, lead to a sensitization of PARP1 KO cells, we performed 

a cell cycle analysis two days after CPT treatment (Figure 38E). These experiments 

revealed that CPT treatment caused a strong G2 arrest that was significantly increased 

in both PARP1 KO clones. Since both PARP1 KO clones showed similar properties, 

we focused on the usage of clone PARP1 KO1 for further analyses. 
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Figure 38: Functional consequences of PARP1 deletion in HeLa cells. (A) Cell proliferation of HeLa WT and 
PARP1 KO cells as analyzed by Alamar Blue assay for 3 days. Means ± SEM of n = 3 independent experiments. 
Statistical analysis was performed using two-way ANOVA testing and Sidak's post-test. (B) Cell cycle analysis of 
untreated WT and PARP1 KO cells via PI staining and subsequent flow cytometric analysis. Means ± SEM of three 
independent experiments. (C) Clonogenic survival analysis. HeLa WT and PARP1 KO cells were treated with H2O2 
as indicated for 5 min and then plated and cultivated for 2 weeks prior to colony counting. Means ± SEM of n = 3 
independent experiments. Statistical analysis using two-way ANOVA testing and Sidak's post-test. (D) Cytotoxicity 
analysis via annexin V/PI staining and subsequent flow cytometric analysis of HeLa WT and PARP1 KO cells treated 
± CPT in concentrations as indicated for 2 days. Viable cells refer to annexin V/PI-double negative cells (top); early 
apoptotic cells to annexin V-positive (middle), PI-negative cells; and necrotic and late-apoptotic cells to annexin 
V/PI-double positive cells (bottom). Ratios compared to total cell numbers. Means ± SEM of n ≥ 4 independent 
experiments. Statistical analysis was performed using two-way ANOVA testing and Sidak's post-test. (E) Cell cycle 

analysis via PI staining and flow cytometric analysis 2 days after treatment of cells ± CPT in concentrations as 
indicated. Means ± SEM of n ≥ 4 independent experiments except for data of PARP1 KO2 cells; n = 1. Statistical 

analysis was performed using two-way ANOVA testing and Sidak's post-test. 

In summary, we have generated a complete genetic knock-out of PARP1 in HeLa cells 

in two independent clones. Furthermore, we provide a detailed characterization of 

these cells with regards to their PAR and NAD+ metabolism, their growth 

characteristics, and their cellular responses after application of the genotoxins H2O2 

and CPT. 
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7.4.2. Reconstitution of HeLa PARP1 knock-out cells with PARP1 variants 

By reconstituting HeLa PARP1 KO cells with select PARP1 variants, we examined the 

cellular biochemistry of those. First, to exemplify the potential of this system for its 

usage in PARylation research, we analyzed two artificial PARP1 mutants that are of 

high interest to understand the cellular biochemistry of PARylation, i.e. a hypomorphic 

(E988K) and a hypermorphic (L713F) PARP1 mutant (Figure 39A). Using a second set 

of PARP1 variants, we then analyzed biochemical and cellular properties of naturally 

occurring PARP1 variants, i.e. a PARP1 polymorphism that has been associated with 

increased risk for certain cancers (V762A) and a newly identified inherited PARP1 

mutant in a patient with pediatric colorectal carcinoma (F304L) (Figure 39A). Figure 

39B gives an overview of the biochemical parameters of the different variants as 

reported in the literature and the current study (see below). We generated eukaryotic 

expression constructs of the PARP1 variants using site-directed mutagenesis. To 

detect PARP1 expression in transfected HeLa cells and to monitor recruitment to sites 

of DNA damage, all variants were C-terminally tagged with eGFP. A transient-

transfection approach was chosen to avoid potential counter-selection effects during 

cell culturing. As it is evident from Western blot (Figure 39C) and FACS analyses 

(Suppl. Figure 18), reconstitution of HeLa PARP1 KO cells with these constructs led to 

a strong expression of the PARP1 variants, which was ∼4-5-fold higher than 

endogenous PARP1 expression in HeLa WT cells, with the exception of the 

PARP1\L713F variant, which showed per-cell expression levels comparable to WT 

cells. It is obvious that PARP1 protein levels may influence many cellular processes, 

although only weak correlations between PARP1 expression levels and PAR formation 

under non-stressed and upon genotoxic stress have been observed, indicating that 

PARP1 expression alone is not the limiting factor for PAR production (data not shown). 

In subsequent experiment, we included both HeLa WT cells as well as PARP1\WT-

reconstituted cells as controls, which allows the assessment of any potential effects of 

PARP1 protein levels on functional outcomes. 

https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/nar/44/21/10.1093_nar_gkw859/3/gkw859_Supp.pdf?Expires=1522514199&Signature=Ih41jwyJWGS~XKg3B9A10U8Uwcm5oRaxJfybQN5fRtIK4kbDiGGKbbO7sgJ0E-tpBi7i1gy2cWLOvVD3IDbbk~HvdFYGzVN5E8obUBwa9smpru8sB12WZNgrHWQ4oiU~V7WtpG9TlZwfOCRrR5~-e2j22GrCb8CwRU0~7hJ16OGnoaY-gJGmufXpX~-Kqeurl4gyuWbg7NAP5gUBHP8mB13lt5vmBGokNGmFqBHRO5C0y9p30wV~ukn4WzsjR9Ugs5fibhhYTXH~ue4DZpOJpX3d2c8TmFYjUUtY2qPg-zPJQMRZTWO3mRPwzvhMUr~TtR9xEfsoxXxMonEgkDKqfQ__&Key-Pair-Id=APKAIUCZBIA4LVPAVW3Q
https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/nar/44/21/10.1093_nar_gkw859/3/gkw859_Supp.pdf?Expires=1522514199&Signature=Ih41jwyJWGS~XKg3B9A10U8Uwcm5oRaxJfybQN5fRtIK4kbDiGGKbbO7sgJ0E-tpBi7i1gy2cWLOvVD3IDbbk~HvdFYGzVN5E8obUBwa9smpru8sB12WZNgrHWQ4oiU~V7WtpG9TlZwfOCRrR5~-e2j22GrCb8CwRU0~7hJ16OGnoaY-gJGmufXpX~-Kqeurl4gyuWbg7NAP5gUBHP8mB13lt5vmBGokNGmFqBHRO5C0y9p30wV~ukn4WzsjR9Ugs5fibhhYTXH~ue4DZpOJpX3d2c8TmFYjUUtY2qPg-zPJQMRZTWO3mRPwzvhMUr~TtR9xEfsoxXxMonEgkDKqfQ__&Key-Pair-Id=APKAIUCZBIA4LVPAVW3Q
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Figure 39: Overview of PARP1 variants included in this study. (A) PARP1 structure and localization of amino 

acid exchanges of PARP1 variants as used in this study. The 3D structure is in complex with a double-stranded 
DNA molecule [PDB code 4DQY (Langelier et al. 2012)], without ZnF2 and WGR domains. (B) Biochemical 

parameters derived from rec. enzymes of the different PARP1 variants used in this study. Values were determined 
in the present study (cf. Figure 45) or taken from the literature as indicated. PAR indicates poly(ADP-ribose); MAR, 
mono(ADP-ribose); and OAR, oligo(ADP-ribose). (C) Western blot analysis of PARP1 protein levels in HeLa PARP1 

KO cells reconstituted with different PARP1-eGFP variants 2 days after transfection. Left: representative Western 
blot out of 4. Right: densitometric analysis of western blot signal intensities after normalization to transfection 
efficiencies. Means ± SEM of n = 4 independent experiments. Statistical analysis was performed using 1-sample t-
test comparing the expression of the different PARP1-variants after transfection to endogenous PARP1\WT-levels 
in HeLa cells. 

7.4.3. Reconstitution of HeLa PARP1 knock-out cells with wild-type and 

artificial PARP1 variants 

In the first set of PARP1 mutants, we focused on a hypomorphic PARP1 mutant, with 

an aa exchange from glutamate to lysine at position 988 (E988K), and on a 

hypermorphic PARP1 mutant, with an aa exchange from leucine to phenylalanine at 

position 713 (L713F). Previously, PARP1\E988K was shown to exhibit mono- or 

oligo(ADP-ribosyl)ation activity in biochemical studies using recombinant enzymes 

(Beneke et al. 2010; Marsischky et al. 1995; Rolli et al. 1997) and its cellular behavior 

has been characterized by reconstituting mouse embryonic fibroblasts derived from 

Parp1 knock-out mice (Mortusewicz et al. 2007; Patel et al. 2012). The PARP1\L713F 

mutant was originally identified as a gain-of-function mutant in a random mutagenesis 
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screen and has been characterized on a biochemical level (Dawicki-McKenna et al. 

2015; Langelier et al. 2012; Miranda et al. 1995). Thus, this mutant mimics the effect 

of DNA-binding-induced distortions in the catalytic domain, thereby increasing PARP1 

DNA-independent activity in-vitro up to 20-fold and elevating the catalytic efficiency of 

PARylation, while not affecting its affinity for NAD+ (Langelier et al. 2012) (Figure 39B). 

To the best of our knowledge, so far this variant has not been characterized in a cellular 

environment. 

7.4.4. Cellular PAR and NAD+ metabolism of artificial PARP1 mutants 

To provide a basis for the analysis of cellular consequences of reconstituted HeLa 

PARP1 KO cells, we conducted a detailed characterization of the cellular biochemistry 

of the different PARP1 variants with regards to PARylation and NAD+ metabolism as 

well as PARP1 localization dynamics at sites of DNA damage. Using triple-color 

immuno-epifluorescence microscopy and image evaluation by an automated KNIME 

workflow, we examined the PARylation response upon treatment of PARP1-

reconstituted cells with increasing doses of H2O2. As expected, PARP1-reconstituted 

cells showed a dose-dependent PAR formation (Figure 40A and B). The response was 

similar to the dose-response that had been observed in HeLa WT cells (Figure 37), 

however, in contrast to HeLa WT cells, saturation of PAR signals was reached already 

at a dose of 500 μM, presumably because of moderate PARP1 overexpression in 

reconstituted cells (Suppl. Figure 19). PARP1\E988K-reconstituted cells did not reveal 

any significant increase in PAR-derived fluorescent intensities (Figure 40A and B), 

which is in accordance to its described mono-/oligo-(ADP-ribosyl)ation activity (Beneke 

et al. 2010; Marsischky et al. 1995; Rolli et al. 1997). These results are in agreement 

with time-course analysis of PAR formation in PARP1-reconstituted cells upon H2O2 

treatment, which revealed a transient PARylation response with peak levels of PAR 

formation at ∼5 min after treatment. Thirty minutes after H2O2 treatment, PAR levels 

returned to basal levels, due to the activity of PAR-degrading enzymes such as PARG 

(Figure 40C and Suppl. Figure 20). Furthermore, time-course analysis confirmed the 

inability of the PARP1\E988K variant to produce PAR (Suppl. Figure 20). On the other 

hand, cells reconstituted with PARP1\L713F produced PAR even in the absence of 

exogenous DNA damage, indicating that it is constitutively active not only in a cell-free 

system (Langelier et al. 2012), but also in a cellular environment (Figure 40A and B). 

Interestingly, treating PARP1\L713F-reconstituted cells with H2O2 for 5 min did not lead 

to a further increase in PAR signal in IF analysis. Time-course analysis of H2O2-treated 

PARP1\L713F-reconstituted cells, however, revealed that 30 min after the genotoxic 

stimulus, PAR levels declined to basal levels as observed in untreated HeLa WT cells 

(Figure 40C), indicating that PARP1\L713 can still be stimulated by DNA damage 

presumably leading to a depletion of NAD+. Validation of these results using isotope 

dilution mass spectrometry, confirmed that PARP1\L713 is constitutively active in cells, 

leading to 2.5-fold higher PAR levels in unstressed cells (Figure 40D). LC–MS/MS 

analysis also revealed that PAR levels in PARP1\WT-transfected cells increased by 

https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/nar/44/21/10.1093_nar_gkw859/3/gkw859_Supp.pdf?Expires=1522514199&Signature=Ih41jwyJWGS~XKg3B9A10U8Uwcm5oRaxJfybQN5fRtIK4kbDiGGKbbO7sgJ0E-tpBi7i1gy2cWLOvVD3IDbbk~HvdFYGzVN5E8obUBwa9smpru8sB12WZNgrHWQ4oiU~V7WtpG9TlZwfOCRrR5~-e2j22GrCb8CwRU0~7hJ16OGnoaY-gJGmufXpX~-Kqeurl4gyuWbg7NAP5gUBHP8mB13lt5vmBGokNGmFqBHRO5C0y9p30wV~ukn4WzsjR9Ugs5fibhhYTXH~ue4DZpOJpX3d2c8TmFYjUUtY2qPg-zPJQMRZTWO3mRPwzvhMUr~TtR9xEfsoxXxMonEgkDKqfQ__&Key-Pair-Id=APKAIUCZBIA4LVPAVW3Q
https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/nar/44/21/10.1093_nar_gkw859/3/gkw859_Supp.pdf?Expires=1522514199&Signature=Ih41jwyJWGS~XKg3B9A10U8Uwcm5oRaxJfybQN5fRtIK4kbDiGGKbbO7sgJ0E-tpBi7i1gy2cWLOvVD3IDbbk~HvdFYGzVN5E8obUBwa9smpru8sB12WZNgrHWQ4oiU~V7WtpG9TlZwfOCRrR5~-e2j22GrCb8CwRU0~7hJ16OGnoaY-gJGmufXpX~-Kqeurl4gyuWbg7NAP5gUBHP8mB13lt5vmBGokNGmFqBHRO5C0y9p30wV~ukn4WzsjR9Ugs5fibhhYTXH~ue4DZpOJpX3d2c8TmFYjUUtY2qPg-zPJQMRZTWO3mRPwzvhMUr~TtR9xEfsoxXxMonEgkDKqfQ__&Key-Pair-Id=APKAIUCZBIA4LVPAVW3Q
https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/nar/44/21/10.1093_nar_gkw859/3/gkw859_Supp.pdf?Expires=1522514199&Signature=Ih41jwyJWGS~XKg3B9A10U8Uwcm5oRaxJfybQN5fRtIK4kbDiGGKbbO7sgJ0E-tpBi7i1gy2cWLOvVD3IDbbk~HvdFYGzVN5E8obUBwa9smpru8sB12WZNgrHWQ4oiU~V7WtpG9TlZwfOCRrR5~-e2j22GrCb8CwRU0~7hJ16OGnoaY-gJGmufXpX~-Kqeurl4gyuWbg7NAP5gUBHP8mB13lt5vmBGokNGmFqBHRO5C0y9p30wV~ukn4WzsjR9Ugs5fibhhYTXH~ue4DZpOJpX3d2c8TmFYjUUtY2qPg-zPJQMRZTWO3mRPwzvhMUr~TtR9xEfsoxXxMonEgkDKqfQ__&Key-Pair-Id=APKAIUCZBIA4LVPAVW3Q
https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/nar/44/21/10.1093_nar_gkw859/3/gkw859_Supp.pdf?Expires=1522514199&Signature=Ih41jwyJWGS~XKg3B9A10U8Uwcm5oRaxJfybQN5fRtIK4kbDiGGKbbO7sgJ0E-tpBi7i1gy2cWLOvVD3IDbbk~HvdFYGzVN5E8obUBwa9smpru8sB12WZNgrHWQ4oiU~V7WtpG9TlZwfOCRrR5~-e2j22GrCb8CwRU0~7hJ16OGnoaY-gJGmufXpX~-Kqeurl4gyuWbg7NAP5gUBHP8mB13lt5vmBGokNGmFqBHRO5C0y9p30wV~ukn4WzsjR9Ugs5fibhhYTXH~ue4DZpOJpX3d2c8TmFYjUUtY2qPg-zPJQMRZTWO3mRPwzvhMUr~TtR9xEfsoxXxMonEgkDKqfQ__&Key-Pair-Id=APKAIUCZBIA4LVPAVW3Q
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∼43-fold after H2O2 treatment, while PAR levels of PARP1\L713F-transfected cells 

increased by ∼14-fold compared to unstimulated PARP1\WT- and ∼6-fold compared 

to unstimulated PARP1\L713F-transfected cells (Figure 40D). Comparison of LC–

MS/MS and immunochemical analyses also demonstrate that immunofluorescence 

analysis can only give a semi-quantitative estimate of intracellular PAR levels, due to 

lack of sensitivity and the limited dynamic range for quantitation (Martello et al. 2013). 

 

Figure 40: Cellular biochemistry of artificial PARP1 mutants. HeLa PARP1 KO cells were transfected with 

eGFP-coupled constructs of PARP1, PARP1\L713F and PARP1\E988K. Analyses were performed 2 days after 
transfection. (A) Representative images from single cell immuno-epifluorescence analysis of PARP1-eGFP and 
PAR after treatment of PARP1-reconstituted cells ± H2O2 as indicated for 5 min. Scale bars indicate 30 μm. (B) 
Densitometric analysis of imaging data as shown in (A). More than 100 cells were analyzed per experiment and 
condition in a semi-automated manner using a KNIME workflow. Means ± SEM of n = 4 independent experiments. 
Statistical analysis using matched two-way ANOVA testing and Sidak's post-test. (C) Time-course analysis of PAR 
levels in PARP1-reconstituted cells after treatment of cells with 250 μM H2O2. Means ± SEM of n = 4 independent 
experiments, >100 cells were analyzed per experiment and condition. Statistical analysis was performed using 
matched two-way ANOVA testing and Sidak's post-test. (D) LC–MS/MS analyses of PAR levels in PARP1 KO1 

cells and cells reconstituted with PARP1\WT and PARP1\L713F. Two days after transfection, cells were treated as 
indicated for 7 min. Levels were normalized to transfection efficiencies. Means ± SEM of n = 3 independent 
experiments. Statistical analysis was performed by one-way ANOVA testing and Tukey's post-test. (E) Western blot 

analysis of HeLa cell extracts of KO1 and PARP1-reconstituted cells, as indicated. 2 days after transfection, cells 
were treated with 500 μM H2O2 for 7 min. PARylated proteins were detected via the 10H antibody. Red arrows 
indicate the expected molecular weight of auto-PARylated PARP1. (F) NAD+ levels in PARP1-reconstituted cells 
upon treatment ± H2O2 for 7 min as measured by an enzymatic NAD+ cycling assay. Means ± SEM of n = 3 
independent experiments, except for ABT888-treated samples, n = 2. Statistical analysis was performed using two-

way ANOVA testing and Sidak's post-test. 
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To test if constitutively active PARP1\L713F leads to PARP1 automodification, we 

performed western-blotting-based PAR detection using the 10H antibody. Figure 40E 

demonstrates that H2O2 treatment leads to PARP1 automodification in HeLa WT cells 

as well as in PARP1\WT-reconstituted HeLa PARP1 KO1 cells (indicated by red 

arrows). As expected, H2O2 treatment of E988K-reconstituted cells did not result in a 

significant increase in PAR signal intensity. In agreement with IF and LC–MS/MS 

analyses, H2O2 treatment triggered PARylation and PARP1 automodification in 

PARP1\L713F-reconstituted cells. However, no PARP1 automodification could be 

observed in untreated cells, suggesting that constitutive activity of PARP1\L713F 

mainly produces PAR attached to other proteins than PARP1 or not covalently bound 

to proteins at all. 

To obtain further insight into the activities of PARP1 variants in reconstituted cells, we 

analyzed NAD+ levels in untreated as well as in H2O2- and PARP inhibitor-treated cells. 

Transfection efficiencies of individual samples were determined in parallel via flow 

cytometry and have been taken into account in Figure 40F. These experiments 

confirmed that, as expected, cells reconstituted with PARP1\WT for two days 

responded similar as HeLa WT cells by showing a drastic drop in NAD+ levels upon 

H2O2 treatment, which could be completely inhibited by ABT888 (Figure 40F). 

Unexpectedly, cells that had been reconstituted with PARP1\E988K, displayed a 

significant increase in total NAD+ amounts per cell compared to PARP1\WT-

reconstituted cells. Furthermore, H2O2 treatment led to a moderate, but statistically 

significant, drop in NAD+ levels, which is consistent with the fact that the PARP1\E988K 

mutant acts as a mono- or oligo-(ADP-ribose) transferase, which is incapable to form 

PAR chains that can be recognized by the 10H antibody. Strikingly, the increase in 

NAD+ levels in PARP1\E988K-reconstituted cells could be completely inhibited by 

PARP inhibitor treatment (Figure 40F), suggesting that the mono- or oligo(ADP-

ribosyl)ation activity of PARP1\E988K is responsible for the effect observed. 

Consistent with our PARylation analysis, NAD+ levels in PARP1\L713F-reconstituted 

cells were reduced by >40% under basal conditions and showed a total exhaustion in 

H2O2-treated cells, which could be completely abolished by PARP inhibitor treatment. 

In summary, these results demonstrate that single aa exchanges within PARP1 can 

cause dramatic effects on PARP1's enzymatic activity and NAD+ metabolism in a 

cellular environment. This holds true for both (i) a hypomorphic exchange, such as 

E988K, thereby generating a mono- or oligo(ADP-ribosyl) transferase, or (ii) a 

hypermorphic exchange, such as L713F, thereby generating a constitutively active 

PARP1 variant, whose enzymatic activity is partially uncoupled from its DNA binding 

ability and mediates the synthesis of mainly free PAR in cells under non-stressed 

conditions. 
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7.4.5. Recruitment dynamics of artificial PARP1 mutants to DNA damage 

Since enzymatic PARP1 activation is in many cases directly related to its DNA binding 

status, we analyzed the spatio-temporal dynamics of recruitment of PARP1-eGFP to 

DNA damage sites induced by multi-photon irradiation in the infrared spectrum 

(Träutlein et al. 2008; Trautlein et al. 2010). For PARP1\WT, we observed a fast and 

strong recruitment to sites of DNA damage reaching its maximum level 1 min after 

damage induction and decreasing progressively thereafter (Figure 41A and B). This is 

consistent with what has been observed previously in other cellular systems (Haince 

et al. 2008; Mortusewicz et al. 2007). For PARP1\E988K the maximum level of 

recruitment was reduce by 50% as compared to WT. Interestingly, this level remained 

unchanged over a period of 6 min after laser-induced damage. Thus, in contrast to 

PARP1\WT, there was no decrease of PARP1/E988K at the damage site during the 

time of experimental observation. These results are largely consistent with the binding 

dynamics of PARP1\E988K at UV-irradiated sites reported in a mouse system 

(Mortusewicz et al. 2007). Recruitment experiments using the constitutively active 

mutant PARP1\L713F revealed a similar overall behavior of this mutant as compared 

to PARP1\WT, with a moderate, but significant reduction in the maximum level of 

recruited protein. Altogether, these data demonstrate that the dynamics of PARP1 

recruitment at micro-irradiated sites is strongly affected by the protein's activity. 

 

Figure 41: Recruitment and dissociation kinetics of PARP1-eGFP at sites of laser-induced DNA damage. 
(A) Representative imaging data. Scale bars indicate 10 μm. (B) Densitometric quantitation of signal intensities 
from imaging data as shown in (A). Means ± SEM of n = 3 independent experiments, >29 cells were analyzed per 

experiment and condition. Statistical analysis was performed using two-way ANOVA testing and Sidak's post-test. 

7.4.6. Non-covalent PARP1–PAR interaction 

In many instances, recruitment of DNA repair factors is mediated by non-covalent PAR-

protein interactions (Krietsch et al. 2013). The recruitment kinetics of PARP1\E998K 

as observed in the current study and by (Mortusewicz et al. 2007) suggest that non-

covalent binding to locally formed PAR may affect PARP1 binding to sites of DNA 

damage. Non-covalent PARP1–PAR interaction may lead to conformational changes 

within the secondary and tertiary structure of PARP1, thereby regulating its binding to 

DNA. Previously studies reported non-covalent PARP1–PAR interaction (Chapman et 

al. 2013; Huambachano et al. 2011; Robu et al. 2013a). Thus, using a peptide array-
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approach, Chapman et al. reported a multitude of potential PAR binding sites within 

the PARP1 protein sequence (Chapman et al. 2013). Moreover, Huambachano et al. 

reported PAR binding to the ZnF2 and a C-terminal region of PARP1, i.e. dsDNA 

binding domain (Huambachano et al. 2011), but in the latter case the binding site has 

never been specified. To the best of our knowledge, a comprehensive characterization 

of PAR binding to full-length PARP1 has not been reported so far. Therefore, we tested 

if PARP1 and PAR interact non-covalently, which could lead to an accumulation of 

PARP1 molecules at sites of DNA damage. To this end, we used three different 

biochemical approaches to characterize the non-covalent interaction of PAR with full 

length rec. PARP1. (i) We performed Western blotting of rec. PARP1, incubated 

membranes in the presence or absence of in-vitro synthesized PAR, and detected 

bound PAR under high-stringency conditions. Figure 42A demonstrates that PARP1 

interacts with PAR non-covalently. (ii) This result was further confirmed by immuno-

slot blotting (Figure 42B). Both methods analyze binding of PAR to rec. PARP1 

immobilized on a membrane. (iii) To analyze PARP1–PAR interaction in solution, we 

performed a modified EMSA using biotin-end-labelled PAR of defined chain length as 

a bait. We observed the formation of three defined macromolecular complexes further 

confirming that PARP1 interacts with PAR in a non-covalent manner (Figure 42C). In 

general, non-covalent PAR-protein binding can be mediated by several different PAR 

binding modules (Krietsch et al. 2013). 
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Figure 42: Non-covalent PARP1–PAR interaction. (A) Analysis of PARP1–PAR interaction by PAR overlay assay 

using increasing amounts of recombinant PARP1 as indicated. After protein transfer, membranes were incubated 
with (left panel) or without (right panel) purified PAR (0.2 μM). PAR binding was detected using the 10H antibody 
after high-stringency washing to remove non-specifically bound PAR. (B) Immuno slot-blot PAR binding assay using 

increasing amounts of recombinant PARP1. Membranes were incubated with PAR (0.2 μM) and bound PAR was 
detected using the 10H antibody after high-stringency washing. (C) Analysis of PARP1–PAR interaction in solution 

using a modified PAR-EMSA. End-biotinylated PAR of defined chain length (30–35 mer, 0.5 pmol ADP-ribose) was 
incubated with recombinant PARP1. PARP1–PAR binding was assessed by native TBE gel electrophoreses and 
Western blotting. Three distinct complexes (1–3) were formed in a PARP1-dependent manner. (D) Upper panel. In 
silico search for putative PAR-binding sites within the PARP1 sequence using the search sequence displayed at 

the top of the panel. Two potential PAR binding motives (PBMs), i.e. PBM1 (1 mismatch) and PBM2 (two 
mismatches), were identified in Zn2 and Zn3, respectively. Lower panels. Localization of PBM1 and PBM2 within 
Zn2 and Zn3, respectively. Structures based on PDB codes 4AV1 and 4DQY (Langelier et al. 2012). (E) PAR 

binding ability of peptides comprising aa sequences of PBM1/2 and peptides comprising aa exchanges potentially 
responsible of PBM-PAR interactions using a PepSpot analysis. ‘AA pos.’ indicates aa positions within full-length 
PARP1 sequence (Gagne et al. 2008). A peptide sequence derived from a PBM in XRCC1 served as a positive 
control. (F) DNA-PARP1 EMSA using a known biotinylated double-stranded DNA oligonucleotide (200 fmol). Left. 
DNA-PARP1 interaction in the absence of PAR. Middle. Rec. PARP1 (100 nM) was incubated with increasing 
concentrations of PAR as indicated. Right. Densitometric evaluation of EMSAs. Means ± SEM of n = 3 independent 
experiments. Statistical analysis was performed using 1-way ANOVA testing and Sidak's post-test. 

The most abundant one within the human proteome is the PAR binding motif (PBM), 

which comprises a weakly conserved consensus sequence containing a 

basic/hydrophobic core helix. Using a previously published target sequence (Pleschke 

et al. 2000b; Popp et al. 2013), we searched for putative PBMs within the PARP1 aa 

sequence and identified two potential binding sites within ZnF2 and ZnF3, respectively 

(Figure 42D). No PBM has been identified in the C-terminal region of PARP1. [N.B. As 



Results 

 

147 

   

stated above, it is important to note that the molecular basis of the PARP1–PAR 

interaction is probably highly complex and other binding sites as shown by 

(Huambachano et al. 2011; Krietsch et al. 2013) presumably contribute to non-covalent 

PARP1–PAR interaction.] To test if these aa sequences mediate PAR binding in vitro, 

we used membrane-immobilized peptides (PepSpot approach) in a PAR overlay 

assay. PBM1 showed a strong and PBM2 a weak PAR binding (Figure 42E), which 

could be completely abolished by exchanging critical lysines with alanines. 

Next, we were interested in potential functional consequences of the PARP1–PAR 

interaction. Based on the presence of a PBM within ZnF2, we speculated that the non-

covalent PARP1–PAR interaction could directly affect the ability of PARP1 to bind to 

DNA. To test this hypothesis, we performed EMSAs of PARP1-DNA complexes formed 

in the presence or absence of PAR. These results show that PARP1 binds to this DNA 

substrate in a dose-dependent manner and, importantly, this binding could be already 

inhibited by the presence of PAR in a molar ratio as low as 1:10 (PAR:PARP1) (Figure 

42F). 

In summary, these results demonstrate that PARP1 activity is necessary for the 

efficient recruitment to as well as release from sites of laser-induced DNA damage. 

Furthermore, direct non-covalent PARP1–PAR interaction can contribute to these 

effects by (i) efficiently attracting PARP1 molecules to sites of active PARylation and 

(ii) subsequently regulating the release of highly modified PARP1 molecules from DNA. 

7.4.7. Cellular consequences of PARP1 reconstitution 

Having analyzed the cellular biochemistry of the PARP1\E988K and PARP1\L713F 

mutants in the absence of any potentially interfering endogenous PARP1\WT, we 

examined potential cellular consequences of the altered PARylation metabolism in 

PARP1-reconstituted cells. PARP1\E988K-reconstituted cells showed considerable 

alterations in cellular morphology. Thus, we observed that PARP1\E988K expression 

induced significant changes in flow cytometric dot-blots. Forward (FSC) and side 

scatter (SSC) intensities were significantly increased (Suppl. Figure 21A). 

Furthermore, when we quantified the areas of nuclei from epi-fluorescence 

microscopic images of reconstituted cells, we observed that nuclei of PARP1\E988K-

reconstituted cells were ∼50% enlarged compared to PARP1\WT, PARP1 KO and 

other PARP1-reconstituted cells (Suppl. Figure 21B). In addition, 3D deconvolution 

microscopy of Hoechst33342-labeling revealed signs of altered nuclear architecture of 

PARP1\E988K-expressing cells as compared to PARP1\WT. Thus, nucleoli of 

PARP1\E988K-reconstituted cells appeared enlarged and surrounded by compacted 

perinucleolar heterochromatin (Suppl. Figure 21C). 

While we could not observe any significant changes for the chromatin markers 

H3K27me3 and H3K4me3 in PARP1-reconstituted cells (data not shown), another 

cause for differences in nuclear sizes may be alterations in cell cycle regulation (Umen 

https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/nar/44/21/10.1093_nar_gkw859/3/gkw859_Supp.pdf?Expires=1522514199&Signature=Ih41jwyJWGS~XKg3B9A10U8Uwcm5oRaxJfybQN5fRtIK4kbDiGGKbbO7sgJ0E-tpBi7i1gy2cWLOvVD3IDbbk~HvdFYGzVN5E8obUBwa9smpru8sB12WZNgrHWQ4oiU~V7WtpG9TlZwfOCRrR5~-e2j22GrCb8CwRU0~7hJ16OGnoaY-gJGmufXpX~-Kqeurl4gyuWbg7NAP5gUBHP8mB13lt5vmBGokNGmFqBHRO5C0y9p30wV~ukn4WzsjR9Ugs5fibhhYTXH~ue4DZpOJpX3d2c8TmFYjUUtY2qPg-zPJQMRZTWO3mRPwzvhMUr~TtR9xEfsoxXxMonEgkDKqfQ__&Key-Pair-Id=APKAIUCZBIA4LVPAVW3Q
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2005). To test if PARP1\E988K reconstitution led to alterations in cell cycle distribution, 

we analyzed the cell cycle status of reconstituted cells via PI staining and flow 

cytometric analysis. While expression of the PARP1\L713F mutant only slightly 

influenced the HeLa cell cycle without application of additional stress, expression of 

the PARP1\E988K mutant induced a strong G2 arrest three days after transfection 

(Figure 43A). Importantly, PARP inhibitor treatment of PARP1-reconstituted cells did 

not affect the cell cycle status at all, but, remarkably, rescued the cell cycle defect of 

PARP1\E988K-expressing cells completely. These results are consistent with our 

analysis of the NAD+ status in PARP1\E988K-reconstituted cells and indicate an active 

role of mono- or oligo(ADP-ribosyl)ation in inducing the observed effects. Typically, a 

G2 arrest in cell cycle progression can be caused by accumulating DNA damage. To 

test if PARP1\E988K expression leads to a DNA damage response, we analyzed 

several key factors of DNA damage signaling in PARP1-reconstituted cells, such as 

phosphorylated p53 at serine 15 (ph-p53), γH2A.X, and p16 (Figure 43B). Western blot 

analysis revealed that PARP1\L713F-expressing cells showed slightly enhanced 

γH2A.X levels, whereas PARP1\E988K-expressing cells exhibited a robust increase in 

γH2A.X and ph-p53 staining two days after transfection, while p16 expression was not 

affected in cells expressing PARP1 mutants. As expected, PARP inhibition by ABT888 

also induced γH2A.X levels in HeLa WT and PARP1\WT-reconstituted cells (Figure 

43C). However, unexpectedly, PARP inhibition in PARP1\E988K-reconstituted cells 

led to reduced γH2A.X levels, indicating that DNA damage induction in PARP1\E988K-

reconstituted cells is mediated by residual mono- or oligo-(ADP-ribosyl)ation activity of 

the PARP1\E988K mutant and not due to a potential PARP1 trapping effect. The 

increase in nuclei size, G2 arrest and increased levels of γH2A.X observed for 

PARP1\E988K-reconstituted cells is reminiscent of replicative stress, as previously 

observed in hydroxyurea-treated cells (Liu et al. 2012). Of note, PARP1\E988K-

reconstitued cells showed increased levels of the replicative stress marker phRPA2 

(Ser 4/8), which can be mitigated by PARP inhibitor treatment (Figure 43D), suggesting 

that the observed phenotype is directly induced by residual PARP1\E988K activity 

rather than a trapping effect of PARP1\E988K at sites of DNA damage. In support of 

the toxic effect of PARP1\L713F expression is the finding that PARP inhibitor treatment 

led to a considerable increase in PARP1\L713F expression in PARP1 KO cells (Figure 

43C and D). 
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Figure 43: PARP1\E988K affects cell cycle regulation and induces DNA damage signaling. (A) Cell cycle 
analysis by PI staining and subsequent flow cytometric analysis 3 days after transfection of HeLa PARP1 KO cells 

reconstituted with PARP1\WT, PARP1\E988K and PARP1\L713F. PARP1\E988K induces a G2 arrest, which can 
be rescued by treating cells with 10 μM ABT888. Means ± SEM of n = 6 independent experiments, except of 
ABT888-treated samples, n = 2. Statistical analysis was performed using two-way ANOVA testing and Sidak's post-
test. (B) Analysis of DNA damage response markers, i.e. phospho-S15-p53, γH2A.X and p16 in WT, PARP1 KO 

and PARP1-reconstituted cells as indicated 2 days after transfection. Cells reconstituted with PARP1\E988K 
displayed increased phospho-S15-p53 and γH2A.X levels and cells reconstituted with PARP1\L713F showed 
slightly elevated γH2A.X levels. Immunochemical detection of PARP1, p53 and actin served as controls. Shown is 
a representative experiment out of three. (C) Western blot analysis of ph-p53 and γH2A.X levels in PARP1-
reconstituted cells (±10-μM ABT888 treatment). (D) Western blot analysis of the replicative stress marker phospho-

RPA2 (Ser4/8) in PARP1-reconstituted cells (±10-μM ABT888 treatment). Immunochemical detection of PARP1 
and actin served as controls. 

Since PARP1\E988K-expressing cells entered a G2 arrest, we assumed that 

expression of this variant could induce cell death in HeLa cells. We analyzed cell 

viability via annexin V/PI staining three days after transfection. Cells overexpressing 

PARP1/WT showed comparable viability as HeLa WT cells (compare Figure 38 

and Figure 44). Consistent with a G2 arrest, PARP1\E988K-expressing cells showed 

a higher rate of early as well as late apoptotic/necrotic cells compared to PARP1\WT-

reconstituted cells, at a similar level compared to HeLa PARP1 KO cells transfected 

with a plasmid carrying GFP only (i.e. labeled with GFP-cont in Figure 44A). More 

strikingly, however, expression of PARP1\L713F in HeLa PARP1 KO cells revealed to 

be highly cytotoxic reducing viability from 80% for PARP1\WT-reconstituted cells to 

∼40–50% for PARP1\L713F-reconstituted cells (Figure 44A). Most of this effect could 
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be attributed to annexin V-positive, but PI-negative cells indicating that high basal PAR 

levels in these cells could drive cells into apoptosis without any obvious induction of 

cell cycle arrest in viable cells (at least under the conditions tested). Interestingly, 

pretreatment with the pharmacological PARP inhibitor ABT888 was able to mitigate 

the induction of early apoptosis, indicating, that not the PARP1\L713F protein itself, 

but the constitutive activity of this variant is responsible for the increased apoptosis 

rate (Figure 44B). Since the loss of PARP1 in HeLa cells led to a significant 

sensitization towards CPT treatment, we examined if PARP1-reconstitution could 

rescue this effect. Indeed, when treating cells with increasing doses of CPT two days 

prior to analysis, PARP1\WT reconstitution could significantly rescue the sensitization 

effect observed in PARP1 KO cells (Figure 44A). Interestingly, neither reconstitution 

with PARP1\E988K nor with PARP1\L713F were able to rescue the PARP1 KO effect, 

indicating that full PARP1 functionality is necessary to protect cells from CPT-induced 

genotoxic stress. Furthermore, CPT-induced cell death could be mostly attributed to 

the induction of necrotic cell death, while apoptosis was only slightly induced in 

PARP1\WT and PARP1\E988K-reconstituted cells and stayed at a constant high level 

in PARP1\L713F-reconstituted cells (Figure 44A). Consistent with these results, 

treatment of PARP1-reconstituted cells with CPT in the low nM range, led to a G2 

arrest for all three variants, but with the highest proportion for PARP1\E988K-

reconstituted cells (Figure 44C). 
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Figure 44: PARP1 mutants influence cell viability and cell cycle progression upon CPT treatment. (A and B) 
Analysis of viable, apoptotic and necrotic cells 3 days after transfection of HeLa PARP1 KO cells reconstituted with 

PARP1, PARP1\E988K, and PARP1\L713F by annexinV / PI staining and subsequent flow cytometric analysis. 
GFP cont indicates cells transfected with a plasmid carrying only GFP. Cells were treated (A) with CPT in 
concentrations as indicated 24 h after transfection or (B) with 10 μM ABT888 directly after transfection. Viable cells 

refer to annexin V/PI-double negative cells; (early) apoptotic cells to annexin V-positive, PI-negative cells; and 
necrotic and late-apoptotic cells to annexin V/PI-double positive cells (ratios compared to total cell numbers). Means 
± SEM of n ≥ 3 independent experiments. Statistical analysis was performed using two-way ANOVA testing and 
Sidak's post-test. (C) Cell cycle analysis of PARP1-reconstituted cells as indicated 3 days after transfection and 2 
days after CPT treatment via PI staining and subsequent flow cytometric analysis. Means ± SEM of n = 3 

independent experiments. Statistical analysis was performed using two-way ANOVA testing and Sidak's post-test. 

It has been reported that PAR could induce the release of apoptosis inducing factor 

(AIF) from mitochondria and induce apoptosis via a pathway called parthanatos (Wang 

et al. 2011; Yu et al. 2002). To examine whether this mechanism contributes to cell 

death in unchallenged PARP1\L713F-reconstituted cells, we used 

immunofluorescence confocal microscopy to analyze subcellular AIF distribution. 

Although cells reconstituted with the PARP1\L713F variant exhibited changes in the 

non-nuclear AIF distribution compared to PARP1\WT- reconstituted cells, no nuclear 

translocation of AIF has been observed (Suppl. Figure 22). Although at this stage, we 

cannot exclude that the amount of AIF in the nucleus is below the technical detection 

limit, it is unlikely that cell death triggered by PARP1\L713F expression is mediated by 

AIF translocation. Presumably, PARP1\L713F-mediated cell death is a result of 
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depletion of cellular NAD+ pools (Figure 40F) or through inhibition of glycolysis (Andrabi 

et al. 2014; Fouquerel et al. 2014). 

In summary, modulating PARylation metabolism led to remarkable cellular 

consequences, such as higher apoptosis rates induced by increased basal PAR levels 

through expression of the constitutively active PARP1\L713F mutant, or severe effects 

on cell cycle progression by expression of the mono/oligo(ADP-ribosyl) transferase 

PARP1\E988K. Importantly, in both cases effects were mediated by enzymatic 

activities of the PARP1 mutants, since they could be blocked by PARP inhibition. 

7.4.8. Reconstitution of HeLa PARP1 knock-out cells with natural PARP1 

variants 

In a second set of PARP1 variants, we analyzed two variants naturally occurring in 

humans, i.e. (i) the V762A polymorphic variant (valine to alanine exchange at aa 

position 762) (Cottet et al. 2000). This variant displays reduced enzymatic activity in in 

vitro studies using rec. PARP1 (Beneke et al. 2010; Wang et al. 2007) and is 

associated with higher risks for specific types of tumors in certain ethnicities (Hua et 

al. 2014; Qin et al. 2014). To the best of our knowledge, PARP1\V762A has not been 

characterized in detail in a cellular environment. (ii) Using exome sequencing of 

peripheral blood DNA from a patient with pediatric colorectal cancer, we identified the 

V762A polymorphism to co-occur with a novel rare PARP1 mutation, i.e. a genomic 

910T>C mutation leading to a phenylalanine to leucine exchange at the protein level 

at aa position 304, i.e. F304L. This mutation was maternally inherited. Importantly, 

although not in the focus of the present study, the paternal family history of this patient 

was positive for breast and ovarian cancer, which can be explained by an 

accompanying pathogenic frameshift mutation c.2808_2811del (p.A938fs) in the 

BRCA2 gene [MIM 600185]. This aberration was found to be present in the proband 

as well. Predisposition to pediatric CRC in BRCA2 mutation carriers has not been 

reported before, but germline biallelic BRCA2 mutations cause Fanconi anemia, a 

condition that predisposes to pediatric cancer (Howlett et al. 2002). We therefore 

assessed this patient for the presence of a second germline mutation in BRCA2, which 

was not found. Subsequent whole exome sequencing revealed no de novo mutations, 

nor mutations affecting both alleles of one gene. The c.910T>C (p.F304L) variant in 

the PARP1 gene (Figure 45A), which was one of the rare candidate pathogenic 

variants, was analyzed in more detail in tumor tissue-derived DNA of this patient. Of 

the chromosome 1q42.12 region, which harbors PARP1, two copies were present, and 

SNP array data revealed no indication for acquired uniparental disomy of this region in 

the tumor tissue. After Sanger sequencing of PARP1 on tumor DNA no second hit 

mutation was found. The F304 residue of PARP1 is a highly conserved residue at the 

homodimer interface within the third zinc-binding domain, which may be important for 

PARP1 dimerization and DNA-dependent enzyme activation (Langelier et al. 2008). At 

present it is unclear if this PARP1 mutation may have contributed to colon 

carcinogenesis. To address this hypothesis, we first examined if the F304L exchange 
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disturbs PARP1 enzymatic activity. To this end, we generated mutant PARP1 cDNAs 

by site-directed mutagenesis, coding for either a phenylalanine or leucine at position 

304 and either a valine or alanine at position 762. Activity testing of rec. proteins 

carrying the four different combinations was performed by a well-established 

biochemical immuno-slot blot assay (Suppl. Figure 23). This confirmed previous results 

showing that the V762A exchange is associated with reduced PARP1 activity (Figure 

45B). Importantly, the PARP1\F304L variant showed reduced PARP1 activity by about 

50% compared to respective WT, both in the absence and presence of the V762A 

polymorphism (Figure 45B). Of note, PARP1\F304L\V762A - as found in the patient - 

exhibited only 30% of the maximum activity compared to PARP1\WT. These results 

indicate that the presence of both the F304L and V762A amino acid exchanges in 

PARP1 in the patient resulted in a cumulative reduction in enzymatic activities. 
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Figure 45: Biochemical and cellular characteristics of natural PARP1 variants. (A) An inherited PARP1 
mutation identified by exome sequencing in a patient with pediatric colorectal cancer. The panel on the left shows 
a subset of the sequencing reads spanning the individual mutations (data based on hg19); the panel on the right 
shows the validation by Sanger sequencing in the child and the maternal samples to indicate the mode of 
inheritance. Position of the mutation is indicated by red arrows. (B) Biochemical characterization of natural PARP1 
variants as used in this study. Rec. enzymes were expressed in the Sf9/baculovirus system and purified via size 

exclusion and affinity chromatography. PARP1 activity was examined by incubating 5 nM PARP1 with increasing 
concentrations of NAD+ as indicated in a reaction mixture as described in material and methods section. Afterward, 
15% of reaction mixtures were slot-blotted on a nylon membrane (see Suppl. Figure 23) and PAR content was 
analyzed by immunochemical staining using the 10H antibody. Means of n = 3 independent experiments. A non-
linear Michaelis-Menten model was used for curve fit. Statistical analysis using 2-way ANOVA testing. (C) Analysis 
of intracellular PARP1 activity in PARP1 KO cells reconstituted with PARP1 variants as indicated 2 days after 
transfection by immuno-epifluorescence microscopy as shown in Figure 40 (for representative raw data refer to 
Suppl. Figure 23). Cells were treated with H2O2 for 5 min in concentrations as indicated, and PAR levels of eGFP-
positive cells were examined using the anti-PAR-specific mAB 10H. Means ± SEM of n = 5 independent 
experiments. Statistical analysis was performed using matched two-way ANOVA testing and Sidak's post-test. (D) 

Time-course analysis of PAR formation in PARP1-reconstituted cells after treatment of cells with 250 μM H2O2. 
Means ± SEM of n = 4 independent experiments (>100 cells per experiment). Statistical analysis using matched 
two-way ANOVA testing and Sidak's post-test. (E) NAD+ levels in WT, PARP1 KO and PARP1-reconstituted cells 
± H2O2 treatment for 7 min as evaluated by an enzymatic NAD+ cycling assay. Means ± SEM of n = 3 independent 
experiments. Statistical analysis was performed via 2-way ANOVA testing and Sidak's post-test. (F) Recruitment 

and dissociation kinetics of natural PARP1 variants at sites of laser-induced DNA damage. For representative raw 
data refer to Suppl. Figure 23. Means ± SEM. Evaluation from ≥35 cells from three independent experiments. 
Statistical analysis was performed using two-way ANOVA testing and Sidak's post-test. 

Next, we analyzed the cellular properties of these two natural PARP1 variants. This 

paves the way towards a molecular risk assessment also of other natural occurring 

PARP1 variants to assess the risk of carriers of these variants for disease 

development. Figure 45C shows that the enzymatic activities of the different natural 

https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/nar/44/21/10.1093_nar_gkw859/3/gkw859_Supp.pdf?Expires=1522514199&Signature=Ih41jwyJWGS~XKg3B9A10U8Uwcm5oRaxJfybQN5fRtIK4kbDiGGKbbO7sgJ0E-tpBi7i1gy2cWLOvVD3IDbbk~HvdFYGzVN5E8obUBwa9smpru8sB12WZNgrHWQ4oiU~V7WtpG9TlZwfOCRrR5~-e2j22GrCb8CwRU0~7hJ16OGnoaY-gJGmufXpX~-Kqeurl4gyuWbg7NAP5gUBHP8mB13lt5vmBGokNGmFqBHRO5C0y9p30wV~ukn4WzsjR9Ugs5fibhhYTXH~ue4DZpOJpX3d2c8TmFYjUUtY2qPg-zPJQMRZTWO3mRPwzvhMUr~TtR9xEfsoxXxMonEgkDKqfQ__&Key-Pair-Id=APKAIUCZBIA4LVPAVW3Q
https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/nar/44/21/10.1093_nar_gkw859/3/gkw859_Supp.pdf?Expires=1522514199&Signature=Ih41jwyJWGS~XKg3B9A10U8Uwcm5oRaxJfybQN5fRtIK4kbDiGGKbbO7sgJ0E-tpBi7i1gy2cWLOvVD3IDbbk~HvdFYGzVN5E8obUBwa9smpru8sB12WZNgrHWQ4oiU~V7WtpG9TlZwfOCRrR5~-e2j22GrCb8CwRU0~7hJ16OGnoaY-gJGmufXpX~-Kqeurl4gyuWbg7NAP5gUBHP8mB13lt5vmBGokNGmFqBHRO5C0y9p30wV~ukn4WzsjR9Ugs5fibhhYTXH~ue4DZpOJpX3d2c8TmFYjUUtY2qPg-zPJQMRZTWO3mRPwzvhMUr~TtR9xEfsoxXxMonEgkDKqfQ__&Key-Pair-Id=APKAIUCZBIA4LVPAVW3Q
https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/nar/44/21/10.1093_nar_gkw859/3/gkw859_Supp.pdf?Expires=1522514199&Signature=Ih41jwyJWGS~XKg3B9A10U8Uwcm5oRaxJfybQN5fRtIK4kbDiGGKbbO7sgJ0E-tpBi7i1gy2cWLOvVD3IDbbk~HvdFYGzVN5E8obUBwa9smpru8sB12WZNgrHWQ4oiU~V7WtpG9TlZwfOCRrR5~-e2j22GrCb8CwRU0~7hJ16OGnoaY-gJGmufXpX~-Kqeurl4gyuWbg7NAP5gUBHP8mB13lt5vmBGokNGmFqBHRO5C0y9p30wV~ukn4WzsjR9Ugs5fibhhYTXH~ue4DZpOJpX3d2c8TmFYjUUtY2qPg-zPJQMRZTWO3mRPwzvhMUr~TtR9xEfsoxXxMonEgkDKqfQ__&Key-Pair-Id=APKAIUCZBIA4LVPAVW3Q
https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/nar/44/21/10.1093_nar_gkw859/3/gkw859_Supp.pdf?Expires=1522514199&Signature=Ih41jwyJWGS~XKg3B9A10U8Uwcm5oRaxJfybQN5fRtIK4kbDiGGKbbO7sgJ0E-tpBi7i1gy2cWLOvVD3IDbbk~HvdFYGzVN5E8obUBwa9smpru8sB12WZNgrHWQ4oiU~V7WtpG9TlZwfOCRrR5~-e2j22GrCb8CwRU0~7hJ16OGnoaY-gJGmufXpX~-Kqeurl4gyuWbg7NAP5gUBHP8mB13lt5vmBGokNGmFqBHRO5C0y9p30wV~ukn4WzsjR9Ugs5fibhhYTXH~ue4DZpOJpX3d2c8TmFYjUUtY2qPg-zPJQMRZTWO3mRPwzvhMUr~TtR9xEfsoxXxMonEgkDKqfQ__&Key-Pair-Id=APKAIUCZBIA4LVPAVW3Q
https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/nar/44/21/10.1093_nar_gkw859/3/gkw859_Supp.pdf?Expires=1522514199&Signature=Ih41jwyJWGS~XKg3B9A10U8Uwcm5oRaxJfybQN5fRtIK4kbDiGGKbbO7sgJ0E-tpBi7i1gy2cWLOvVD3IDbbk~HvdFYGzVN5E8obUBwa9smpru8sB12WZNgrHWQ4oiU~V7WtpG9TlZwfOCRrR5~-e2j22GrCb8CwRU0~7hJ16OGnoaY-gJGmufXpX~-Kqeurl4gyuWbg7NAP5gUBHP8mB13lt5vmBGokNGmFqBHRO5C0y9p30wV~ukn4WzsjR9Ugs5fibhhYTXH~ue4DZpOJpX3d2c8TmFYjUUtY2qPg-zPJQMRZTWO3mRPwzvhMUr~TtR9xEfsoxXxMonEgkDKqfQ__&Key-Pair-Id=APKAIUCZBIA4LVPAVW3Q
https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/nar/44/21/10.1093_nar_gkw859/3/gkw859_Supp.pdf?Expires=1522514199&Signature=Ih41jwyJWGS~XKg3B9A10U8Uwcm5oRaxJfybQN5fRtIK4kbDiGGKbbO7sgJ0E-tpBi7i1gy2cWLOvVD3IDbbk~HvdFYGzVN5E8obUBwa9smpru8sB12WZNgrHWQ4oiU~V7WtpG9TlZwfOCRrR5~-e2j22GrCb8CwRU0~7hJ16OGnoaY-gJGmufXpX~-Kqeurl4gyuWbg7NAP5gUBHP8mB13lt5vmBGokNGmFqBHRO5C0y9p30wV~ukn4WzsjR9Ugs5fibhhYTXH~ue4DZpOJpX3d2c8TmFYjUUtY2qPg-zPJQMRZTWO3mRPwzvhMUr~TtR9xEfsoxXxMonEgkDKqfQ__&Key-Pair-Id=APKAIUCZBIA4LVPAVW3Q


Results 

 

155 

   

PARP1 variants behave very similar in a cellular environment compared to the in vitro 

setting as shown in Figure 45B. Thus, when reconstituting HeLa PARP1 KO cells with 

the different natural PARP1 variants, treating them with 50 μM H2O2, and subsequently 

analyzing their PAR forming ability via immuno-epifluorescence microscopy, PAR 

formation was reduced by ∼31% and ∼42% in cells reconstituted with the 

PARP1\V762A and PARP1\F304L variants, respectively (Figure 45C). Strikingly, 

under those conditions the activity of the PARP1\V762A\F304L variant declined by 

∼57% compared to PARP1\WT. Treatment of cells with higher doses of H2O2 (500 μM) 

resulted in more moderate differences in PAR formation, with a ∼20%-reduced PAR 

formation for the PARP1\V762A\F304L variant compared to PARP1\WT (Figure 45C). 

This indicates that the maximum PAR forming ability in a cellular environment is similar 

for the different variants, since under such treatment conditions with high 

concentrations of H2O2, the PAR formation in the cellular system is already saturated 

(Suppl. Figure 19). Consistent with results from the dose-response analysis, also time-

course studies revealed reduced activities for the PARP1\V762A and the 

PARP1\F304L variants (Figure 45D). NAD+ levels in cells reconstituted with the 

different natural PARP1 variants revealed no differences under non-stress conditions 

and only minor differences after challenging cells with H2O2 (Figure 45E). This 

suggests that PARP1 variants still keep their NAD+ hydrolyzing (NADase) function 

(Desmarais et al. 1991) active, which is consistent with the findings of similar Km values 

of the different variants (Figure 39B). In a next step, we tested if the aa exchanges of 

the natural PARP1 variants influence their localization dynamics at sites of DNA 

damage by monitoring the localization of fluorescently labeled PARP1 variants at site 

of laser irradiation as described above (Figure 45F and Suppl. Figure 24). Interestingly, 

PARP1\WT-reconstituted cells that were treated with ABT888 shortly before 

irradiation, behaved similarly to the PARP1\E988K mutant, i.e. reduced maximum 

levels of recruitment, but longer persistence at the site of the damage (Figure 41B). 

When analyzing cells reconstituted with the different natural PARP1 variants, it 

became evident that all variants showed strongly reduced recruitment to sites of laser 

damage with the strongest effects observed for the PARP1\V762A\F304L variant 

(Figure 45F and Suppl. Figure 24). Interestingly, while the maximum protein levels at 

sites of laser damage were quite similar for both the PARP1\V762A and the 

PARP1\F304L variant, the dissociation behavior was significantly different, since the 

PARP1\V762A variant persisted longer at sites of laser-damage than PARP1\F304L. 

In summary, we have identified a novel PARP1 mutant (i.e. PARP1\F304L\V762A) in 

a patient with pediatric colorectal carcinoma and provide a biochemical 

characterization of enzymatic properties of this variant. Furthermore, cellular analyses 

of PARP1\F304L, PARP1\V762A, PARP1\F304L\V762A revealed significant 

alterations in their enzymatic activities and localization dynamics at sites of DNA 

damage that might contribute to a higher risk of disease development. 
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https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/nar/44/21/10.1093_nar_gkw859/3/gkw859_Supp.pdf?Expires=1522514199&Signature=Ih41jwyJWGS~XKg3B9A10U8Uwcm5oRaxJfybQN5fRtIK4kbDiGGKbbO7sgJ0E-tpBi7i1gy2cWLOvVD3IDbbk~HvdFYGzVN5E8obUBwa9smpru8sB12WZNgrHWQ4oiU~V7WtpG9TlZwfOCRrR5~-e2j22GrCb8CwRU0~7hJ16OGnoaY-gJGmufXpX~-Kqeurl4gyuWbg7NAP5gUBHP8mB13lt5vmBGokNGmFqBHRO5C0y9p30wV~ukn4WzsjR9Ugs5fibhhYTXH~ue4DZpOJpX3d2c8TmFYjUUtY2qPg-zPJQMRZTWO3mRPwzvhMUr~TtR9xEfsoxXxMonEgkDKqfQ__&Key-Pair-Id=APKAIUCZBIA4LVPAVW3Q
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7.5. Discussion 

There is a lack of systems with a complete genetic deletion of PARP1 in a human 

setting. Recently, gene editing technologies have become commonly available, such 

as TALEN or CRISPR/Cas technologies, which allow genetic modification in human 

cancer cell lines. Here we used the TALEN technology to generate a complete genetic 

deletion of PARP1 in one of the most widely used human cell culture systems, i.e. 

HeLa cells. We comprehensively characterized such HeLa PARP1 KO cells with 

regards to their PARylation metabolism and stress response phenotype. Furthermore, 

we used this system to test a spectrum of artificial and natural human PARP1 variants 

in a cellular environment without interference of endogenously expressed PARP1 to 

improve our understanding on the cellular biochemistry and functions of PARP1. 

HeLa PARP1 KO cells did not express detectable levels of PARP1 nor did they reveal 

any H2O2-induced PARP activity, when analyzing intracellular NAD+ levels or using the 

10H antibody in immunofluorescence microscopy (Figure 37). This suggests that in 

HeLa cells, PARP1 is responsible for most of the genotoxic stress-induced PARylation 

and that PARP2 only plays a minor role in this cell type. Ame et al. showed that 3T3 

fibroblasts derived from Parp1 KO mice still produce significant amounts of PAR after 

H2O2 treatment (as evaluated by 10H-immunofluorescence microscopy), which led to 

the discovery of Parp2 (Ame et al. 1999). Using highly sensitive isotope dilution LC–

MS/MS (Martello et al. 2013), we did indeed observe low-level induction of PARylation 

upon H2O2 treatment (Figure 37), which is consistent with the notion that PARP2 can 

in part compensate the loss of PARP1 also in HeLa cells. Strikingly, basal levels of 

PAR were not affected at all in HeLa PARP1 KO cells, demonstrating that under 

unstressed conditions other PARPs can fully compensate for the loss of PARP1 

(Figure 37). Our functional analysis revealed that HeLa PARP1 KO cells showed 

reduced proliferation rates and were more sensitive towards the treatment with H2O2 

and CPT (Figure 38), thereby confirming the central role of PARP1 in genotoxic stress 

response as previously reported from mouse models, PARP inhibitor, and RNAi 

studies (Robert et al. 2013). 

Reconstitution studies with the PARP1\E988K mutant verified previous results that this 

variant acts as a mono- or oligo-(ADP-ribosyl)transferase (Figure 40) (Beneke et al. 

2010; Marsischky et al. 1995; Rolli et al. 1997). In addition, with regards to its 

recruitment and release kinetics at sites of laser-induced DNA damage, our results 

revealed that the PARP1\E988K variant behaves similar in a human cellular system as 

it does in a mouse system (Figure 41) (Mortusewicz et al. 2007). Thus, as observed 

by Mortusewicz et al., the PARP1\E988K mutant showed impaired recruitment, yet 

longer persistence, at sites of DNA damage. Generally, it is thought that localization of 

PARP1 at sites of DNA damage is regulated by its automodification status, since the 

presence of the highly negatively charged PAR molecules covalently attached to 

PARP1 may lead to electrostatic repulsion of PARP1 from negatively charged DNA 

(Zahradka and Ebisuzaki 1982). Our study extended this view by postulating the 
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possibility that non-covalent interaction of PARP1 with PAR via two newly-identified 

putative PAR binding motifs (PBM1/2) can act as a complementary mechanism in the 

regulation of the PARP1-DNA interaction (Figure 42). Our finding that PAR inhibits the 

PARP1-DNA interaction is in agreement with the fact that PBM1 is located in ZnF2, 

which is necessary for PARP1 binding to DNA strand breaks (5), and that the PBM2 is 

located at the ZnF3–ZnF1 interface (Langelier and Pascal 2013). Nevertheless, 

recruitment studies, showing that a PARP1\PBM mutant exhibits faster release kinetics 

from sites of DNA damage (data not shown), point to a complex spatio-temporal 

interplay between PARP1, DNA and PAR. Furthermore, as pointed out by 

Huambachano et al. and Chapman et al., additional PAR binding may occur via non-

classical binding motifs, as identified by these authors (Chapman et al. 2013; 

Huambachano et al. 2011), adding another level of complexity. The analysis and 

functional relevance of the PARP1–PAR interaction therefore warrants further 

evaluation. 

The impaired recruitment of the PARP1\E988K mutant to DNA damage suggests that 

initial PAR formation at the site of DNA damage is necessary for subsequent second-

wave recruitment of PARP1 molecules (Mortusewicz et al. 2007). In accordance with 

this, results by Mortusewicz et al. show that DNA-binding deficient PARP1 mutants still 

recruited to sites of laser-induced damage in MEFs and that this recruitment could be 

inhibited by PARP inhibitor treatment (Mortusewicz et al. 2007). Consistent with our 

cytotoxicity and cell cycle analyses of CPT-treated, PARP1\E988K-reconstituted HeLa 

cells (Figure 43 and Figure 44), previous results showed that the PARP1\E988K 

reconstitution sensitized Parp1 KO MEFs to CPT treatment in a colony formation assay 

(Patel et al. 2012). On the one hand, it is tempting to speculate that these effects can 

presumably be attributed to trapping of the E988K mutant at sites of DNA damage and 

therefore manifesting the damage (Murai et al. 2012). On the other hand, our finding 

showing that PARP1\E988K expression by itself leads to a G2 arrest, which goes along 

with higher NAD+ levels per cell and increased nuclei sizes (Figure 40, Figure 43 and 

Figure 44), is probably unrelated to a potential trapping effect, since PARP inhibitor 

treatment completely abolished these effects. In agreement with this, we observed that 

increased γH2A.X and phospho-RPA2 levels in PARP1\E988K-reconstituted cells can 

be rescued by PARP inhibitor treatment (Figure 43), suggesting that PARP1\E988K 

enzymatic activity is able to induce replicative stress. This remarkable possibility 

suggests that PARP1-mediated mono/oligo-ADP-ribosylation, which may occur upon 

certain stimuli or as intermediates in PAR catabolism, exerts pronounced and distinct 

cellular functions. 

The PARP1\L713F mutant was originally described as a gain-of-function variant with 

an over nine times increased Kcat, but similar Km value compared to PARP1\WT 

(Miranda et al. 1995). These results were recently extended by a biochemical study 

from Langelier et al. These authors demonstrated that the L713F exchange in the 

hydrophobic core domain (HD) of the catalytic domain (CAT) mimics the effect of DNA 

damage-induced HD distortions, increasing PARP1 DNA-independent activity up to 
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∼20-fold and elevating the catalytic efficiency of PARylation while not affecting affinity 

for NAD+ (Langelier et al. 2012; Trautlein et al. 2010). The HD hydrophobic core 

mutants studied by Langelier et al. did not show an increased level of DNA-dependent 

activity compared to PARP1\WT, indicating that these mutants act through the same 

mechanism as DNA to stimulate PARP1 catalytic activity. Our results revealed that the 

L713F mutant is constitutively active in a cellular environment leading to elevated PAR 

levels within cells, even without exogenously-induced DNA damage (Figure 40). Thus, 

PARP1\L713F-reconstituted cells represent a valuable tool to analyze cellular 

consequences of PAR overproduction with or without application of genotoxic stress. 

In this regard, our experiments provide first evidence that PAR overproduction or NAD+ 

depletion significantly affects cell viability, since PARP1\L713F expression drove cells 

directly into apoptosis, even without DNA damage induction (Figure 44). 

Since PARP1-dependent cell death has implications in several neurodegenerative and 

neuroinflammatory diseases, such as Parkinson's disease and ischemia reperfusion 

damage (Fatokun et al. 2014), the PARP1\L713F mutant can be very useful to study 

mechanisms of disease related to PAR overproduction in a cellular setting. 

Apart from studying the cellular biochemistry of PARP1 and molecular mechanisms of 

PARylation, the cell culture model reported in this study can be used to analyze 

structure–function relationships of naturally occurring PARP1 variants. One of such 

variants that has been extensively studied in recent years is a SNP in the PARP1 gene 

leading to the V762A aa exchange (Cottet et al. 2000). This variant has been 

associated with an increased risk for gastric, cervical, and lung cancers and a generally 

increased cancer risk in the Asian population, while being associated with a decreased 

risk for brain tumors (38,39). Consistent with the notion that changes in PARP activity 

might be responsible for these correlations, previous results revealed a reduced 

enzymatic activity of the PARP1\V762A variant on the biochemical level (Beneke et al. 

2010; Wang et al. 2007). On the other hand, studies of human cells derived of V762A 

carriers revealed inconsistent results, with one study observing a gene-dose-

dependent reduction of PARP activity (Lockett et al. 2004), whereas another one did 

not find such an effect (Zaremba et al. 2009). Our results from reconstituted HeLa 

PARP1 KO cells provide clear proof for decreased activity of PARP1\V762A in a 

cellular environment under conditions of genotoxic stress (Figure 45), thereby strongly 

supporting a causative link for the increased tumor risk in V762A carriers due to 

reduced PARP1 activity. 

In a patient with pediatric CRC, who inherited a frameshift mutation in BRCA2 from his 

father, we identified a maternally inherited missense variant in PARP1 (F304L) 

combined with the V762A polymorphism, which significantly reduced PARP1 activity 

on the biochemical and cellular level. Furthermore, the PARP1\F304L\V762A mutant 

showed reduced recruitment efficiency to sites of laser-induced DNA damage (Figure 

45). The tumor in the CRC patient was deficient for BRCA2 due to an inherited 

pathogenic mutation in one allele and an acquired somatic loss of the second wild-type 
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allele. This functional loss of both BRCA2 alleles, in conjunction with the inherited 

heterozygous PARP1 variant, may have resulted in an increase in genomic instability 

and, as a consequence, early-onset of cancer development in the colon. Interestingly, 

a very recent study by Ding et al. demonstrated that pharmacological PARP inhibition 

or PARP1-silencing in heterozygous Brca2−/+ mESC resulted in viable homozygous 

Brca2−/− mESC by loss of heterozygosity, a phenomenom termed synthetic viability 

(Ding et al. 2016). This genetic constellation very much resembles the one observed 

in the patient described in the current study. Thus, the drastic impairment of PARP1 

activity due to the cumulative effect of the F304L variant and the V762A polymorphism 

in combination with the BRCA2 mutation, may well have resulted in predisposition for 

CCRC development in this patient, however this needs to be clarified in detailed follow-

up experiments. Reports on digenic inheritance with germline mutations in genes with 

synergistic interactions are scarce. This mode of inheritance has been described in 

patients with extreme phenotypes, i.e. exceptionally early ages of onset or severe 

clinical presentations. Examples of these are digenic inheritance in early onset 

Parkinson's disease [MIM 605909] and severe insulin resistance [MIM 125853] 

(Savage et al. 2002; Tang et al. 2006). On the other hand, in cells deficient in 

PARylation activity, single-stranded (ss) DNA breaks can accumulate, which, when 

encountered during DNA replication, may result in the accumulation of double-

stranded (ds) DNA breaks. These dsDNA breaks are repaired via HR, which requires 

proper functioning of BRCA2. Therefore, following the concept of synthetic lethality, 

cells that are deficient in BRCA2 are highly sensitive to PARP1 inhibition, resulting in 

cell death by apoptosis (Bryant et al. 2005; Farmer et al. 2005) . Thus, complete loss 

of PARP1 through a second hit in the tumor most likely would have resulted in cell 

death due to synthetic lethality. Therefore, in retrospect, this patient might have 

benefited from a PARP1 inhibitor therapy. 

In conclusion, this study establishes a novel human cell culture model to decipher the 

role of PARP1 and PARylation in cellular functions, i.e. a complete PARP1 KO in HeLa 

cells. Reconstitution with different PARP1 variants enabled us to study PARP1 

hypomorphy (E988K) as well as hypermorphy (F713L) in an easy to handle and 

exceptionally well-characterized human cancer cell line. Furthermore, we used this 

approach to correlate epidemiological and clinical findings on naturally occurring 

PARP1 variants with the cellular properties of these variants. This provides a basis for 

molecular risk assessment of these and other naturally occurring PARP1 variants in 

order to judge if carriers may be predisposed to the development of certain diseases. 
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7.6. Supplementary Data 

 

Suppl. Figure 17. Binding sites of TAL effector DNA binding domains within the 1st exon of the PARP1 
gene. 
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Suppl. Figure 18. Flow cytometric analysis of GFP-positive cells 2 days after PARP1-GFP transfection. A. 
Histograms of flow cytometric analysis showing GFP-positive cells. B. Dot blots of flow cytometric analysis showing 

GFP-positive cells. 
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Suppl. Figure 19. Comparison of PAR levels in H2O2-treated HeLa WT cells with PARP1\WT-reconstituted 
cells by immunofluorescence microscopy: A. PAR levels in HeLa WT cells after treatment with H2O2 in 
concentrations as indicated for 5 min. B. PAR levels in PARP1\WT-reconstituted PARP1 KO cells after treatment 

with H2O2 in concentrations as indicated for 5 min. 



Results 

 

163 

   

 

Suppl. Figure 20. Time-course of PAR-formation of artificial PARP1 mutants. HeLa PARP1 KO cells were 

transfected with eGFP-coupled constructs of PARP1, PARP1\L713F and PARP1\E988K. Analyses were performed 
2 d after transfection. PAR-formation was analyzed by immunochemical staining using the 10H antibody. 
Representative pictures of n=3 independent experiments are displayed. 
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Suppl. Figure 21. PARP1\E988K mutant affects nuclear architecture. A. Evaluation of cell morphology by flow 

cytometric analysis. Left. Representative dot blot of eGFP-positive cells 2 d after transfection with PARP1 or 
PARP1\E988K. SSC indicates side scatter; FSC, forward scatter. Right. Quantitation of SSC and FSC intensities 
of WT, PARP1 KO and PARP1-reconstituted cells. Means ± SEM of n=4 independent experiments. Statistical 
analysis was performed using 1-way ANOVA testing and Sidak’s post-test. B. Quantitation of nuclear sizes of WT, 

PARP1 KO, and PARP1- reconstituted cells 2 d after transfection. Means ± SEM. Evaluation of DAPI staining of 
>100 cells from ≥4 independent experiments. Statistical analysis was performed using 1-way ANOVA testing and 
Sidak’s post-test. C. Evaluation of DAPI staining and eGFP fluorescence by 3D deconvolution microscopy using a 

DeltaVision OMX super-resolution microscope indicates changes in nuclear morphology, as evident by strong 
perinucleolar staining. Exposure time for PARP1-transfected cells, 100 ms, and for PARP1\E988k-tranfected cells 
200 ms. 
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Suppl. Figure 22. PARP1\L713F affects the distribution the apoptosis inducing factor (AIF) in unchallenged 
cells. HeLa PARP1 KO cells were transfected with eGFP-coupled constructs. Analyses were performed 2 d after 
transfection. A. Representative images from single cell immunofluorescence confocal microscopy of PARP1-eGFP 

and AIF. Scale bars indicate (30 μM). 
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Suppl. Figure 23. Biochemical and cellular characteristics of natural PARP1 variants. A. Rec. enzymes were 

expressed in the Sf9 / baculovirus system and purified via size exclusion and affinity chromatography. PARP1 
activity was examined by incubating 5 nM PARP1 with increasing concentrations of NAD+ as indicated in a reaction 
mixture as described in material and methods section. Afterwards 15% of reaction mixtures were slot-blotted on a 
nylon membrane and PAR content was analyzed by immunochemical staining. One representative picture of a 
membrane out of n=3 independent experiments is displayed in A. B. HeLa PARP1 KO cells were transfected with 

eGFP-coupled constructs of PARP1, PARP1\V762A, PARP1\F304L and PARP1\F304L\V762A. Analysis of 
intracellular PARP1 activity in PARP1 KO cells reconstituted with PARP1 variants as indicated 2 d after transfection 
by single cell immuno-epifluorescence microscopy. Representative pictures of n=5 independent experiments are 
shown in B. 
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Suppl. Figure 24. Recruitment and release kinetics of natural PARP1 variants. HeLa PARP1 KO cells were 

transfected with eGFP-coupled constructs of PARP1\WT, PARP1\V762A, PARP1\F304L and 
PARP1\F304L\V762A. In case of ABT888 pretreatment cells were incubated with 10 μM ABT888 30 min prior 
damage induction. Representative images of the recruitment and dissociation kinetics of PARP1-eGFP variants at 
sites of laser-induced DNA damage are displayed. Scale bars indicate 10 μm. White arrows indicate the site of laser 
irradiation. 
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Chapter 8. Kinetics of poly(ADP-ribosyl)ation, but not PARP1 itself, 

determines the cell fate in response to DNA damage in vitro and 

in vivo 

Schuhwerk H, Bruhn C, Siniuk K, Min W, Erener S, Grigaravicius P, Krüger A, Ferrari E, Zubel T, 

Lazaro D, Monajembashi S, Kiesow K, Kroll T, Bürkle A, Mangerich A, Hottiger M, Wang ZQ. 

Nucleic Acids Research, Volume 45, Issue 19, 2 November 2017,  

Pages 11174–11192 

8.1. Abstract 

One of the fastest cellular responses to genotoxic stress is the formation of poly(ADP-

ribose) polymers (PAR) by poly(ADP-ribose)polymerase 1 (PARP1, or ARTD1). 

PARP1 and its enzymatic product PAR regulate diverse biological processes, such as 

DNA repair, chromatin remodeling, transcription and cell death. However, the inter-

dependent function of the PARP1 protein and its enzymatic activity clouds the 

mechanism underlying the biological response. We generated a PARP1 knock-in 

mouse model carrying a point mutation in the catalytic domain of PARP1 (D993A), 

which impairs the kinetics of the PARP1 activity and the PAR chain complexity in vitro 

and in vivo, designated as hypo-PARylation. PARP1D993A/D993A mice and cells are 

viable and show no obvious abnormalities. Despite a mild defect in base excision repair 

(BER), this hypo-PARylation compromises the DNA damage response during DNA 

replication, leading to cell death or senescence. Strikingly, PARP1D993A/D993A mice are 

hypersensitive to alkylation in vivo, phenocopying the phenotype of PARP1 knockout 

mice. Our study thus unravels a novel regulatory mechanism, which could not be 

revealed by classical loss-of-function studies, on how PAR homeostasis, but not the 

PARP1 protein, protects cells and organisms from acute DNA damage. 

8.2. Introduction 

Poly(ADP-ribosyl)ation (PARylation) is a post-translational modification that is mainly 

carried out by poly(ADP-ribose) polymerase 1 (PARP1, also known as ARTD1). Upon 

genotoxic stress, PARP1 is activated to catalyse, using NAD+, the formation of 

poly(ADP-ribose) polymers (PAR) covalently or non-covalently onto many proteins, but 

mainly onto itself (Abplanalp and Hottiger 2017; Bai 2015; Schuhwerk et al. 2017). 

PARP1-activating DNA lesions include primarily single strand breaks (SSBs) and 

stalled replication forks, as well as DNA double strand breaks (DSBs) (Bai 2015; 

Gibson and Kraus 2012),(Hottiger et al. 2010). As binding to DNA breaks rapidly 

activates PARP1, PARylation is regarded as an early DNA damage response (DDR). 

PARylation or PAR can target a variety of proteins that bind PAR via different PAR-
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binding motifs, which are thought to provide a spatiotemporal interaction scaffold 

(Gibson and Kraus 2012; Min et al. 2013; Teloni and Altmeyer 2016). PAR is short-

lived, because it is rapidly degraded by poly(ADP-ribose) glycohydrolase (PARG) (Min 

and Wang 2009; Schuhwerk et al. 2017). 

PARP1 activation leads to auto-PARylation of PARP1, which can aid in the recruitment 

of the scaffold protein XRCC1 (and others) to conduct the base excision repair (BER). 

Thus, PARP1 and PARylation are involved in BER (see (Martin-Hernandez et al. 2017) 

for review). In addition, replication stress or replication fork stalling can activate PARP1 

(Bryant et al. 2009; Horton et al. 2007; Min et al. 2013; Sugimura et al. 2008). In 

response to S-phase poisons, PARP1 or PARylation interact with ATR to induce the 

S-phase checkpoint (Horton et al. 2007; Kedar et al. 2008). We recently showed that 

PAR binding to Chk1 is required for a full activation of the intra-S checkpoint, 

independent of ATR (Min et al. 2013). Moreover, PARP1 and PAR can slow down the 

progression of replication forks, thus reducing the generation of DSBs during S-phase 

(Chaudhuri et al. 2012; Sugimura et al. 2008). As a consequence of the manifold 

defects in handling DNA damage, PARP1-deficient cells and mice are hypersensitive 

to alkylating agents and exhibit increased genomic instability and deleterious defects 

(deMurcia et al. 1997; Durkacz et al. 1980; Trucco et al. 1998; Wang et al. 1997; Yang 

et al. 2004). We previously showed similar defects in the genotoxic stress response in 

mice and cells lacking the nuclear isoform of PARG, which exhibit a defective PAR 

turnover and, hence, hypo-PARylation (Cortes et al. 2004; Gao et al. 2007; Min et al. 

2010). 

The biological function of the PARylation system has been investigated extensively 

using chemical inhibitors and, importantly, animal models in which PAR forming and 

degrading enzymes are deleted. These studies have established that PARP1 and 

PARylation regulate chromatin remodeling, transcription, replication, genome 

maintenance and cell death (as reviewed in (Abplanalp and Hottiger 2017; Bai 2015; 

Marjanovic et al. 2017; Martin-Hernandez et al. 2017; Schuhwerk et al. 2017)). 

Nonetheless, the biology of PARylation is still enigmatic, because the findings and 

interpretations are often inconsistent. For example, studies using Drosophila 

demonstrated a PARP-mediated ‘loosening’ of chromatin at the ‘puff’ loci (Tulin and 

Spradling 2003), while nucleosome-PARylation-independent condensation of 

chromatin was reported (Kim et al. 2004). Secondly, it is still under debate whether 

PARP1 as a co-activator of NF-κB requires its enzymatic activity (Chang and Alvarez-

Gonzalez 2001; Hassa et al. 2001; Nakajima et al. 2004; Zerfaoui et al. 2010). Thirdly, 

PARP1 can promote (Bryant et al. 2009; Haince et al. 2008; Hochegger et al. 2006; 

Wang et al. 2006) or inhibit homologous recombination (HR) (Claybon et al. 2010; 

deMurcia et al. 1997; Morrison et al. 1997; Orsburn et al. 2010; Schultz et al. 2003; 

Wang et al. 1995; Wang et al. 1997; Ying et al. 2012; Zhang et al. 2015). 

The causes for these discrepancies might well be influenced by the spatiotemporal 

level of PAR formation during various experimental and physiological conditions. Also, 
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the impact of PAR and/or PARP1 seems to be dependent on the type and the intensity 

of the inflicted damage type or signaling. More importantly, the PAR readers consist of 

numerous proteins, which fulfill a plethora of functions (Teloni and Altmeyer 2016). 

Unfortunately, reports on the regulation of the PARP1 enzymatic activity in vivo to date 

have been very sparse (reviewed in (Bürkle and Virág 2013; Luo and Kraus 2012; 

Schuhwerk et al. 2017)). One technical limitation hinders the employed genetic and 

pharmaceutical approaches: While the knockout (KO) or knock-down of PARP1 

eliminates the PARP1 protein together with more than 90% of the generated PAR 

(Shieh et al. 1998), PARP inhibitors target unspecifically other PARP family members, 

which harbor diversified biochemical and biological functions (Liscio et al. 2013). 

Another problem is that other PARP family members (e.g. PARP2) may compensate 

for some of the functions of PARP1 if the entire protein is eliminated. Thus, the previous 

approaches could not distinguish between the impact of PARP1 and that of its 

enzymatic product, i.e. PAR. As a consequence, the inter-dependent nature of the 

PARP1 protein and the generated PAR (Tong et al. 2001), as well as the biological 

significance of the dynamics and the homeostasis of PARylation thus remains elusive, 

partially due to the lack of appropriate experimental models. 

In the present study, we sought to clarify the specific functions of PARP1’s enzymatic 

activity in vivo by generating a separation-of-function mutant PARP1 knock-in (Ki) 

mouse model mutating Asp (D) 993 to Ala (A) of the PARP1 protein. The D933A 

mutation compromises the kinetics of the PARylation activity and the complexity of the 

PAR chains. This mutation is compatible with the development and tissue homeostasis 

of mice and the viability of cells under unperturbed conditions. However, homozygous 

PARP1D993A/D993A cells and mice are hypersensitive to alkylation or oxidative stress - 

most likely due to defects in BER and DDR defects in S-phase, which enhance cell 

death and cellular senescence. This PARP1 Ki model classifies PARP1 functions by 

its requirement for an acute synthesis of PAR polymers and differentiates the functions 

of the PARP1 activity in acute DDR and physiological development. 

8.3. Materials and Methods 

8.3.1. Generation of PARP1D993A/D993A mice 

The gene-targeting vector containing the point mutation in exon 23 (Suppl. Figure 25A) 

was electroporated into E14.1 embryonic stem (ES) cells. Southern blot analysis of 

selected ES clones confirmed targeted (Tg) and knock-in (Ki) allele mutation in the 

Adprt locus before and after transfection with Cre-recombinase, respectively. For 

identification of the Tg allele, SB was performed with genomic DNA from ES cells 

digested with XbaI and BspH1 using the probe 6.4 (Suppl. Figure 25A) for 

hybridization, which yields a fragment of 8.5 kb for the wild type (WT) allele, and 6.6 

kB for the Tg allele (Suppl. Figure 25B). To verify the Ki allele, genomic DNA was 

digested with XbaI and BspH1 and subjected to SB analysis using the probe 7.6 

https://oup.silverchair-cdn.com/oup/backfile/Content_public/Journal/nar/45/19/10.1093_nar_gkx717/2/gkx717_supp.pdf?Expires=1522517371&Signature=J46HOvmSmafM00JSUyplv7vl7sa70ezylmoFyY8JHaRcAHLxw2akCm01cJCQvDIKc8z~2M83bnTcawSr1n~rvmE-QHG97hq7TIzyY6Z7gS~v5U2xx7MdOwBTr43oSq-MGQnXM6vIM6FG0lbg704RcKZAM9oo7wWlgGv0f1FrdcqLsHOLtAWQ~ISJs0WUMDkexS4y09JSNDFvikOmfvjQzhLSvXa52DClvdYXFwsgU-nCy0FpXxXThVEynkeU76hEZZ3E-ls1nG2fwqv2lJw2RhXltOWRCf5Kk3R5wcgSNg-WNFHkKW5eQ6daWEXnMpMy81Y69gihZJzc~srsip481A__&Key-Pair-Id=APKAIUCZBIA4LVPAVW3Q
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(Suppl. Figure 25A) which generates a fragment of 8.5 kb for the WT allele, and 2.9 kB 

for the Tg allele and 1.9 kB for the Ki allele (Suppl. Figure 25C). The heterozygous 

PARP1 Ki (PARP1+/D993A) ES clones were injected into blastocysts to generate 

chimeras, which were subsequently crossed with C57BL/6 mice to obtain PARP1+/D993A 

founder lines. Genotyping of the animals was performed by polymerase chain reaction 

(PCR) using the following primers. PARP1 KO: OVLI (GTTGTGAACGACCTTCTGGG) 

OVLIR (CCTTCCAGAAGCAGGAGAAG) and NeoIIR 

(GCTTCAGTGACAACGTCGAG). PARP1 Ki: D993A F2 

(ATGAGTATCCTTTCTTGGCTATG) and D993A: R2 (CTGAGCAATGGCGTAGACA). 

All sequences are given from 5′ to 3′ orientation. 

8.3.2. Genotoxic treatment of mice 

The desired amount of methyl-nitroso-guanidine MNU (Sigma-Aldrich, Taufkirchen, 

Germany) was solved freshly in 0.9% (w/v) NaCl (pH < 5) and sterile filtered prior to 

use. The body weight of the animals was measured and the injection volume was 

calculated accordingly. The MNU solution or solvent was administered intraperitoneally 

into adult, young mice (2–3 months of age). 

8.3.3. Collection of tissues from mice and histology 

Adult mice were sacrificed and the organs were subjected to RNA isolation or 

histological analysis. For histology, small intestines were flushed once with PBS and 

once with 4% paraformaldehyde (PFA; Sigma-Aldrich) before fixation at 4°C overnight. 

For paraffin sectioning, fixed tissues were washed twice with PBS for 10 min each and 

then sequentially embedded in paraffin. Tissue sections (7 μm) were prepared for H&E 

staining, which were examined by microscopy (AxioImager M1 with AxioCam Mrm 

camera operated by Axiovision software, Zeiss, Jena, Germany). 

8.3.4. RNA isolation, cDNA synthesis and semi-quantitative PCR 

RNA isolation, reverse transcription (RT) and semi-quantitative RT-PCR was carried 

out as described previously (Zhou et al. 2013). RNA from tissue was isolated using 

Trizol reagent (Thermo Scientific, Darmstadt, Germany) according to the 

manufacturers' suggestions. First strand cDNA was then synthesized from 0.5 μg of 

RNA using Affinity Script Multiple Temperature cDNA synthesis Kit according to the 

manual (Agilent, Waldbronn, Germany). Primer pairs for GAPDH were 

GCACAGTCAAGGCCGAGAAT and GCCTTCTCCATGGTGGTGAA and those for 

PARP1 were GGATCCCATCTGGTGTCAAC (forward primer annealing in exon 22) 

and GTGCAGAGGCACTAGGGAGA (reverse primer annealing in exon 23). The 

sequencing primer was TTCACTGGGTTAGAGCATTG. All sequences are given from 

5′ to 3′ orientation. 
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8.3.5. Purification of PARP1 proteins 

The protein baculovirus expression vectors pQE-TriSystem (Qiagen, Hombrechtikon, 

Switzerland) and BacPak8 (Clontech, Saint-Germain-en-Laye, France) were used for 

the expression of recombinant proteins in Sf21 insect cells as described previously 

(Hassa et al. 2003; Hassa et al. 2005). Wild-type (WT) human PARP1 or the D993A 

mutant were cloned and expressed as carboxyl-terminal His-tagged proteins. All 

recombinant proteins were purified by one step affinity chromatography using ProBond 

resin according to the manufacturer's recommendations (Invitrogen). Expression and 

purification of all recombinant proteins were analysed by SDS-PAGE followed by 

Coomassie staining. 

8.3.6. ADP-ribosylation assay in vitro 

10 pM recombinant His-tagged human WT and D993A mutant PARP1 were incubated 

with 150 nM [32P]NAD+ in the presence of the indicated concentration of unlabelled 

NAD+ (PerkinElmer, Schwerzenbach, Switzerland) for 2 or 15 min at 37°C in reaction 

buffer (50 mM Tris–HCl, pH 8.0, 4 mM MgCl2, 0.25 mM DTT,) and 5 pM annealed 

double-stranded oligomer (5′-GGAATTCC-3′), in a total reaction volume of 25 μl. The 

reaction was stopped by adding the SDS sample buffer and boiling (5 min, 95°C). 

Samples were separated on a 8% SDS-PAGE, the protein content was visualized by 

coomassie staining and the autoradiographic signal quantified by using GelEval 

(http://www.frogdance.dundee.ac.uk). 

8.3.7. PAR synthesis and purification 

PAR was synthesized according to Fahrer et al. (Fahrer et al. 2007b). Briefly, a 

reaction mixture including 100 mM Tris–HCl pH 7.8, 10 mM MgCl2, 1 mM DTT, 300 

μg/ml histone HIIa, 50 μg/ml oligonucleotide (GGAATTCC), 1 mM NAD+ and 150 nM 

PARP1 was incubated at 37°C for 45 min. The reaction was stopped by 20% ice-cold 

trichloro-acetic acid (TCA) and precipitated PAR was pelleted by centrifugation. To 

detach PAR from proteins, it was incubated in 0.5 M KOH/50 mM EDTA for 10 min. To 

stop the reaction the pH was adjusted to 7.5–8.0. After DNA and protein digestion at 

37°C overnight, PAR was purified by phenol–chloroform–isoamyl alcohol extraction, 

which was followed by ethanol precipitation. Finally, PAR was dissolved in water and 

the concentration was determined by UV absorbance at 259 nm. 

8.3.8. Characterization of PAR chain length and branching 

The PAR chain length distribution was analyzed using an Agilent 1100 HPLC system 

equipped with a DNA Pac PA-100 analytical column (4 × 250 mm). 50 nM of the purified 

PAR was loaded onto the column equilibrated with buffer A (25 mM Tris–HCl pH 9.0) 

and the polymers were eluted using a multistep gradient of buffer B (25 mM Tris–HCl 

pH 9.0, 1 M NaCl). The method was adapted from Fahrer et al. (Fahrer et al. 2007b) 

http://www.frogdance.dundee.ac.uk/
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and set as follows: 0 min (0% B), 3 min (20% B), 20 min (35% B), 40 min (42% B), 70 

min (47% B), 110 min (53% B), 120 min (61% B), 131 min (70% B), 132 min (100% 

B), 152 min (100% B). PAR molecules were detected by UV absorbance at 259 nm. 

8.3.9. Mass spectrometric analysis of PAR branching 

Mass spectrometric analysis of PAR branching was performed as reported previously 

(Martello et al. 2013; Zubel et al. 2017b). Briefly, MEFs were challenged with 250 μM 

H2O2 for 10 min and PAR was sampled for the UPLC–MS/MS analysis. Cells were 

washed with ice-cold PBS and lyzed with 1 ml 20% TCA. The lyzed cells were 

harvested using a cell scraper and centrifuged for 5 min at 3000 × g and 4°C. The 

pellet washed twice with 500 μl ice-cold 70% ethanol, and centrifuged for 5 min at 3000 

× g at 4°C. The pellet was air-dried at 37°C, resuspended in 255 μl 0.5 M KOH and 

neutralized with 50 μl 4.8 M MOPS buffer. DNA concentration was measured with an 

extinction wavelength of 360 nm and an emission wavelength of 460 nm utilizing a 

VarioskanFlash Fluorescence Reader (Thermo Scientific). The DNA concentration of 

a sample was calculated using a standard curve from defined amounts of calf thymus 

DNA (Sigma-Aldrich). Heavy-isotope labelled, undigested PAR (12 pmol) was added 

as an internal standard. DNA and RNA were digested for 3 h at 37°C by incubating 

samples with 0.1 mg/ml DNase 1 (Roche, Mannheim, Germany), 0.1 mg/ml RNase A 

(Sigma-Aldrich), 50 mM MgCl2 and 100 mM CaCl2. Then, 1.25 μl of 40 mg/ml 

proteinase K (Roche) were added and samples were incubated at 37°C over night. 

Thereafter, PAR was purified using the High Pure miRNA Isolation kit (Roche) 

according to the manufacturer's instructions and was eluted in 100 μl RNase-free water 

and then digested into its subunits with 10 U PDE1 (Affymetrix, Santa Clara, USA) and 

0.5 U alkaline phosphatase (Sigma-Aldrich) for 3 h at 37°C. Next, the samples were 

filtered through a 10-kD Nanosep filter and subsequently dried in a speedvac. The 

samples were then resolved in 25 μl MilliQ water and subjected to UPLC–MS/MS 

analysis as described in (Zubel et al. 2017b). 

8.3.10. Cell culture 

Primary mouse embryonic fibroblasts (pMEFs) were isolated from E13.5 embryos 

derived from intercrosses of PARP1+/− and PARP1Ki/+ mice in the 129/Sv/B6 mixed 

background, or immortalized following a 3T3 protocol as described previously (Wang 

et al. 1995). MEFs were maintained in Dulbecco's modified eagles medium (DMEM), 

containing 10% fetal calf serum, 1 mM sodium pyruvate, 2 mM l-glutamine, 100 

units/ml penicillin, 100 μg/ml streptomycin and 0.1 mM β-mercaptoethanol (Thermo 

Scientific) at 37°C and 5% CO2. Cellular experiments were performed with pMEFs (< 

passage 4), unless otherwise stated. For immunohistochemistry and HiMAC assays 

(see below), cells were seeded on black flat-bottom 96-well plates (Corning, 

Wiesbaden, Germany) coated with 0.1% gelatin (Sigma-Aldrich) in PBS. 
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8.3.11. Inhibitor treatments 

pMEFs were pre-treated for 1 h with the respective inhibitors prior to the genotoxic 

treatments at 37°C, 3% O2, 5% CO2. The inhibitors were present during the genotoxic 

treatments, the damage recovery period as well as the EdU pulse labeling. The final 

concentrations of the inhibitors are: 500 nM Aphidicolin (Sigma-Aldrich); 5 μM PARPi 

(Rucaparib, SelleckChem, Houston, TX, USA); 5 mM Caffeine (Sigma-Aldrich); 10 μM 

ATMi (Ku-5593; Abcam, Cambridge, UK). 

8.3.12. Cellular survival assay 

Defined number of pMEFs of the indicated genotypes (300 for WT and D993A/D993A, 

and 400 of –/–) were plated on black flat-bottom 96-well plates pre-coated with 0.1% 

gelatin in PBS and cultured at 37°C, 5% CO2, 3% O2. Forty eight hours after seeding, 

pMEFs were treated with the indicated drugs for the indicated durations, and released 

into fresh MEF medium. At 6 and 9 days of recovery in the MNNG and MNU or CPT 

experiments, respectively, the cells were subject to the HiMAC assay. Nuclei after 

DAPI staining were counted by high content microscopy (Cellomics Arrayscan VTI, 

Thermo Scientific) and the survival was calculated as the number of nuclei in each 

condition relative to the respective DMSO-treated condition. 

8.3.13. Clonogenic survival assay 

pMEFs were seeded on 10 cm dishes (15 000 cells per dish) 24 h before a 30 min 

pulse treatment with MNNG or DMSO and were released into drug-free culture. After 

10 days, cells were fixed with 70% EtOH for 30 min and then stained with 0.5% crystal 

violet in 1% EtOH for 30 min. The plates were scanned and the crystal violet signals 

were quantified with MultiGauge (Fuijifilm, Düsseldorf, Germany). Survival was 

calculated as the average signal intensity of a particular condition divided by the 

average signal intensity of the respective DMSO-treated condition. 

8.3.14. Senescence-associated β-galactosidase assay (SA-β-Gal) 

Twenty thousand pMEFs (< passage 2) were seeded per well of a six-well dish (Nunc, 

Sigma-Aldrich) before treatment with MNNG. A commercially available Sa-β-Gal kit 

(Cell Signaling, Danvers, USA) was used according to the manufacturers′ instructions. 

SA-β-Gal positive cells were scored by microscopy (Axiovert 40CFL with an AxioCam 

MRc5 camera, Zeiss, Jena, Germany). Data were expressed as ratios of positive cells 

at a certain condition (i.e. MNNG treatment and genotypes) relative to the untreated 

WT cells. 
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8.3.15. High content microscopy-assisted cell cycle phenotyping 

(HiMAC) 

HiMAC was essentially performed as described previously (Bruhn et al. 2014a). Briefly, 

pMEFs were seeded to gelatin-coated (see above), black flat-bottom 96-well plates 

and allowed to adhere for at least 24 h. For H2O2 treatments, culture medium was 

removed and cells were treated with 100 μM H2O2 (Sigma-Aldrich) in PBS 

supplemented with 1 mM MgCl2 (Mg-PBS) for 8 min at 37°C, 5% CO2, 3% O2. After 

treatments, H2O2 solution was removed, the cells washed once with fresh culture 

medium, and then released into drug-free culture for the indicated durations. Prior to 

fixation at the indicated time points, the cells were pulse-labeled with 4 μM EdU 

(Thermo Scientific) for 45 min. At time points, pMEFs were fixed in PBS containing 3% 

PFA (Sigma-Aldrich), 0.025% glutaraldehyde (Applichem, Darmstadt, Germany) and 

0.1% Triton X-100 (Sigma-Aldrich). Blocking and antibody incubation was carried out 

in 1.5% BSA (Sigma-Aldrich), 0.4% Triton X-100 in TBS. and secondary antibodies. 

Primary antibodies applied over night at 4°C: γH2AX (JBW301, Millipore, Darmstadt, 

Germany; 1:300), 53BP1 (NB100-304, Novus Biologicals, Littleton, USA; 1:300 for Lot 

A3 and 1:4000 for Lot A4 and A5). Secondary antibodies incubated for 1 h at RT: anti-

rabbit IgG-Cy3, anti-mouse IgG-FITC, anti-mouse IgG-Cy3 (All from Sigma-Aldrich; 

used 1:300, 1:200; 1:400, respectively). EdU click reaction was then allowed for 1 h at 

RT (Bruhn et al. 2014a) and the cells were stained with 1 μg/ml DAPI (Sigma-Aldrich) 

in PBS for 30 min at RT. Images were acquired in an automated manner using a BD 

pathway 435 system (Beckton Dickinson, Heidelberg, Germany), data processing by 

CellProfiler software (Kamentsky et al. 2011), and analysis using the HiMAC analysis 

template (Bruhn et al. 2014a). 

8.3.16. High content analysis of cell cycle exit 

One thousand pMEFs were seeded per well of gelatin-coated black flat-bottom 96-well 

plates 24 h before treatment with the indicated doses of MNNG and released into drug-

free culture for the indicated durations. Twenty four hours before fixation, the cells were 

labelled with 4 μM EdU for 24 h. After fixation, the samples were processed and 

analysed as described for HiMAC (see above). The antibodies used were: α-Ki67 

(SP6, Thermo Scientific; 1:300) and α-rabbit IgG-Cy3 (Sigma-Aldrich; 1:300). Ki67 

intensity thresholds were empirically determined. 

8.3.17. High content analysis of poly(ADP-ribose) by 

immunofluorescence (PAR-IF) 

pMEFs were seeded to 96-well plates as described for HiMAC. Genotoxic treatment 

with 1.5 mM H2O2 or the indicated concentrations of MNNG, MNU or CPT for the 

indicated durations were performed as described above. At time points, the cells were 

fixed with 100 μl ice-cold 100% MetOH for 8 min at 4°C. After blocking the cells with 

5% non-fat dry milk in TBS containing 0.01% Tween-20 at 30°C for 30 min, anti-PAR 
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antibody (10H, Millipore; 1:300) and anti-mouse IgG-FITC in the H2O2 experiments, or 

anti-mouse IgG-Cy3 in the MNNG, MNU and CPT experiments (both from Sigma-

Aldrich; 1:200 and 1:400, respectively), were applied in blocking solution for 45 min at 

30°C. Subsequent DAPI staining, microscopy and image analysis was carried out as 

described above (HiMAC). The nuclear intensity of PAR signals was normalized 

against the DAPI sum of each individual cell to account for changes in the DNA content 

during cell cycle progression. Highly condensed nuclei were excluded from the 

analysis. 

8.3.18. Alkaline single cell electrophoresis (Comet assay) 

The alkaline comet assay was carried out essentially as described earlier 

(Grigaravicius et al. 2009). Briefly, pMEFs were treated for 8 min at 37°C with 100 μm 

H2O2 followed by the indicated durations in drug-free culture to allow for DNA repair. 

At time points, pMEFs were harvested and suspended at a density of 1 × 106 cells per 

ml in PBS and mixed 1:4 with molten low-melting point agarose (Sigma-Aldrich) at 

41°C. This mixture was overlaid on the pre-warmed frosted microscope slides with 

window (Erie scientific, Portsmouth, USA), which had been coated with 1% Agarose 

Type II (Sigma-Aldrich). Next, the slides were incubated at 4°C for 60 min in alkaline 

lysis buffer containing 10% DMSO (Thermo Scientific) 1% Triton-X-100, 10 mM Tris, 

100 mM EDTA, 2.4 M NaCl, 1% (w/v) N-lauryl-sarcosine (all from Sigma-Aldrich) at pH 

10. The slides were then equilibrated in electrophoresis buffer (333 mM NaOH, 1 mM 

EDTA, pH 13) at 4°C for 25 min and subsequently electrophoresed at 4°C at 1 V/cm 

(480 mA) for 25 min. After neutralization for 5 min in 0.4 M Tris (pH 7.5), washing with 

100% EtOH and staining with 2.5 μg/ml propidium iodide (Sigma-Aldrich) in PBS, the 

samples were analysed using an Axioplan 2 microscope (Zeiss) equipped with a 

stingray camera (Allied Vision Technologies, Stadtroda, Germany) operated by Comet 

Assay IV software (Perceptive instruments, Edmonds, UK). 

8.3.19. Recruitment of GFP-XRCC1 following laser damage 

For measurement of the recruitment of GFP-XRCC1, cells were cultured on Nunc™ 

Lab-Tek® Chamber Slides (Nunc, Thermo Scientific). One day before laser damage, 

adherent cells were transfected with GFP-XRCC1 vector using Lipofectamine 2000 

(Thermo Scientific) according to the manufacturers' instructions. For laser damage 

induction, the pulsed UV-A laser was coupled into a confocal laser-scanning 

microscope (LSM 510, Zeiss) via epifluorescence illumination path (Grigaravicius et al. 

2009). Cells were maintained in an incubation chamber supplied with a 5% CO2, 37°C 

by a Tempcontrol 37-2 digital and CTI-Controller 3700 digital (both Carl Zeiss, Jena, 

Germany). Automated movement of the motorized x, y table during procedure caused 

laser tracks, irradiating the cells with a 2 μJ single laser pulses every 1.5 μm. No 

sensitisation was used. Confocal imaging for living cells was performed using the 

LSM510 laser scanning microscope (Zeiss) equipped with a HeNe and an Argon ion 
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lasers and emission filter set for the detection of FITC signals (BP530/20). Scanning 

and the time course of intensity changes of fusion proteins were recorded via time 

series of the Zeiss LSM software version 3.2. Mean fluorescence intensity was 

measured in three regions of interest (ROIs): irradiated area (I), in the nucleus outside 

irradiated area for photobleaching correction (C) and outside the nucleus for 

background value (B). Fold change of intensity was calculated as follows: fold change 

of intensity = (I – B)/(C – B). 

8.3.20. Western blotting 

Western blotting was carried out as described previously (Zhou et al. 2013). Briefly, 

pMEFs treated as indicated were harvested by trypsinization, washed once in ice-cold 

PBS containing 1× protease and 1× phosphatase inhibitor cocktails (Sigma-Aldrich) 

and then lysed in 20 mM HEPES pH 7.6, 20% glycerol, 0.5 M NaCl, 1.5 mM MgCl2, 

0.2 mM EDTA pH 8.0, 0.5% NP-40, 1 mM DTT, 1 mM PMSF, 5 mg/ml leupeptin, 2 

mg/ml aprotinin, 1 mM β-glycerophosphate, 1 mM Na3VO4 and 10 mM NaF (Sigma-

Aldrich). Following SDS-PAGE, the membranes were blotted with the following 

antibodies: rabbit-anti-Cyclin A (Santa Cruz, Heidelberg, Germany; 1:500), mouse-

anti-β-actin (Sigma-Aldrich, 1:5000) and horseradish peroxidase (HRP)-coupled 

secondary antibodies anti-mouse-IgG-HRP and anti-rabbit-IgG-HRP (both from 

DAKO/Agilent, Waldbronn, Germany, 1:5000). 

8.4. Results 

8.4.1. PARP1D993A/D993A mice develop normally 

Using the Cre-loxP gene targeting technology, we generated a PARP1 knock-in (Ki) 

mouse line harboring an amino acid exchange from aspartate (D) to alanine (A) in the 

codon 993 of PARP1 (PARP1D993A). We constructed a gene-targeting vector 

containing the point mutation in exon 23 (Suppl. Figure 25A) and electroporated it into 

E14.1 ES cells. Southern blot analysis of selected ES clones verified a targeted 

mutation in the Adprt locus (Suppl. Figure 25A and B) and the subsequent excision of 

the neo cassette by Cre-recombinase, generating the PARP1+/D993A ES clones (Suppl. 

Figure 25C). The PARP1+/Ki ES cells were used to generate PARP1+/Ki mice. 

Intercrosses of PARP1+/D993A mice resulted in homozygous Ki mice (designated 

PARP1D993A/D993A) at the expected Mendelian ratio (Suppl. Figure 25D). 

PARP1D993A/D993A mice were phenotypically normal throughout the observation period 

of two years (data not shown). The presence of the PARP1D993A mutation was 

confirmed by sequencing cDNA isolated from mouse livers (Suppl. Figure 25E). Semi-

quantitative reverse transcription (RT)-PCR revealed no difference in the Parp1 

transcripts of PARP1D993A/D993A mice compared to wild-type (WT) or PARP1+/D993A 

littermates (Suppl. Figure 25F). 
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8.4.2. PARP1D993A mutation alters the enzymatic kinetics of PARP1 and 

PAR chains 

To characterize the impact of the PARP1D993A mutation on DNA damage-induced 

PARylation, we isolated and used primary embryonic fibroblasts (pMEFs) from 

embryos of the respective genotypes, to avoid the consideration that the 

immortalization procedure modifies the genotoxic stress response, to measure the 

kinetics and capacity of PARylation. We challenged the cells with the alkylating agent 

MNNG or H2O2, which are well-characterized PAR inducers, and analysed them by a 

high-content (HC) immunofluorescence (IF) microscopy assay (PAR-IF; Figure 46A 

and B). We detected a dose-response of the PAR formation capacity of the pMEFs 

after 30 min of treatment with MNNG. PARP1D993A/D993A pMEFs displayed less PAR 

compared to WT in all doses tested, particularly at 50 and 100 μM (Figure 46C). 

PARP1−/− cells expectedly induced negligible PAR (Figure 46B and C). In addition, the 

time-course showed that 200 μM MNNG robustly induced PAR already at 10 min in 

the WT pMEFs, while the PARP1D993A/D993A pMEFs were almost devoid of PAR in all 

tested doses at this time point. Even upon exposure to 200 μM MNNG, the 

PARP1D993A/D993A pMEFs induced only ∼10% of the WT level at 10 min, although it 

reached ∼80% of WT at 30 min (Figure 46C). Of note, obvious cell death (e.g. floating 

cells) was not detected during the given 30 min of treatment (data not shown). 

Similarly, PARP1D993A/D993A pMEFs also showed a lower and decelerated PARylation 

after treatment with H2O2, as well as with another alkylating agent, MNU (Suppl. Figure 

26A–C). Because PARP1 can be activated by damaged replication forks (Bryant et al. 

2009; Ensminger et al. 2014; Min et al. 2013), we next treated pMEFs with the 

topoisomerase inhibitor camptothecin (CPT) that induces replication fork damage and 

found similar PARylation defects (Suppl. Figure 26D). 
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Figure 46: PARP1D993A mutation slows enzyme kinetics of PARP1 and impairs PAR complexity. (A) Scheme 
of a PAR formation assay by immunofluorescence (IF) staining of PAR (PAR-IF) and data analysis. (B) 

Representative pictures of the PAR-IF staining of pMEFs with the indicated PARP1 genotypes (wild type PARP1 
(+/+); PARP1D993A/D993A (D993A) and PARP1 knockout (–/–)) after treatment with 200 μM MNNG or DMSO for 30 
min. (C) Quantification of the PAR intensity in individual cells treated for 10 min or 30 min with the indicated doses 

of MNNG. The DMSO controls were analysed at both time points and only 30 min is shown. The data are the means 
± SEM from at least 500 cells per condition normalized against the maximum wild type (WT) level. Similar results 
were obtained in three independent experiments using four pMEFs littermate pairs. Asterisks (*) indicate the 
difference of PARP1D993A/D993A versus WT (+/+); *P <0.05; **P <0.01; ***P <0.001, as determined by a two-way 
ANOVA with a Tukey′s post-test. (D) In vitro activity assay of recombinant WT and D933A mutant PARP1 proteins 

incubated for either 2 min or 5 min with oligonucleotides mimicking DNA strand breaks and the indicated 
concentrations of NAD+ containing 150 nM 32P-labeled NAD+. At each reaction time, an autoradiography (32P) and 
Coomassie staining of the gel (Com.) are shown. (E) Quantification of the 32P signals of the panel (d) after 2 min or 

15 min of reaction time at the indicated concentrations of NAD+ expressed as ratio of D993A to WT. Data are the 
means ± SEM from three independent experiments. P-values were calculated by the Student's t-test. (F) Analysis 
of the PAR chain complexity by HPLC. HPLC-DAD chromatograms of in vitro synthesized PAR from recombinant 
PARP1 proteins (WT and D993A mutant). The individual peaks indicate PAR molecules of different chain lengths. 
The retention time at 5 min was set as the starting point (‘0 min’). The complexity of PAR increases with the relative 
retention time. (G) The retention times from the HPLC chromatograms in (F) are grouped based on their percentiles. 

The resulting thresholds in min (X-axis) are plotted against the respective averaged absorbance (‘mean absorbance’ 
on the Y-axis). Note that the dotted trend curve of PARP1D993A is shifted to the left, indicative of less PAR complexity. 
(H) and (I). UPLC–MS/MS analysis of branching levels of in vitro synthesized PAR from recombinant human PARP1 
(WT and D993A mutant) (H) and PAR isolated from immortalized MEFs of the indicated genotype (I). The ratio of 

signal intensities from the digestion products di-ribosyladenosine (R2-Ado), which is specific for PAR branching 
points, and ribosyl-adenosine (R-ado), which is specific for the linear part of PAR, were used to analyse the degree 
of PAR branching. Data are the means ± SEM of three biological (H) and five technical replicates (I). The 
significance is determined by Student's t-test. **P < 0.01; ***P < 0.001. 
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The D993A mutation was reported to inactivate the human PARP1 catalytic activity 

(Simonin et al. 1993). We performed an in vitro auto-PARylation assay on the 

recombinant human WT and D993A PARP1 proteins at different NAD+ concentrations. 

We found that D993A PARP1 formed less PARs than WT PARP1 in a 2-min reaction 

time (Figure 46D upper panel, E). However, a similar amount of PARs was formed by 

WT and D993A PARP1 at the 15 min reaction time (Figure 46D lower panel, E). At the 

same NAD+ supply, D993A PARP1 failed to form the same amount of PARs within a 

short reaction time, but eventually reached a similar level later on. We next 

characterized the quality of PARs formed by the D993A PARP1 by HPLC and mass 

spectrometry (MS). First, we analysed PARs synthesized by WT or D993A PARP1 by 

HPLC and found that the mutant PARP1 formed relatively shorter (HPLC) and less 

branched PAR chains (MS) compared to WT PARP1 (Figure 46F–H). Similarly, 

PARP1D993A/D993A pMEFs challenged with 250 μM H2O2 produced less-branched PARs 

than WT pMEFs (Figure 1I). Taken together, the PARP1D993A mutation delays DNA 

damage-induced PARylation and compromises the complexity of the PAR chains 

(hereof hypo-PARylation). 

8.4.3. PARP1D993A mutation impairs base excision repair 

To investigate the impact of hypo-PARylation in DNA repair, we conducted an alkaline 

comet assay and monitored the repair at a 60-min recovery time after 8 min exposure 

to H2O2. We observed a slightly higher level of the olive tail moments in 

PARP1D993A/D993A pMEFs compared to WT controls immediately after the treatment (0 

min, Figure 47A and B). However, the difference was diminished at 30 min of the repair 

time. As expected, PARP1−/− pMEFs maintained higher comet tail moments compared 

to the other two genotypes even at 60 min of the repair. Apparently, shortly after 

damage induction, there was elevated damage in PARP1D993A/D993A and PARP1−/− 

cells, which likely represents a defect in early damage repair. However, this was 

compensated for in PARP1D993A/D993A cells at later time points. To further examine 

whether the altered PARylation of PARP1D993A/D993A cells has an impact on BER, we 

analyzed the behavior of the scaffold protein XRCC1, which is normally recruited to 

the damaged site by PARylated PARP1 (El-Khamisy et al. 2003). To this end, we 

engineered 3T3-immortalized MEFs and transfected them with GFP-tagged XRCC1 

and monitored the chromatin recruitment of GFP-XRCC1 to the sites of laser-induced 

DNA breaks. As expected, the accumulation of GFP-XRCC1 at laser-induced DNA 

damage was completely abolished in PARP1−/− MEFs (Figure 47C and D). The 

retention of XRCC1 was significantly compromised as lower XRCC1 signals were 

detected in PARP1D993A/D993A MEFs at later time points, compared to WT (Figure 2D, 

note the slope of the curves from 100 s to 180 s). These results argue for an impaired 

BER after PARP1D993A mutation. We conclude that the level and kinetics of PAR 

formation, and probably also their structure, are important for the immediate response 

to base damage, though being dispensable under unperturbed physiological 

conditions. 
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Figure 47: PARP1D993A mutation slows base excision repair. (A) Representative images of an alkaline comet 

assay of pMEFs with the indicated PARP1 genotypes (wild type PARP1 (+/+); PARP1D993A/D993A (D993A) and 
PARP1 knockout (–/–)). The cells were treated or not with 100 μM H2O2 for 8 min and analysed after the indicated 
recovery time. (B) Comet tail moments as quantified using Comet Assay IV software. The data are the means ± 

SEM from the indicated number of cells of each PARP1 genotype. **P <0.01; ***P <0.001; n.s.: not significant, as 
determined by a two-way ANOVA with a Sidak's post-test at the indicated time points. (C) Representative live-cell 

micrographs of MEFs of the indicated PARP1 genotype expressing GFP-XRCC1. The recruitment of GFP-XRCC1 
to laser-induced DNA damage tracks at the indicated time. A white dashed frame marks the laser track. (D) Time-

course of the fold change of GFP signals within the laser track normalized to the GFP background within an 
undamaged region. Color-coded asterisks (*) indicate the significance versus +/+ (WT) littermates, as determined 
by a two-way ANOVA with a Tukey's post-tests. N = 10. The area under the curve (AUC) is used to compare the 
full curves. The statistical analysis of AUC was performed using the Student's t-test. ##P < 0.01; ###P <0.001. 

8.4.4. The hypo-PARylation inflicts replication-coupled DNA breaks 

We next investigated the consequences of a reduced BER activity in PARylation-

deficient cells, using the HiMAC assay, which enables tracing of the DDR during cell 

cycle progression in WT pMEFs (Bruhn et al. 2014a; Bruhn et al. 2014b). To this end, 

we first treated WT cells with a pulse of H2O2 before releasing them in fresh culture 

medium for various durations and labelled cells with EdU before sampling (see Figure 

48A). IF revealed that in WT cells, oxidative stress induced the DNA damage marker 

γH2AX predominantly in the S-phase (EdU+ cells) after 1–2 h post-H2O2 (Figure 48B 

and C), which was accompanied by a progressive decline of DNA synthesis (EdU 

incorporation) (Figure 48D), indicating an activated intra-S checkpoint. A further 

HiMAC analysis revealed that γH2AX foci were increased in all three sub-phases of S-

phase at 1–2 h post-H2O2 treatment (Suppl. Figure 27A and B). Of note, a high level 
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of γH2AX signals in mid- and late S-phase coincided with a high DNA synthesis rate 

(EdU intensity) (Suppl. Figure 27C), suggesting that DNA damage accumulated in mid- 

and late S-phase and associated with DNA replication. To test this hypothesis, we 

treated cells with Aphidicolin that slows DNA replication, and found complete 

repression of γH2AX signals (Figure 48E). Moreover, a chemical inhibition by the ATM 

inhibitor and the pan-PIKK inhibitor Caffeine both abolished γH2AX signals (Figure 

48E). These results suggest that DNA replication fork stalling triggered an ATM-

dependent DDR in S-phase. Interestingly, the PARP inhibitor resulted in a much higher 

level of γH2AX foci in S-phase cells after H2O2 treatment compared to non-inhibitor 

treatment (Figure 48E). Thus, PARylation or PAR either cleans SSB/base lesions to 

prevent replication stress or modulates the repair of damaged replication forks, 

consistent with the notion of previous studies (Bryant et al. 2009; Ensminger et al. 

2014; Min et al. 2013). 
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Figure 48: H2O2-induced base lesions trigger PARylation-dependent replication stress. (A) Scheme of the 

experimental design for a HiMAC analysis in pMEFs. Briefly, cells were treated or not with 100 μM H2O2 for 8 min 
before recovery in a drug-free culture medium for various time points (marked as ‘X). 45 min prior to fixation and 
HiMAC at the given time points, the cells were pulse-labeled with EdU. (B) HiMAC analysis of WT pMEFs at 1 or 2 

h, treated as described in A. The upper panel shows exemplary pictures. Mid panel: Cell cycle profiles obtained 
from individual cells from one representative experiment. Lower panel: yH2AX scatter plots showing a selective 
induction of yH2AX in S-phase cells. (C and D) Quantifications of γH2AX signal intensities in the indicated cell cycle 
phases (C) and of EdU signals of S-phase cells (D). The data are the means ± SEM from one representative 

experiment with >1000 individual cells analyzed per condition. Similar results were obtained in five independent 
experiments. (E) Wild type (WT) pMEF were treated or not with indicated inhibitors and analysed for their yH2AX 
foci. The data are the means ± SEM. N≥1000 cells. * marks the significance, as determined by a two-way ANOVA 
with a Tukey's post-test (C, E) and one-way ANOVA with a Holm-Sidak's post-test (D). * within the bars in (E) show 
a comparison to the respective PBS-treated samples. *P <0.05; **P <0.01; ***P <0.001. n.s.: not significant. The 
significance indicators inside the bars (E) show comparison to the respective PBS-treated controls. Similar results 
were obtained in five (A–D) and two (E) independent experiments in at least duplicates each. 

We then examined how the PARylation status would affect DNA damage accumulation 

in S-phase and subjected PARP1D993A/D993A, PARP1−/− and PARP1 WT pMEFs to 

oxidative damage by the H2O2 treatment. Among all genotypes, PARP1−/− pMEFs 

showed the highest numbers of γH2AX foci in the S-phase throughout the time course 

(Figure 49A and B). PARP1D993A/D993A pMEFs contained a mild, but a significantly 

higher level of γH2AX foci during the early recovery phase after damage (1 and 4 h 
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post-H2O2) compared to WT controls (Figure 49B). Eventually, WT and 

PARP1D993A/D993A, as well as PARP1−/− pMEFs, could fully resolve the γH2AX foci after 

26 h post-H2O2 (Figure 49B). Consistent with previous reports on the involvement of 

PARP1 and PAR formation in the repair of damaged replication forks (Bryant et al. 

2009; Ensminger et al. 2014; Min et al. 2013), these data, together with Figure 48E, 

suggest that the S-phase-specific DDR under the present treatment regimen is likely 

ATM-dependent and triggered by DNA replication fork stalls, which are potently 

counteracted by proper PAR homeostasis. 
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Figure 49: Hypo-PARylation primes replication stress and enhanced DSBs at replication restart upon H2O2 
and MNNG. (A) Representative HiMAC images of pMEFs with the indicated PARP1 genotype (wild type PARP1 

(+/+); PARP1D993A/D993A (D993A) and PARP1 knockout (–/–)) treated or not with 100 μM H2O2 for 8 min, released 
into fresh medium for the indicated durations and pulse labeled with EdU for 45 min before sampling (see Figure 
48A for a schematic treatment regimen). (B) Quantification of γH2AX foci (upper panel) at the indicated time points 
and of EdU intensities (lower panel) in S-phase pMEFs (EdU+). (C) pMEFs of the indicated PARP1 genotype were 

treated or not with 20 μM MNNG for 30 min, released into fresh medium for the indicated durations and pulse 
labeled with EdU for 45 min before sampling. Quantification of the γH2AX signal intensities and the EdU intensities 
of pMEFs at the indicated time points are normalized against the respective DMSO controls. At least 400 EdU+ cells 
from +/+ and D993A, and 200 EdU+ cells from –/– per condition were scored and their mean γH2AX and EdU 
intensities plotted ± SEM. (D) Representative images of pMEFs with the indicated PARP1 genotypes treated as 
described in (A). (E) Quantification of the 53BP1 foci per cell at the indicated time points in S-phase cells from D. 

Color-coded asterisks (*) indicate the significance versus +/+ littermates, as determined by a two-way ANOVA with 
Tukey's post-tests in (B, E) and with Bonferroni′s post-tests in (C). *P < 0.05; **P < 0.01; ***P < 0.001. Data from 
(B) and (E) are the means ± SEM of at least three independent (PBS, H2O2, until 9 h post-H2O2) and two 
independent (16 and 26 h) experiments, using at least two littermate pairs of pMEFs in at least duplicates. (F) 

Correlation analysis of DNA synthesis (EdU) with γH2AX signals (top) and 53BP1 foci (bottom) of pMEFs with the 
indicated PARP1 genotypes at 4 h (left) and 9 h (right) post-H2O2 are shown. Single graphs are X/Y scatterplots (X: 
Re-scaled EdU; Y: DNA damage marker). The indicated percentiles of the EdU signals within the population are 
shown, based on the total EdU intensities of the individual cells (see also Suppl. Figure 29). Dark colored 
‘smoothened curves’ show the corresponding single-cell data on the damage markers after smoothening by moving 
averages with a period of 40 to facilitate trend identification. Light-colored curves flanking the dark-colored 
smoothened curves represent the SEMs from at least 500 cells per condition. As PBS-treated cells showed no 
correlation, they were not presented here. For the full ranges of the EdU signals and of the corresponding DNA 
damage markers, please refer to Suppl. Figure 29. 
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To investigate the consequence of accumulated DNA damage in the S-phase, we also 

determined the DNA replication rate by quantifying the EdU incorporation of these 

cells. DNA synthesis in WT pMEFs decreased transiently from 1–4 h post-H2O2, 

indicating an activation of the intra-S checkpoint. Of note, the EdU incorporation rate 

closely mirrored the DNA damage profile and its recovery correlated with the decline 

of the γH2AX foci (Figure 49B), suggesting that DNA repair allows resumption of DNA 

replication. Furthermore, when exposed to MNNG, PARP1D993A/D993A and PARP1−/− 

pMEFs displayed a stronger induction of γH2AX signals compared to WT cells, 

correlating with a reduction of DNA synthesis, as judged by the reduction of EdU+ 

signals (Figure 49C). We next tested the DDR to S-phase poisoning by treating pMEFs 

with 125 nM CPT. This revealed a moderate increase of γH2AX signals in 

PARP1D993A/D993A pMEFs compared to WT and PARP1−/− cells and a reciprocal pattern 

of the EdU incorporation (Suppl. Figure 28A), suggesting that hypo-PARylation is more 

sensitive to S-phase damage. Altogether, a moderate, but consistent, defective 

response of the PARP1D993A mutation to different DNA damaging agents substantiate 

the importance of the full spectrum of PARylation to mitigate replication stress. 

8.4.5. Full PARylation activity prevents replication restart-associated 

DSBs 

To study whether these γH2AX foci were indeed converted to and thus represented 

DSBs, we analyzed by HiMAC the cells for 53BP1, an authentic marker for DSBs. 

PARP1−/− and PARP1D993A/D993A pMEFs displayed elevated 53BP1 foci from 9 h post-

H2O2, following the γH2AX foci (Figure 49D and E). Interestingly, these 53BP1 foci 

started to appear when the replication had been stalled for a long time (4 h) and was 

just about to be resumed (compare at 4 and 9 h, Figure 49B and E). These 

observations suggest that the DSBs are either derived from a collapse of prolonged 

replication fork stalls or inflicted by replication restart. Therefore, we sought to 

distinguish which one of both processes caused DSBs. To this end, we performed 

correlation analyses to dissect the relationship between replication rate and the 

induction of the γH2AX and 53BP1 foci by monitoring the trend as to whether DNA 

damage evolution is coupled to DNA synthesis at 4 and 9 h post-H2O2 (Suppl. Figure 

29). 

As described in Suppl. Figure 29A, we first gated S-phase cells using EdU and DAPI 

signals (Suppl. Figure 29A(i)) and then classified these by their replication rates based 

on the EdU signal intensity and by re-scaling them from the lowest to the highest 

(Suppl. Figure 29A(ii), B–D). Of note, because of a global replication fork stall, much 

lower EdU signal intensities were measured at 4 h than at 9 h post-H2O2. Thus, we set 

up different gating strategies for both time points to gate for similar subsets of cells: At 

4 h, we defined the population of cells with replication rates in the lower 30% range 

(0.3) as the ‘stalled’ replication, because their EdU signals were lower than most of the 

cells at 9 h post-H2O2. In addition, these cells contained less than one third of the EdU 

signals of untreated early S-phase cells (Suppl. Figure 29D). Accordingly, at 4 h, cells 
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with EdU signal intensities at and slightly above that threshold underwent ‘replication 

restart’, while those far above exhibited ‘replication progression’ (Suppl. Figure 29A(ii), 

B and D). In contrast, at 9 h, we defined cells as replication ‘progression’ if their 

replication rate exceeded the lower 40% (0.4, Suppl. Figure 29A(ii)), because the EdU 

signals from this population were higher than those of untreated early S-phase cells 

and higher than in the subset of cells with ‘stalled’ replication at 4 h post-H2O2. Thus, 

the potential replication restart at 9 h post-H2O2 had to occur in cells with EdU signals 

below that threshold of the lower 40% (0.4, Suppl. Figure 29A(ii)). Then, we plotted the 

EdU signals of the individual cells against the DNA damage markers (i.e. γH2AX signal 

or the number of 53BP1 foci) and then smoothened the curves (Suppl. Figure 29A(iii), 

dark line). Figure 49F(i) shows the entire cell populations at 4 h post-H2O2 whereas 

Figure 49F(ii), (iii) and (iv) only depict the indicated subset of the cells in Suppl. Figure 

29D. With this analysis, we found that the γH2AX induction first appeared in cells with 

marginal EdU signals in all genotypes (‘Stalling’ in Figure 49F(i)), indicating DNA 

damage induction occurs preferentially at stalled replication forks. While WT cells 

reached the plateau of the γH2AX induction already at low-to-intermediate EdU levels, 

PARP1−/− and, to some extent, PARP1D993A/D993A pMEFs displayed a further increase 

of γH2AX signals (Figure 49f(i)). To test whether the failure to successfully (re-) initiate 

DNA replication triggered DSBs in PARP1−/− and PARP1D993A/D993A pMEFs, we focused 

the subsequent analyses to cells potentially undergoing replication restart (indicated 

as ‘Replication restart’ in Figure 49F, Suppl. Figure 29A–C). Consistent with the γH2AX 

induction (Figure 49F(i)), DSBs, judged by the 53BP1 foci, were at higher levels in the 

subset of PARP1D993A/D993A and PARP1−/− cells undergoing a replication restart at 4 

and 9 h (Figure 49F(ii), (iv)). Notably, this DSB induction in turn saturated (Figure 

49F(ii)), or even decreased in cells that reached the intermediate-to-high replication 

rate (Figure 49F(iv); note the slopes of the curves), suggesting the damage-free 

progression of replication forks, once the replication restart was successful. Notably, 

the induction of 53BP1 foci in PARP1−/− pMEFs correlated with DNA replication only at 

9 h (Figure 49F(iv)). Collectively, DSBs apparently occurred mainly in cells that intend 

to resume replication, but not in those cells that remain in a replication-arrested state. 

Thus, these correlation analyses indicate that the DSBs likely arose from a failed 

restart of replication forks, rather than being a consequence of prolonged replication 

fork stalling. In summary, these data suggest that the full activity of WT PARP1 is 

required to prevent DNA damage accumulation in the S-phase, which otherwise would 

progress to DSBs when the cells resume DNA synthesis. 

8.4.6. Hypo-PARylation compromises the recovery from DNA damage 

To investigate the cell fate response of PARP1D993A/D993A pMEFs to DNA damage, we 

exposed pMEFs to MNNG for 30 min and analyzed their survival at 6 days of recovery. 

We found an intermediate cell survival of PARP1D993A/D993A compared to WT and 

PARP1−/− pMEFs at doses of 5–10 μM MNNG (Figure 50A). Similarly, the MNU 

treatment also induced an intermediate cell death of PARP1D993A/D993A MEFs compared 
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to WT controls and PARP1−/− pMEFs (Figure 50B). Moreover, we analyzed the cellular 

response after the CPT treatment and found that similar to the MNNG and MNU 

treatment, the CPT treatment resulted in an intermediate level of cell death of 

PARP1D993A/D993A MEFs, between WT and PARP1−/− pMEFs (Figure 50C). To 

substantiate these findings, we employed a sensitive colony formation assay using 10 

and 20 μM MNNG to monitor the survival capacity of the cells. The clonogenic survival 

assay revealed a dramatically reduced colony formation of PARP1D993A/D993A pMEFs 

after MNNG when compared to WT, albeit not as strong as the PARP1−/− pMEFs 

(Figure 50D and E). These results demonstrate that a fully coordinated PARylation is 

required to protect cells from acute DNA alkylation damage. 
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Figure 50:PARP1D993A mutation sensitizes cells to MNNG induced cell death and senescence. (A–C) Survival 

assay. pMEFs of the indicated PARP1 genotypes (wild type PARP1 (+/+); PARP1D993A/D993A (D993A) and PARP1 
knockout (−/−)) were treated or not with the indicated concentrations of MNNG for 30 min (A), MNU for 60 min (B), 
or CPT for 60 min (C), released into fresh medium and then subjected to high-content microscopy-assisted cell 
counting at day 6 (A) and day 9 (B, C). ‘Survival’ fraction is calculated as % of DMSO-treated cells. The data are 
shown as a number of cells ± SEM of four (A) and three replicates (B, C). (D) Representative scans of clonogenic 

survival assays using pMEFs with the indicated PARP1 genotypes 10 days after 30 min-exposure to the indicated 
doses of MNNG. (E) Quantification of clonogenic assays. ‘Survival’ fraction is calculated as % of the signal 

intensities of DMSO-treated cells. The data are the means ± SEM derived from two independent experiments using 
two independent littermate pairs of pMEFs in duplicates. (F) Representative micrographs of senescence-

associated-β-Galactosidase (SA-β-Gal) activity (blue) in the pMEFs of the indicated PARP1 genotypes at three 
days post-30 min exposure (3 dp) to 10 μM MNNG. Red arrowheads mark SA-β-Gal positive (+) cells. (G) 
Quantification of SA-β-Gal+ cells as induction (ratio) versus DMSO-treated +/+ littermates. (H) Scheme presents 
the experimental design of the cell cycle exit index (CCE) assay. (I) Representative images from the CCE assay. 
(J) Quantification of CCE relative to DMSO-treated controls according to the formula provided in (H). The data in 
(G) and (J) are the means ± SEM derived from three independent experiments using three (G) and two different 
pMEFs littermate pairs (J). Asterisks (*), color-coded in (A, B, C, E), indicate the significance. *P <0.05; **P <0.01; 
***P <0.001, as determined by a two-way ANOVA with Bonferroni′s post-tests (A, B, C) and with Tukey's post-tests 
(E, G, J). 

8.4.7. PARP1D993A/D993A pMEFs undergo senescence in response to low 

doses of alkylation 

The reduced colony formation was not due to a proliferation defect, because 

PARP1D993A/D993A pMEFs proliferated normally during long-term passaging in culture 

(Suppl. Figure 30A and B). However, it could be attributed to a combination effect of 

cell death and cytostasis. We next tested whether senescence in PARP1D993A/D993A and 
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PARP1−/− pMEFs could have contributed to the reduced colony forming ability. To this, 

we treated cells with 10 μM MNNG. PARP1−/− and PARP1D993A/D993A pMEFs gradually 

lost the Ki67 positive cells (cycling cells) as well as the EdU incorporation (Suppl. 

Figure 31A and B). We also analysed the senescence-associated β-Galactosidase 

(SA-β-Gal) activity in pMEFs at 3 days post-MNNG and found a higher number of SA-

β-Gal positive cells in PARP1D993A/D993A genotypes as compared to WT (Figure 50F 

and G). Interestingly, MNNG also induced more senescence in PARP1−/− cells 

compared to WT cells, but much less compared to PARP1D993A/D993A cells (Figure 50G). 

To complete the analysis of cellular senescence, we measured the cell cycle exit index 

of pMEFs after MNNG exposure (Figure 50H). To this end, we labelled cells with EdU 

for 24 h after 2 days of recovery, and analysed the cells positive for both EdU and Ki67 

among all EdU+ cells (Figure 50H). In line with the increased SA-β-Gal activity, 

PARP1−/− and PARP1D993A/D993A exhibited a higher cell cycle exit after alkylation as 

compared to WT (Figure 50I, J and Suppl. Figure 31A and B). Consistently, the 

downregulation of the S-phase Cyclin A was stronger in PARP1D993A/D993A and 

PARP1−/− pMEFs compared to WT controls (Suppl. Figure 31C). These data indicate 

that hypo-PARylation renders cells very susceptible to senesce whereas the absence 

of PARylation in PARP1 KO cells may rather induce cell death. 

8.4.8. PARP1D993A mutation sensitizes mice to DNA alkylation 

The poor long-term recovery of PARP1D993A/D993A and PARP1−/− pMEFs from base 

lesions prompted us to assess the impact of the PARP1D993A mutation on the tissue 

homeostasis of mice upon acute genotoxic stress. We monitored the survival of 

PARP1D993A/D993A and control cohorts (WT and PARP1+/−) after a single intraperitoneal 

(i.p.) injection of the alkylating agent MNU. Homozygous PARP1−/− mice, which are 

known to be hypersensitive to MNU (Cortes et al. 2004; deMurcia et al. 1997), were 

included as a control. While 80% of the MNU-injected control mice survived for several 

weeks without any signs of sickness, like solvent-treated (sham) animals, strikingly, all 

PARP1D993A/D993A mice died after six days, similar to PARP1−/− mice (Figure 51A). We 

noted that PARP1−/− and PARP1D993A/D993A mice exhibited signs of colitis, such as 

diarrhoea. Histological analyses of the small intestine of these mice revealed that at 2 

days after the MNU injection, the villi-crypt structure of the intestine in all genotypes 

appeared to be dispersed (Figure 51B). In contrast to control mice, which had fully 

restored the villi after 5 days, the PARP1−/− and PARP1D993A/D993A mice displayed a 

complete loss of the villi (Figure 51B). Notably, this was accompanied by the loss of 

crypts in PARP1−/− and PARP1D993A/D993A mice. These results indicate that hypo-

PARylation caused an exhaustion of intestinal stem cell pools and the loss of 

differentiated cells. These effects indicate that the intestinal atrophy in PARP1−/− and 

PARP1D993A/D993A mice was probably among the primary causes of lethality in response 

to DNA alkylation. These data demonstrate that in contrast to a modest compromise 

of cell survival after DNA damage under culture conditions, hypo-PARylation 

completely abrogates tissue integrity in response to acute alkylating DNA damage. 
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Strikingly, a disturbance of the PARylation dynamics and complexity apparently equals 

a complete elimination of PARP1 in vivo. 

 

Figure 51: Parp1D993A mutation sensitizes mice to alkylation and the working model. (A) Survival of male mice 

(age: 2–3 months) with the indicated PARP1 genotypes (control (WT and PARP1+/D993A); PARP1D993A/D993A (D993A) 
and PARP1 knockout (−/−)) after receiving a single dose of the alkylating agent MNU (150 mg/kg of body weight) 
or solvent (Sham) by intraperitoneal (i.p.) injection. The control (Co.) group is PARP1+/+ and PARP1+/− mice. (B) 

Hematoxylin and eosin stained sections of small intestines of mice with the indicated PARP1 genotype sacrificed 
at 5 days after i.p. injection of the solvent (sham) or at the indicated time points after MNU (100 mg/kg of body 
weight). C: crypts, V: vili. (C) The working model on PARylation-dependent cell fate decision. In response to acute 

base damage (step 1), a normal PARylation response, like in PARP1-WT cells, is critical for DNA repair and the 
clearance of potential obstacles for replication forks to prevent cell death. When PAR formation in response to 
genotoxic stress is compromised (hypo-PARylation) with regards to the timing of PARylation, a total level or the 
complexity of PARs (step 2), elevated replication stress due to compromised clearance of base lesions by BER in 
S-phase occurs (step 3). Null-PARylation of cells by either PARP1 deletion (−/−) or PARP inhibitors (PARPi) (step 
2) additionally accumulate replication-independent DNA breaks as well as replication stress (step 3), leading to 
excessive DNA damage progression. As a consequence of the elevated genotoxicity in S-phase (step 3), cells with 
hypo-PARylation preferentially undergo senescence (step 4). In contrast, PARP1 deletion (−/−) or PARP inhibitors 
(PARPi) cause excessive cell death due to DNA damage overload (step 4). Eventually, both cellular phenotypes, 
i.e. senescence and cell death, dictate a striking organismal recovery defect (step 5). Notably, the PARylation 
acceptors, such as PARP1 (as a major target), and the binding partners of PAR would probably participate in the 
cell fate determination. 



Results 

 

192 

   

8.5. Discussion 

In the current study, we engineered a novel PARP1 mutant mouse model, in which the 

PARP1 protein is intact, but its catalytic capacity is impaired. Similar to the PARP1−/− 

knockout mice (deMurcia et al. 1997; Masutani et al. 1999; Wang et al. 1995), 

PARP1D993A/D993A mice are viable and phenotypically normal. We showed that a 

moderate modulation of the kinetics of the PARP1 activity and a reduction of the PAR 

chain complexity is sufficient to sensitize mice to alkylating agents, but does not affect 

normal tissue development and homeostasis. Neither the PARP1 protein, nor its full 

activity, is essential for the development and adult life under physiological conditions. 

Thus, a delicate PARylation is a molecular stress sensor in vivo, which is essential for 

the maintenance of tissue homeostasis under conditions of genotoxic stress. 

The kinetics of the PAR formation by the D993A mutant PARP1 is strongly 

compromised, characterized by a substantial delay of PARylation in response to DNA 

damage in vitro (at 2 min, Figure 46D and E) and in vivo (Figure 46C, Suppl. Figure 

26B–D). Although the PARP1D993A mutant can catch up the WT PARylation capacity in 

the in vitro assay (Figure 46D and E), the maximal PARylation of mutant PARP1 is 

compromised in vivo (Figure 46C, Supplementary Figure S2B–D). Importantly, the 

structure of the PAR chains (i.e. length, branching, complexity) formed by PARP1D993A 

is also affected. Notably, these defects are associated with an impairment of BER and 

result in DNA damage accumulation in S-phase. 

Given a massive PARylation by wildtype PARP1 in response to DNA damage, it might 

be surprising to note that a hypo-PARylation and delayed PAR formation does not 

affect XRCC1 recruitment kinetics. This might have been expected because XRCC1 

can bind low levels of PAR, which is apparently sufficient for the XRCC1 recruitment 

to damage sites (Breslin et al. 2015). The precise function of PARP1 or PAR in BER is 

still debatable: While PARP1 knockout cells show proficient BER (Strom et al. 2011; 

Vodenicharov et al. 2000; Wang et al. 1995), others demonstrate a PARP1/PARylation 

dependence in BER (Breslin et al. 2015; Campalans et al. 2013; Hanssen-Bauer et al. 

2011). It is possible that the contribution of PARP1/PARylation in BER may involve an 

interconnectivity of repair proteins, e.g. of PARP1 and PARP2, in a feedback loop 

(Hanzlikova et al. 2017; Mortusewicz et al. 2007). Interestingly, when compared to WT 

cells, the retention of XRCC1 is impaired in PARP1D993A/D993A cells (Figure 47D). 

Although the recruitment of XRCC1 to the DNA lesion has been well studied, the 

meaning of its retention is poorly understood. Our data suggest that a high degree of 

the PAR chain complexity likely prevents the premature fall of XRCC1 from the 

damaged site, which is required for a full efficiency of BER/SSB repair. It seems that 

the full speed and the complexity of the PAR formation are important for BER 

efficiency, which probably affects the ensuing coordination of the DDR with the DNA 

replication machinery. Indeed, XRCC1-deficient cells and PARP inhibitor-treated cells 

display a higher level of replication-associated γH2AX foci when exposed to the 

alkylating agent MMS (Ensminger et al. 2014). In line with this, XRCC1 has been 
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reported to be recruited to stalled replication forks by PARylation to conduct BER and, 

importantly, an effective replication restart (Ying et al. 2016). 

Consistent with a previous study showing that PARP1-deleted cells acquire S-phase 

γH2AX foci following alkylation-induced replication stress (Ensminger et al. 2014), 

PARP1D993A/D993A pMEFs exhibit an increased DNA damage in S-phase when 

challenged with oxidative and alkylating damage, although not as high as in PARP1−/− 

cells (Figure 49B). These are in line with the requirement of PARP1 and the PARP 

activity for intra-S checkpoint activation (Bryant et al. 2009; Horton et al. 2007; Kedar 

et al. 2008; Min et al. 2013). The oxidized bases and alkylating damage are primarily 

repaired by BER, and can stall replication forks, if remain unrepaired. Notably, the BER 

defect is relatively mild in the PARP1D993A/D993A pMEFs, which nevertheless correlates 

well with the increased γH2AX foci in the S-phase. The high level of S-phase-

associated DNA damage could be due to a deficient BER in these hypo-PARylation 

mutant cells. BER components are known to physically and functionally interact with 

replication forks, being engaged in their repair during replication stress by HU or DNA 

base lesions (Levy et al. 2009; Parlanti et al. 2007; Ying et al. 2016). It is conceivable 

that the impaired assembly of the BER complex by slow or low PAR formation delays 

the repair of replication forks, which hinder their stabilization and subsequent restart. 

Although the basal BER defect is rather mild, the rapid repair of oxidative lesions and 

alkylation damage is critical specifically during S-phase to avoid that a replication fork 

meets a DNA lesion or an active repair site, causing fork stalling and collapses. Indeed, 

we find the emergence of highly toxic DSBs during the S-phase under oxidative stress. 

The replication-coupled DNA damage (γH2AX foci) and DSBs (53BP1 foci) were 

severely aggravated in the absence of the PARP1 protein (PARP1−/−; Figure 49B 

and E). 

Consistent with the notion that a disturbed restart of DNA synthesis following base 

lesions could entail DSBs (Petermann and Helleday 2010), PARP1−/− and 

PARP1D993A/D993A cells showed a moderate, but a significant increase in DSBs, 

coinciding with replication restart (Figure 49B and E). It is perhaps unexpected that just 

a modest reduction of PAR formation is sufficient for accumulating DNA damage and 

DSBs, albeit at a relatively lower level compared to complete PARP inhibition by 

inhibitors. Thus, the full speed of PARylation by PARP1 and the PAR structures (length 

and branching) are critical for preventing a replication fork collapse and for mitigating 

the rise of replication-restart-associated DSBs during the recovery from DNA base 

lesions. Indeed, PARP1 and PARylation are involved in replication restart at various 

levels. Firstly, PARP1 can promote replication restart by recruiting MRE11 to facilitate 

the end-resection of stalled replication forks for a homology-directed repair(Bryant et 

al. 2009). Secondly, PARP activity inhibits the replication fork restart by stabilizing them 

in their regressed state via inhibition of their RECQ1-mediated reactivation (Berti et al. 

2013). Taken together, it seems that the rapid activity of PARP1 upon acute DNA 

damage is most likely less critical in other cell cycle phases, but it is essential for the 

repair of DNA base lesions in the S-phase. 
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As a major outcome of the defective BER and increased replication-associated DSBs, 

the PARP1D993A/D993A mutation changes the cells’ fate following an exposure to 

genotoxic stress. In this regard, PARP1−/− and PARP1D993A/D993A cells displayed a poor 

survival in cellular survival assays (Figure 50). Nevertheless, the survival of 

PARP1D993A/D993A cells always displays an intermediated degree in between WT and 

PARP1−/− cells, correlating with the extent of the PARylation impairment of D993A 

mutant PARP1 in DDR. Interestingly, a low dose of MNNG induces senescence 

particularly in PARP1D993A/D993A and, to a lesser extent, in PARP1−/− pMEFs (Figure 

50G). Using different doses of MNNG allows visualizing that while the absence of 

PARP1 and its PAR formation (e.g. in PARP1−/−) aggravates cell death and does not 

strongly drive senescence in response to alkylation, hypo-PARylation rather renders 

cells exquisitely prone to senesce but less to undergo cell death. 

We propose that a timely PARylation on target proteins (including PARP1) in response 

to DNA damage primes cellular and organismal outcome by safeguarding cell fate 

choice. Intriguingly, the slowing of DNA damage-induced PAR formation and a 

moderate alteration of the PAR structures are sufficient to change cell fate (Figure 

51C). A deficiency in PARylation impairs BER, which impedes the repair and restart of 

replication forks eventually leading to SSBs and DSBs and, causing cellular 

senescence under hypo-PARylation, or cell death under null-PARylation. It is 

conceivable that PAR binders may participate in this response by being orchestrated 

by the accurate kinetics and the level of the PAR complexity, which provide the 

spatiotemporal context for PAR binders and downstream responses, for example, the 

faithful repair of damaged replication forks (Figure 51C). Altogether, we conclude that 

both the dynamics of PARylation and the complexity level of PARs are decisive for cell 

fate in response to DNA damage. 

Despite a relative protective action of PARP1D993A/D993A cells on cell death compared 

to the PARP1−/− counterpart, the alkylating agent MNU inflicts gastrointestinal cell 

death resulting in colitis in PARP1D993A/D993A animals, completely phenocopying 

PARP1−/− mice (Figure 51A; (deMurcia et al. 1997; Masutani et al. 2000)). Of note, 

similar to PARP1−/− mice (deMurcia et al. 1997; Wang et al. 1997) PARP1D993A/D993A 

mice are also sensitive to whole body ionizing radiation (Schuhwerk et al. 2017). These 

in vivo results are striking, given the modest reduction of the PAR complexity and the 

slow PARylation in biochemical and cellular assays. Several possibilities can account 

for this striking phenotype: (i) The effect in MEFs and in culture conditions can be 

compensated for by other pathways. (ii) In vivo, there are mixtures of different cell 

types, which each have different responses and interactions with each other. (iii) A 

compromised complexity of PARs may engage different PAR binders, which in turn 

trigger different signalling cascades in tissues, which cannot be assessed in cell 

cultures. Thus, it is plausible that a tissues response may reflect a synergistic effect of 

various cellular responses, which may amplify a DDR from only a modest compromise 

of PARylation leading to a severe biological outcome after DNA damage. It is 

interesting to note that the polymorphism of PARP1 at V762A imposes a very mild 
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difference on the PARP1 activity in human tissues and cells, which, however, shows 

an association with cancer risks (Alanazi et al. 2013; Lockett et al. 2004; Rank et al. 

2016; Yu et al. 2012), indicating that a delicate modulation of the PARP1 activity would 

have a biological impact in organisms. However, the importance of the PARP1 protein 

and PAR homeostasis in other biological pathways, for example in chromatin 

remodelling, or as a cofactor to control transcription (Chang and Alvarez-Gonzalez 

2001; Hassa et al. 2001; Marjanovic et al. 2017; Nakajima et al. 2004; Zerfaoui et al. 

2010) have not been investigated in the current study. 

The present study documents that a minor disturbance in the homeostasis of PAR, 

exemplified here by a mutation causing hypo-PARylation, can amplify the mild survival 

or senescence response at the cellular level up to a detrimental lethality of the whole 

organism. The dynamics of PAR formation is hence critical for cells and organisms to 

cope with acute DNA damage. Collectively, we conclude that PARP1’s full activity is 

dispensable under unperturbed physiological conditions, whereas the proper 

PARylation response is essential for organismal survival upon genotoxic stress. 
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8.6. Supplementary Data 

 

Suppl. Figure 25: Generation of PARP1D993A/D993A mice a. PARP1 gene targeting strategy, including the positions 

of the D993A point mutation, the neomycine resistance cassette (neo), the Thymidylate kinase (Tk) as well as the 
restriction enzymes (B: BspH1); X: XbaI, the probes (P6.4 or P7.6) and the expected fragments in kilobases (kB) 
for Southern Blotting before and after successful gene targeting. Black boxes indicate exons. b and c. Confirmation 

of PARP1D993A gene targeting (b) and CRE-recombinase-mediated neo-removal (c) from the targeted mouse 
embryonic stem cells by Southern Blotting using the strategies shown in (a). d. Mendelian genotype distribution 
obtained from PARP1Ki/+ intercrosses. e. Sequencing of cDNA isolated from the livers of PARP1D993A/D993A and 
PARP1+/+ littermate mice. f. Semi-quantitative PCR of fragments within PARP1 and GAPDH using cDNA samples 
from (e). The PARP1 transcripts were quantified relative to GAPDH and are displayed as % of WT. N=3 mice per 
genotype. 
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Suppl. Figure 26: PARP1D993A mutation slows DNA damage-induced PAR formation in pMEFs a. 

Representative images of the PAR-IF of pMEFs with the indicated PARP1 genotypes (wild type PARP1 (+/+); 
PARP1D993A/D993A (D993A) and PARP1 knockout (-/-)) treated with or without H2O2 (1 mM, 30 min). b. 

Quantification of nuclear PAR signals of pMEFs treated for the indicated durations with 1 mM H2O2. The data are 
the means ± SEM of at least two pMEFs littermate pairs in duplicates, expressed as percentage (%) of the maximal 
induction of +/+ littermates. Similar results were obtained in two independent experiments. c and d. Quantification 
of the nuclear PAR induction in pMEFs (see (a)) of the indicated PARP1 genotypes treated with 1260 μM MNU (c) 
or 125 nM CPT (d) for the indicated time. The data are expressed as the mean differences (Δ) versus DMSO-
treated control cells at 0 min ± SEM of at least 1000 cells per condition. Asterisks (*), color-coded in (b, c, d), 

indicate the significance versus +/+. **: p <0.01; ***: p <0.001. n.s.: not significant, as determined by a 2-way ANOVA 
with a Tukey’s post-test (b) and with a Bonferroni´s post-test (c, d). 

 

 

Suppl. Figure 27: H2O2 treatment induces replication-associated DNA damage signaling in pMEFs a. Gating 
of sub-phases of the S-phase using EdU and DAPI signals. b. Quantification of the average sum of γH2AX signal 
intensities in the indicated sub-phases of the S-phase. c. Heat-map showing relative γH2AX signals in a cycle-

dependent manner at the indicated time points. The data are derived from >1000 individual cells analyzed per 
condition. The error bars are the S.E.M.. Similar results were obtained in 5 independent experiments. * within the 
bars in B show the comparison to the previous time point. *: p <0.05; ***: p <0.001; n.s.: not significant, as 
determined by a 2-way ANOVA with a Sidak’s post-test. 
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Suppl. Figure 28: HiMAC analysis of pMEFs following CPT treatment a. pMEFs with the indicated PARP1 

genotype (wild type PARP1 (+/+); PARP1D993A/D993A (D993A) and PARP1 knockout (-/-)) were treated or not 
with 125 nM CPT for the indicated duration and then subjected to HiMAC analysis. Quantification of γH2AX signal 
intensity sum (upper panel) and the EdU intensities (lower panel) in S-phase pMEFs (EdU+) normalized against 
the respective DMSO-treated controls. Color-coded asterisks (*) indicate the significance versus +/+ (WT), as 
determined by a 2-way ANOVA with a Bonferroni´s post-test. *: p <0.05; **: p <0.01. Data are the means ± S.E.M. 
of four replicates. 
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Suppl. Figure 29: Correlation analysis of EdU incorporation and DNA damage markers after H2O2 in pMEFs 
a.-c. Schematics of the gating strategy. Cells were treated with 100 μM H2O2 for 8 min before recovery in fresh 
medium for 4 or 9 hr. 45 min prior to HiMAC, cells were pulse-labelled with EdU for 45 min. a. (i). Gating of S-phase 

using EdU and DAPI signals. (ii). EdU signal intensities from individual cells were re-scaled from 0 (lowest) to 1 
(highest) and then sorted ascendingly. Based on the signal intensities (“Global DNA synthesis”), different subsets 
of cells were defined as indicated “Stalling” “Replication restart” and “Replication progression”. (iii) Plotting of the 
re-scaled EdU signal intensities versus the average of the corresponding DNA damage marker data of individual 
cells generates a smoothened curve (thick, central line). The upper and lower S.E.M. of these averages were used 
to plot the “Highest-” and ”Lowest possible values”, respectively. b. and c. Threshold setting. Re-scaled and 
ascending EdU signal intensities from WT pMEFs in a(i) at 4 hr and 9 hr post/H2O2. The applied thresholds and 

the resulting subsets of cells are indicated. Note the similar slope of the curves where the thresholds were applied. 
d.The mean of the EdU signal intensities in the indicated sub-phases of the S-phase from untreated WT pMEFs. 
The signal intensities corresponding to the thresholds applied in a and b are indicated. e. The entire cell populations 

at both time points and the corresponding populations used to generate the panels in Fig. 4f. Correlation analysis 
of DNA synthesis (EdU) (X-axis) and γH2AX or 53BP1 signals (Y-axis) of pMEFs with the indicated color-coded 
PARP1 genotypes (wild type PARP1 (+/+); PARP1D993A/D993A (D993A) and PARP1 knockout (-/-)) at 4 hr (left) 
and 9 hr (right) post-H2O2. The single graphs are X/Y scatterplots (Re-scaled EdU versus the indicated DNA 
damage marker). All percentiles of the total EdU intensities of individual cells, i.e. the full range of the DNA 
replication rate within the population, are shown. Dark colored “smoothened curves” show the corresponding single-
cell data over the indicated damage markers at the indicated time points after smoothening by moving averages 
with a period of 40 to facilitate trend identification. Light-colored curves flanking the dark-colored smoothened curves 
represent the S.E.M. from at least 500 cells per condition. The brackets indicate the respective region (percentiles) 
used in Fig. 4f. 
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Suppl. Figure 30: The PARP1D993A mutation has no effect on proliferation of pMEFs Proliferation of pMEFs of 

the indicated PARP1 genotypes (wild type PARP1 (+/+); PARP1D993A/D993A (D993A)) in culture according to a 3T3 
protocol (n = 4). a. Cumulative cell number. b. The 3T3 proliferation curve replating 1.5 x 105 cells every three days. 

The data are the means ± S.E.M of two independent pMEF littermate pairs in duplicates. 

 

 

Suppl. Figure 31: Cell cycle exit after MNNG in pMEFs a and b. High content analysis of Ki67 positivity (a) and 
EdU incorporation (b) of pMEFs with the indicated genotypes (wild type PARP1 (+/+); PARP1D993A/D993A 

(D993A) and PARP1 knockout (-/-)) at 1, 2, or 3 days post-treatment (dp) for 30 min with 10 μM MNNG or DMSO 
(Co.). c. Western blotting of Cyclin A of the whole cell extracts of pMEFs with the indicated genotypes at 3dp after 

10 μM MNNG treatment. β-Actin is a loading control. The data are the means ±S.E.M. derived from at least three 
independent experiments using two pMEFs littermate pairs and are expressed as % of total cells in (a) and % of 
controls in (b). Asterisks (*) indicate significant differences versus +/+ littermate. *: p <0.05; **: p <0.01; ***: p <0.001; 

n.s.: not significant, as determined by a 2-way ANOVA with a Sidak’s post-test. 
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Chapter 9. Discussion and outlook 

DNA adducts are used as biomarkers of exposure to identify genotoxic agents and 

verify their risk potential. Thereby exposure limits of occupational and environmental 

toxins are defined. Furthermore, as DNA adducts represent a causative link in 

genotoxin-induced carcinogenesis, they are also considered as biomarkers of effect. 

The gold standard for verification of DNA adducts is isotope-dilution LC-MS/MS. As 

DNA adducts occur in an excess of undamaged bases, i.e. 0.01–10 adducts per 108 

canonical bases, highly sensitive and robust methods are needed for their 

quantification. Furthermore, the isotope dilution approach enables highly accurate 

measurement, as it accounts for any sample loss during preparation and any variation 

during measurement (Tretyakova et al. 2012; Zubel et al. 2017a). 

9.1. Part I: Mustard-induced nucleic acid damage 

Sulfur mustard is still a significant threat as seen by recent events in Syria (Link 6). 

Terroristic use is possible due to relatively easy chemical production of the agent, as 

well as the existence of potentially undestroyed stockpiles in conflict areas. No 

causative antidote for SM exposure is available at present and therapy of SM-induced 

patho-physiology is only symptomatic. Although many studies in the last two decades 

dealt with the analysis of the underlying toxicological mechanisms of SM, so far many 

of the molecular details are incompletely understood. This includes the etiology of 

direct symptoms, such as blister formation, which might be induced due to cell death 

of basal keratinocytes, leading to the detachment of the epidermis from the dermis. 

However, here the progress and the mechanism of cell death and detachment is 

unclear (Shakarjian et al. 2010). Also, the mechanism of long-term effects, as impaired 

wound healing, is unknown. Mesenchymal stem cells contribute to tissue regeneration 

and show a high overall tolerance against SM, but already small doses impair their 

migration capability and cytokine secretion (Schmidt et al. 2013; Schreier et al. 2018). 

Long-term effects also include impairment of the immune system, which appears to be 

suppressed up to years after exposure. Decreased numbers of lymphocytes, 

leucocytes and natural killer cells, as well as reduced cytokine production, were 

observed and linked to cancer formation (Razavi et al. 2013). Another long-term effect 

is cancer formation, especially lung cancer, but also skin cancer and leukemia (Razavi 

et al. 2016). Although it is apparent that the formed DNA adducts can induce mutations, 

potentially contributing to carcinogenesis, less is known about the adduct stability, 

hotspot mutations and DNA repair in association with tumor development. There are 

incidences for p53 mutation, i.e. G:A transversion, in lung cancers. Still, it is difficult to 

formulate a causative link between SM exposure and cancer formation, especially after 

single exposure (Hosseini-khalili et al. 2009). So, the key challenges in determining 

the mechanisms of SM toxicity are the systemic distribution of SM from the directly 

exposed tissue to remote organs. Furthermore, a depot effect in skin and fat-rich 
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organs is possible, leading to chronic release of active SM. Lastly, pleotropic effect at 

multiple target sites and cell types induce complex toxico-pathological outcomes (Rose 

et al. 2017). 

Despite the incompletely understood mode of action of SM, up to now, the verification 

of SM exposure is challenging. And there is a need for novel chemically specific, 

sensitive and robust methods for the verification of SM exposure. Commonly immuno-

chemical detection with a specific antibody against N7-HETE-Gua lacks sensitivity and 

selectivity due to cross-reactivity of the antibody with similar compounds like nitrogen 

mustards. 32P-postllabeling of DNA adducts exhibits good sensitivity, but has 

drawbacks in selectivity, due to missing authentic standards and variability due to 

different label efficiencies. Mass spectrometric approaches ensure selectivity, 

sensitivity and precision. Although several mass spectrometric approaches exist for 

biomonitoring of intact SM or its hydrolysis products, oxidation products and 

metabolites, their detection window lasts from a few hours, in the case of the active 

compound (Xu et al. 2017), and up to two days in the latter cases (Li et al. 2013). This 

time frame is too short for exposure verification, especially when samples have to be 

shipped from hard to reach regions to OPCW-approved laboratories. The most suitable 

and common approach is the measurement of SM-induced protein adducts, i.e. serum 

albumin and hemoglobin (Fidder et al. 1996; John et al. 2016a; Noort et al. 1999). 

These MS-based methods imply high sensitivity and easy sampling. As both analytes 

are blood-derived proteins, sampling of fresh blood or generation of dried blood spots 

are applicable. Only low amounts of sample volume. i.e. microliters of serum, are 

needed due to high sensitivity of the method, i.e. the detection limit of ex vivo treated 

blood is 10 nM SM for albumin adducts (Noort et al. 1999). The detection window is 

coupled to the life span of these proteins in blood, which is about 120 days for 

hemoglobin and 20-25 days for albumin (Noort et al. 1999). Nonetheless, these 

protein-adduct verification methods are only applicable on blood samples and in 

general have limited further applications, distinct from biomonitoring, as these adducts 

have minor toxicological relevance and are cleared from the blood within months.  

Additionally, the OPCW demands two independent analytical methods for verification 

of a warfare agent (OPCW 2015b). As discussed in Zubel et al., Toxicol. Lett. 2017, 

(Chapter 3), DNA adducts can not only serve as biomarkers of SM-exposure, but are 

also considered as biomarkers of effect. DNA adducts are considered as the prime 

cause for SM-induced pathologies, as well as long-term effects. Furthermore, DNA 

adduct analyses can help to investigate the associated genotoxic and DNA repair 

mechanisms and help to come up with novel therapeutic approaches to treat SM-

induced pathologies.  

Several methods for the analysis of SM-induced DNA adducts are available, showing 

good sensitivity and a wide range of application in cell culture and in rodent organs 

(Batal et al. 2013a; Batal et al. 2014; Batal et al. 2013b; Wang et al. 2015; Yue et al. 

2014; Yue et al. 2015; Zhang et al. 2014). Some kinetic measurements, especially in 
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rat organs, display high adduct stability over at least 14-21 days (Batal et al. 2013a; 

Batal et al. 2013b; Yue et al. 2014; Yue et al. 2015). The molar percentages of induced 

adducts in skin and organs are in some studies very similar, i.e. 88-91% HETE-Gua, 

8-12% Bis-Gua and 0.5-3% HETE-Ade (Batal et al. 2014; Batal et al. 2013b). Similar 

percentages were observed for ETE-Gua adducts after CEES treatment (Batal et al. 

2013a). In other studies, higher variations in molar percentages of induced adducts in 

organs were observed. Yue et. al observed 61-95% HETE-Gua, 5-35% Bis-Gua and 

0.1-5% HETE-Ade adducts (Yue et al. 2014; Yue et al. 2015). In urine the percentage 

of HETE-Ade also exceeded up to 10% (Zhang et al. 2014). Also in cell culture the 

percentage of HETE-Ade is slightly elevated (66-81% HETE-Gua, 12-33% Bis-Gua, 2-

7% HETE-Ade) (Batal et al. 2013a; Wang et al. 2015). 

Nevertheless, some limitations are evident in these studies. Thus, no internal standard 

or only deuterated ones were used. As DNA samples need several processing steps, 

including DNA isolation and digestion, the use of internal standards is important to 

account for analyte loss during sample preparation. Furthermore, as the analyte is 

present in an excess of canonical unmodified bases, matrix effects are likely. This can 

be accounted by the use of internal standards. Deuterated standards are quite 

common, due to cheap and simple production. Still, sometimes deuterated standards 

should be handled with caution, as due to the easy incorporation of deuterium also a 

loss of the label during analysis is more likely. Furthermore, retention time shifts of the 

deuterated standards can occur. Thereby, it is possible that the standard and the 

analyte show slightly different matrix effects due to different co-eluting substances (Iyer 

et al. 2004; Stokvis et al. 2005).  

The determination of the highly mutagenic O6-HETE-Gua adduct appears to be 

technically challenging. Although this adduct is induced only at very low levels, it is 

highly mutagenic due to incorrect base pairing with thymine and due to a lack of direct 

damage removal by AGT. While Yue et al. (2014) were able to verify this adduct in a 

first study, in a follow-up study by the same group (Yue et al. 2015) differences in 

sample preparation might have prevented its quantification Even though in the latter 

case, the use of acidic hydrolysis might be an explanation for the inability to measure 

this adduct, still the biological relevance of this infrequent adduct is not adequately 

addressed so far. 

As a main part of this thesis, in Zubel et al., manuscript in preparation (Chapter 4), a 

mass spectrometric platform for the quantification of mustard agent-induced DNA 

adducts was developed on a Waters Xevo TQ-S UPLC-MS/MS instrument. The 

successful determination of the UPLC separation parameters and MS conditions led 

to a sensitive method with limits of detection, dependent on the corresponding adduct, 

of 0.1-0.75 fmol and limits of quantification of 0.25-1 fmol. This is equivalent to the 

treatment of HaCaT or A549 cells with at least 0.1 µM CEES or SM. In ex vivo treated 

whole blood samples, mustard-induced DNA adducts were detectable after treatment 

with similar doses. When analyzing DNA from dried blood spots, levels of DNA adducts 
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were above the detection limit after treatment with 1 µM CEES. Furthermore, in ex vivo 

treated rat skin DNA adducts were detected after exposure with 400 µM CEES and 40 

µM SM, despite of a lot of unexposed DNA in surrounding tissue, which was co-

purified. Previously, exposure doses in Iranian victims of SM were determined. The 

protein adduct levels in blood corresponded to adducts induced by ex vivo treatment 

of blood samples with 0.4-1.8 µM SM (Noort et al. 1999). Thus, with the detection limits 

of the LC-MS/MS methods presented in our study, a verification of SM exposure should 

indeed be possible in authentic human samples. In order to validate the different 

UPLC-MS/MS method parameters, QC samples over a range of low, medium and high 

standard concentrations were measured. According to FDA guidelines, interday and 

intraday precision were generally lower than 15%. Loss of sample due to recovery and 

matrix effects were determined according to EMA guidelines. Furthermore, no 

degrading effects could be observed due to repeated freeze-thaw cycles, short-term 

storage at ambient temperatures or long-term storage at -20°C and -80°C. 

In our study, unlabeled and 15N,13C-labeled standards of N7-ETE-Gua, N3-ETE-Ade, 

N7-HETE-Gua and N3-HETE-Ade were synthesized and characterized by HR-MS, 

product ion scans and UV-Vis spectroscopy. Thereby stable internal standards were 

obtained without the risk of loss of the isotope label. Additionally, no shift in the 

retention time compared to the respective analyte was seen, as it can be observed 

with deuterated standards. Furthermore, the DNA amount in samples was determined 

precisely by UPLC-MS/MS, to normalize adduct levels to 106 undamaged, canonical 

bases. This normalization allows absolute quantification and direct comparability 

between different studies, as it is usual in different DNA adduct verification methods 

and only seen in some of the related SM studies (Batal et al. 2013a; Batal et al. 2014; 

Batal et al. 2013b; Wang et al. 2015). Although in the studies of Batal et al. online-

HPLC determination of the total amount of DNA was performed to express the amount 

of adducts per 106 undamaged bases, here no internal standards were used to account 

for variabilities during sample preparation and MS measurement. In Wang et al. 2015, 

deuterated internal standards were used, but the total amount of DNA was determined 

with less precise UV/Vis measurement prior to MS measurements. Until now the 

synthesis and purification of Bis-Gua standards were not possible, as the reaction yield 

of unlabeled and labeled guanosine solutions with SM was ineffective. Higher yields of 

Bis-Gua could be achieved by reaction of SM with CT-DNA. This leads to higher 

amounts of unlabeled Bis-Gua standard. Although this approach is not applicable to 

generate labeled internal Bis-Gua standard due to lacking availability of suitable 

isotopically labeled DNA. The O6-HETE-Gua adduct was only detectable at the highest 

applied dose of SM in isolated calf thymus DNA. The adduct was not detectable in 

cellular systems, leading to the assumption that this adduct is of only minor biological 

importance. As in this study always enzymatic digestion of DNA in combination with 

thermal hydrolysis was used, the loss of acid labile O6-HETE-Gua can be excluded. 

Furthermore, using acidic hydrolysis did not improve the sensitivity of all induced 

adducts, instead of leading to more sample preparation steps.  
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Still a few further improvements of the herein established MS platform are possible: 

Incorporation of a DAD detector into the UPLC-MS/MS setup will allow simultaneous 

on-line determination of the total DNA amount. This approach will take into account the 

exact amount of DNA injected to the system and reduce the measurement time. To 

allow absolute quantitation of crosslinked Bis-Gua adduct, suitable reaction conditions 

for the synthesis of internal standards of Bis-Gua have to be defined. This might be 

achieved by choosing appropriate solvents for the reaction of guanosine with SM. 

Furthermore, the sensitivity of measuring the O6-HETE-Gua has to be increased to be 

able to address the biological impact of this minor, but highly mutagenic adduct.  

In the current study a different distribution of the induced adducts was detected after 

SM treatment (~90% HETE-Gua, ~10% HETE-Ade) as compared to previously 

reported frequencies in cells (66-81% HETE-Gua, 12-33% Bis-Gua, 2-7% Ade) (Batal 

et al. 2013a; Wang et al. 2015). In our study, a considerably higher proportion of HETE-

Ade was detected. All experiments in this study included the mono-alkylating agent 

CEES. Resulting cellular adduct distribution was about 75-95% ETE-Gua and 5-25% 

ETE-Ade. Again, higher values for ETE-Ade were detected with our method. In the first 

study of Batal et al. (Batal et al. 2013a) CEES treatment led to a low induction of 2% 

ETE-Ade in CT DNA, whereas in cells a higher percentage of 11% was observed. So 

far, SM-induced RNA adducts were only reported as a contamination in a study by 

Batal et al. (Batal et al. 2013a). In order to investigate to which extent mustard-induced 

RNA adducts occur and for how long they persist in cells, respective LC-MS/MS-based 

bioanalytical methods have been developed in this thesis. These methods were then 

used to test the hypothesis that RNA adducts may also serve as suitable biomarkers 

of SM exposure. Despite the transient nature of many RNA molecules this is 

conceivable, since only a very limited number of RNA repair enzymes is present in 

cells (Ougland et al. 2004). Indeed, RNA adducts showed at least similar time-

dependent stabilities compared to DNA adducts. Generally, on the one hand, RNA is 

less stable than DNA and RNases are ubiquitous present in cells and during sample 

preparation. On the other hand, the N-glycosidic bound in RNA adducts is stronger 

than in the corresponding DNA adducts. This is also apparent in a longer thermal 

hydrolysis step (20 min. vs. 60 min.) for RNA adducts. Although the total number of 

induced RNA adducts are 2-10 times lower than DNA adducts, they are also suitable 

biomarkers regarding their stability.  

In our study (Chapter 4) different sample matrices for exposure verification were 

tested. DNA and RNA were successfully isolated from ex vivo treated human whole 

blood, dried blood spots and skin biopsies. In all cases mustard-induced nucleic acid 

damage was successfully detected in a dose-dependent manner. Compared to 

biopsies of solid tissues, such as skin and lung epithelium, blood sample collection is 

non-invasive and well suited for diagnostic analysis. Furthermore, blood samples can 

be spotted on a filter paper and air-dried (i.e. a dried blood spot approach), which 

allows easy storage and shipment of samples even from remote geographic locations. 

Furthermore, dried blood spots are legally considered as non-infectious material. Due 
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to the sustained stability of DNA molecules even at room temperature, this should allow 

DNA extraction and adduct analysis in OPCW-approved laboratories, even weeks after 

blood sample collection from potentially exposed individuals. As the time-window for 

DNA adduct analyses in blood samples after SM exposure are limited to the life span 

of DNA containing cells, which is up to a few weeks (Kline and Cliffton 1952; Tough 

and Sprent 1995), the possibility of collection of small skin biopsies should also be 

considered. It can be assumed that in this case the detection window is much longer. 

Furthermore, skin is one of the prime target organ of SM exposure, presumably leading 

to much higher adduct levels than in blood samples. This was shown by Yue et al. as 

one day after percutaneous expose of rats the adduct levels in skin were 2,000-9,000 

times higher compared to blood (Yue et al. 2015). This results in the verification of 

lower exposure concentrations in skin samples compared to blood-derived samples.  

At least two spectrometric methods for the verification of a warfare agent are assumed 

by the OPCW (OPCW 2015b). Up to now MS verification of blood-derived SM protein 

adducts is performed at the Institute of Pharmacology and Toxicology of the 

Bundeswehr. MS-based measurement of DNA adducts can, therefore, be used as a 

complementary method. Indeed, currently the herein established method is 

implemented in the method portfolio of the institute. Although DNA adducts in blood 

might have higher detection limits compared to protein adducts, in contrast DNA 

adducts can also be verified in different human samples as e.g. skin biopsies. As 

already mentioned, in different tissues as in skin, higher adduct induction and stability 

is likely compared to blood derived DNA and protein adducts. In this case of tissue 

analysis of SM exposure, protein adduct verification is not applicable as a second 

analytical method. Here measurement of RNA adducts might serve as complementary 

method of DNA adducts. Furthermore, protein adducts are only used as biomarker of 

exposure, as they are not considered as relevant causative factors for SM-induced 

toxicity. In contrast, DNA adducts are assumed to be causative for SM derived 

pathologies. Therefore, they can additionally be used as biomarkers of effect 

By comparing the cellular fates of DNA adducts induced by the monoalkylating agent 

CEES and the bi-functional agent SM, deeper insights into the contributions of either 

mono- or bi-adducts can be obtained with regards to cellular consequences such as 

DNA repair, cell death or inflammation. To this end, time-course analyses were 

performed in cells, showing sustained stability of all adducts measured over a period 

of several days. This suggests an ineffective repair of the induced adducts. As cell 

lines are immortalized or cancer derived, alterations in DNA repair mechanisms 

responsible for the repair of these adducts are conceivable. In order to take into 

account this issue, additionally, primary cells, i.e. human PBMCs and NHEK cells, were 

used for time-course measurements. However, these analyses did not reveal any 

striking differences in adduct stabilities in primary cells compared to cancer cell lines. 

Therefore, indeed it can be concluded, that mustard induced DNA adducts are long-

lasting in several cancer cell lines, as well as human primary cells, derived from major 

target organs of SM-associated pathologies. SM is a highly lipophilic compound, which 
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is considered to accumulate in adipose tissue. It is also possible that a certain amount 

of SM accumulating in cell membranes and constantly released into the cells over time. 

If this is the case no decrease in adduct levels would be observed, although DNA repair 

is present. This hypothesis can be examined by treating purified plasma membranes 

from cells (Weekes et al. 2010) with mustard agents. After washing of the membranes 

CT-DNA can be added to monitor DNA adduct induction due to potential released SM. 

Still our study suggests that persistent mustard agent-derived DNA damage leads to 

impaired cell functions and contributes to impaired wound healing and increased tumor 

risk in individuals exposed to SM.  

Nevertheless, to some extent, DNA repair processes do play a role in mustard-agent 

induced toxicity. Upon treatment with bi-functional agents, i.e. SM and HN-2, a biphasic 

PARylation pattern was seen at 2-5 minutes and 60 minutes after treatment (Mangerich 

et al. 2016). This pattern is similar to UV-induced PARylation, where the role of BER 

and NER is more evident (Vodenicharov et al. 2005). In the case of the monoalkylating 

CEES, PAR formation peaks at around 10 minutes without a biphasic pattern. 

However, PARP1 inhibition had no direct effect on the excision of DNA adducts as 

examined by immunofluorescence analysis. Since PARP1 is mainly activated by DNA 

strand breaks, it has been hypothesized that PARP1 senses DNA repair intermediates, 

i.e. strand breaks, derived from mustard-induced damage (Mangerich et al. 2016). This 

assumption was strengthened by knock-down experiments of endonucleases. In the 

case of depleting ERCC1, involved in NER, no PARylation could be observed 

anymore. Instead this effect was not seen by depletion of APE1 involved in BER (A. 

Mangerich, personal communication, unpublished data). Furthermore, there is 

evidence that BER-deficient cells are sensitive to the monoalkylating agent CEES. 

NER-deficient cells are sensitive to both, CEES and bi-functional SM. Sensitive against 

SM are also NHEJ and HR deficient cells (Jowsey et al. 2012). ICLs are furthermore 

often also repaired by the FA complex or TLS (Hashimoto et al. 2016). To test which 

particular DNA repair pathways are involved in the removal of mustard agent induced 

adducts knock down approaches, as well as pharmacological inhibition of certain repair 

proteins, can be investigated. The effect of depleting central pathway proteins e.g. like 

XRCC1 in the case of BER or XPA in the case of NER, in combination with the time 

dependent monitoring of adduct levels by the MS-based method can give further 

insights of the involved pathways. Still in the time-course measurements of mustard 

induced DNA adducts in Zubel et al., in preparation (chapter 4), sustained adduct 

stability over several days was detected. Furthermore, in these experiments the cells 

were still proliferating, indicating that DNA damage is tolerated by cells and cell cycle 

resumed, despite measurable levels of mustard agent-induced DNA adducts. 

Prolonged stalling of replication forks would result in fork collapse and genomic 

instability. Therefore, post-replication repair is favored, which comprise either of TLS 

or template switching (Bi 2015; Ghosal and Chen 2013). At least in yeast a mechanism 

based on Ku70 is known, which allows cell cycle re-entry in the presence of strand 

breaks. Without Ku70 otherwise the strand breaks are converted to ssDNA, which 
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triggers cell cycle checkpoint activation (Norbury and Hickson 2001). If this mechanism 

is also involved in cells of higher organisms and especially after mustard agent 

treatment can be further investigated by knock-down of Ku70, which should lead to cell 

cycle arrest and impaired proliferation. Additionally, depletion of different TLS 

polymerases might give further insights. 

Interestingly, CEES-induced adducts peaked immediately five minutes after treatment, 

whereas SM-induced adducts reached the maximum level after one hour. This might 

be explained by the different T1/2 values of CEES and SM (National Research Council 

1999; United States 2006). As the hydrolysis rate of SM is slower than the rate of 

CEES, active compound of SM is longer present in the culture media and able to 

induce further adducts. Another explanation might be the higher lipophilicity of SM 

compared to CEES. In this case active SM is accumulated in the cell membrane and, 

therefore, needs longer to reach the cytoplasm or nucleus. Nevertheless, this result 

might depict a possible therapeutic window, in which the compound can be scavenged 

before damage is induced to the cell. Several therapeutic approaches to treat and 

mitigate SM-induced pathologies were postulated over the years (Cowan et al. 2003; 

Kehe et al. 2008a; Steinritz et al. 2016). Direct scavengers as N-acetylcysteine, as well 

as antioxidants to counteract glutathione depletion and formation of ROS, are still 

considered as promising agents. MMP inhibitors might counteract blister formation and 

anti-inflammatory agents, as NSAIDs or glucocorticoids, can reduce inflammation. 

PARP inhibition should prevent NAD+ depletion and subsequent necrosis and 

inflammation. Nevertheless, nowadays PARP inhibitors are not considered as a 

treatment option anymore, as PARP inhibitors treatment impairs DNA repair and, 

therefore, may potentiate SM-induced genotoxicity and carcinogenicity. Another 

approach might be NAD+ supplementation e.g. by niacin, which is widely used as 

dietary supplement (Rajman et al. 2018) and seems to affect DNA excision repair and 

genomic maintenance (Kirkland 2012). NAD+ supplementation might overcome the 

drawbacks of PARP inhibition by maintaining the cellular NAD+ level and preventing 

necrosis. On the other hand, the function of PARP with respect to genome 

maintenance is ensured and maybe also enhanced. The extent of PAR formation, as 

well as the removal of DNA adducts after treatment with such agents can be monitored 

by the MS-based methods presented in chapter 4 and chapter 6, respectively, to 

evaluate the efficiency of this treatment.  
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9.2. Part II: Aristolochic acid-induced DNA damage 

Although aristolochic acid is classified as human carcinogen, it is still used in traditional 

Chinese herb medicine. Aristolochic acid nephropathy is diagnosed with renal fibrosis 

and frequently with cancer formation in the upper urothelial tract. Such a tissue specific 

cancer formation was observed in several in vivo rodent models. Interestingly, renal 

fibrosis did not develop in these models (Cosyns et al. 1998a). In rodents, the highest 

levels of dA-AAI induction was found in the renal cortex (Bieler et al. 1997; Schmeiser 

et al. 1996). Although adducts were detectable in several other organs, symptoms did 

only develop in kidney and upper urothelial tissue. In human tissue of AAN patients the 

dG-AAI adduct was not detectable, suggesting a minor biological relevance of this 

adduct. Instead, in these patients much higher levels of dA-AAI were found in the renal 

cortex compared to the levels of dA-AAI in upper urothelial cancer tissue. In cancer 

tissue, dA-AAI levels were close to the detection limit, which might be explained by a 

dilution effect due to the high proliferation rate of cancer cells (Yun et al. 2012b). These 

adducts persisted at least over 20 years in human renal tissue and at least 9 months 

in rats (Schmeiser et al. 2014). Furthermore, it is known that error-prone TLS can only 

deal with dA-AAI adducts, leading to A:TT:A transversion mutations (Broschard et 

al. 1994; Nedelko et al. 2009). In the Taiwanese population it is estimated that at least 

one third of the population is receiving AA containing traditional herb medicine (Lai et 

al. 2010; Wu and Wang 2013; Yun et al. 2015). Indeed, Taiwan exhibits the highest 

incidence of upper urothelial cancer worldwide (Lai et al. 2010; Wu and Wang 2013). 

The transversion in the p53 gene is elevated in these cases compared to upper 

urothelial cancers in other countries (Grollman 2013; Olivier et al. 2002). In some of 

the patients the dA-AAI adduct levels were even higher than levels of DNA adducts of 

any other known environmental carcinogen (Phillips 2002; Phillips 2005).  

Methods to analyze AA-induced DNA adducts are mainly based on 32P-postlabeling 

(Gupta 1993; Shibutani et al. 2006). Although these approaches are highly sensitive 

(1 adduct/108 bases (Yun et al. 2015)), such methods lack full chemical specificity and 

obtained results are difficult to quantify. Furthermore, often no suitable standards are 

available that take into account recovery rates of the analytes and different 32P-labeling 

efficiencies. Furthermore, the use of radioactivity and a labor-intensive 

chromatographic separation from excess ɣ-[32P]-ATP is required and experiments can 

only be performed in low throughput. In addition, in several cases of DNA adduct 

determination with this approach an underestimation, e.g. of several bulky adducts, 

was reported (Beland et al. 1999; Goodenough et al. 2007a; Singh and Farmer 2006; 

Soglia et al. 2001). 

A method for LC-MS/MS quantitation of AAI-induced adducts was published previously 

(Yun et al. 2012b). In this study, the authors used 10 µg DNA for analysis, reaching a 

LOQ of 0.3 adducts/108 bases for dA-AAI adducts, which corresponds to an absolute 

amount of 0.123 fmol. The LOQ of dG-AAI was 1 adduct/108 bases, which corresponds 

to 0.411 fmol. The lower sensitivity for dG-AAI reported in this study, was explained by 
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the instability of the N-glycosidic bound of this adduct during ionization. A linear 

quadrupole ion trap (MSn) instrument was used in combination with an online-solid 

phase enrichment. Using this approach, the reported high sensitivities were achieved 

with intra-/interday variations of less than 15% for measurement at the LOQ level. 

Interestingly, the LC-MS/MS method was directly compared to a 32P-postlabeling 

approach. Using the same external calibration standards, good concordance of both 

methods was achieved. In general, technical sensitivities were in a similar range and 

comparable values for adduct levels were obtained. However, using the 32P-

postlabeling approach in the same study, some exceptional samples were determined 

with 10 times lower values and sometimes adducts were even undetectable. This 

reveals potential limitations of the 32P-postlabeling approach in the case of trace level 

detection. Furthermore, AL-I and AL-II adducts cannot be discriminated by 32P-

postlabeling and higher variability was observed with the postlabeling approach. In 

follow-up studies, the MS-based method was further improved leading to the 

development of a 10-fold more sensitive method than the 32P-postlabeling method 

(Yun et al. 2015; Yun et al. 2014). Furthermore, in these studies the purification of DNA 

in formalin-fixed paraffin embedded (FFPE) tissue was established. 

As most of the studies concerning toxicity of AA, including the application of the MS-

based method by Yun et al., were performed in vivo or in epidemiologic context, it is a 

complex endeavor to elucidate the exact mechanisms of toxico-pathogenesis, such as 

metabolic activation, adduct formation, development of fibrosis, nephropathy and 

cancer. Therefore, the definition of suitable in vitro models is advisable. To contribute 

to this aim, a similar MS-based method for dA-AAI adduct measurement was 

established in cooperation with the Human and Environmental Toxicology Group at 

University of Konstanz. This method should be applied to in vitro systems in order to 

determine a new suitable model for in vitro testing of AAI-induced renal toxicity. 

In Bastek/Zubel et al., in preparation (Chapter 5) the biomimetic activation of AL-I with 

preactivated Zn dust as reported by Yun et al. was used to synthesize unlabeled and 

isotopically 15N-labeled internal standard from nucleosides. After SPE purification and 

two rounds of HPLC purification a yield of the synthesis was up to 1-1.5% was reached, 

which is comparable with the yield of Yun et al. (2%). With the herein established 

method a LOD of 0.1 fmol and a LOQ of 0.5 fmol was achieved. These detection limits 

are similar to Yun et al., although in our study a less complex tandem MS setup was 

used, compared to the linear quadrupole ion trap used by Yue et al. Method variability 

was determined with less than 15% RSD according to FDA guidelines. No recovery 

effects (≤15%) were detected by comparing standards digested in the presence of DNA 

and standards spiked in solvent. No (≤20% deviation) or only minor (28% deviation in 

the lowest quality control sample) matrix effects were detectable by comparing 

standards spiked to digested DNA and standards spiked in solvent. The influence on 

the stability at ambient temperatures as well as long-term storage was determined to 

be less than 25% RSD. 



Discussion and Outlook 

 

212 

   

Especially renal fibrosis is not seen in rodents in vivo models (Cosyns et al. 1998a). 

Although it is hypothesized that renal fibrosis is characterized by the exchange of renal 

proximal tubule epithelial cells (RPTECs) with fibroblasts in human (Li et al. 2012). 

These cells are located in the cortex of the kidneys. Interestingly other cells in this area, 

e.g. cells of the glomeruli, are spared from AA-induced toxicity (Depierreux et al. 

1994b; Jelakovic et al. 2012). Therefore, the use of RPTECs represents a promising 

approach for the development of novel in vitro models to study AA-related toxicological 

mechanisms. Thus, these cells were evaluated as model system by using the novel 

UPLC-MS/MS method as presented in Bastek/Zubel et al. (Chapter 6). The primary 

cell-like RPTEC/TERT1 cells and HEK293 cells were compared. In RPTEC/TERT1, 

cells high adduct induction was seen, whereas in HEK293 cells none or only minor 

adduct induction was seen at the highest treatment dose. NQO1 is considered as the 

main metabolizing enzyme of AAI. Therefore, NQO1 expression and activity was 

verified in both cell lines. RPTEC/TERT1 cells showed the expression of the enzyme. 

Indeed, HEK293 cells do not express NQO1, which might explain the lack of dA-AAI 

adducts in this cell line. Interestingly, in primary renal epithelial cells (HKC), which were 

highly sensitive against AAI treatment, about 30 times higher adduct induction was 

seen compared to RPTEC/TERT1 cells. Although their NQO1 expression and activity 

was lower than in RPTEC/TERT1 cells, suggesting more involved factors than NQO1 

in DNA adducts induction by AAI. Nevertheless, RPTEC/TERT1 cells showed 

comparable adduct levels as observed in kidneys of rats, also investigated in this study. 

This still suggests that RPTEC/TERT1 cells might be a suitable in vitro model for AAI-

induced toxicity. 

Further experiments have to be performed to clarify the role of NQO1 in the metabolic 

activation of AAI and induction of dA-AAI adducts. Overexpression by transfection of 

NQO1 in HEK293 cells can confirm these results of the current study. Still other factors, 

which might be involved in the induction of dA-AAI adducts and subsequent 

development of nephropathy, should be considered. Potentially, organic anion 

transporters (OAT), such as OAT1 and OAT3 play a role in the uptake and subsequent 

intracellular of AAI levels (Bakhiya et al. 2009b; Xue et al. 2011b). These transporters 

seems to be present in RPTEC cells (Aschauer et al. 2015), but not in HEK293 cells 

(Bakhiya et al. 2009b; Xue et al. 2011b) and might also explain the differences in 

adduct formation of these two cell lines. This aspect is also an explanation of the 2-

fold higher adduct induction in RPTEC/TERT1 cells grown in trans-well inserts in our 

study. In this culture condition, it is assumed that OAT transporter expression is 

elevated (Aschauer et al. 2014a). All these possibilities will be analyzed in a follow-up 

study by using the MS-based method, which has been developed as part of this thesis.  
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9.3. Part III: Quantification of poly(ADP-ribose) 

PARylation is an important post-translational modification involved in various cellular 

processes. Specifically, PARylation plays key roles in genome maintenance including 

regulation of several DNA repair pathways. Immediately after exposure of several 

genotoxins PAR is produced as a signaling molecule of different cellular pathways like 

DNA damage response. How PAR structure, with respect to different chain length and 

branching frequencies of the polymer molecules, affects mechanisms of DNA damage 

signaling is largely unexplored. Common methods for PAR detection are based on the 

use of PAR-specific antibodies in immunofluorescence or Western blot analyses. 

Those methods are considered to provide, at best, semi-quantitative results, due to 

low sensitivity, limited signal linearity and potential cross reactivity with molecules other 

than PAR. Thus, e.g., basal PAR levels as well as small differences in PAR levels 

cannot be detected. Furthermore, absolute quantification and structural information of 

PAR molecules cannot be obtained. MS based methods are sufficiently sensitive to 

measure basal PAR level in cells, as well as absolute quantification by adding 

appropriate standards. HPLC and MS based methods are also able to give structural 

information on chain length and branching frequency. In the originally published 

method by Martello et al. (2013) the branching point of PAR, R2-Ado, was detectable 

only in in vitro samples or in stimulated cells. The detection limit of R-Ado was about 

10-50 fmol. In the course of this thesis, this method was further optimized and 

transferred to a UPLC-MS/MS system, resulting in an increase in sensitivity with a 

detection limit of 100 amol R-Ado (Chapter 6, Zubel et al., Methods Mol. Biol. 2017). 

Furthermore, the optimized and refined method allowed the quantification of the 

branching point R2-Ado even in unstimulated cells. Up to now the calculation of the 

average polymer size (for formula see chapter 1.4.) is only possible in vitro as in cellular 

samples a major impurity of cellular Ado interferes with the measurement of the actual 

PAR endpoint Ado. Chain length distribution can also be conducted with silver gel 

staining or HPLC methods (Fahrer et al. 2007a). Here large amounts of PAR are 

needed (10-50 nmol) to detect signals. This is, therefore, only suitable for in vitro 

samples.  

In Chapter 7 (Rank/Veith et al, Nucleic Acids Res. 2016) genetically modified HeLa 

PARP1 KO cells were generated. It was demonstrated that the IF staining is not able 

to detect basal PAR levels. Indeed, with the MS based method it was shown that WT 

and PARP1 KO cells have the same basal PAR level. This implicates no or minor 

impairment by PARP1 KO of unstressed cells. By IF staining no PAR induction after 

genotoxic stress could be detected even at the highest dose of 1 mM H2O2 in PARP1 

KO cells. Whereas with the MS based method, it could be detected that in the PARP1 

KO cells still a small induction (5-7 fold) of PAR is possible already after treatment with 

200 µM H2O2. The same amount of H2O2 results in 100-fold induction of PAR in WT 

cells. Comparing these results, the remaining amount of PAR in PARP1 KO cells is 

still 10% of the WT PAR amount, which might origin from other PARP enzymes, such 
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as PARP2. Although high PAR induction with H2O2 is visible in WT cells by IF staining, 

this is not always possible for PAR induction with other genotoxins, such as the 

topoisomerase inhibitor camptothecin. Here 100 µM CPT result in 4-fold induction of 

PAR in WT cells, which was only detectable with the MS-based method. No PAR 

induction was visible in PARP1 KO cells with both methods due to CPT treatment. 

The PARP1 KO cells were reconstituted with two PARP1 variants; PARP1\E988K, a 

mono-ADP-ribose generating variant and PARP1\L713F, a constitutively active 

variant. Due to its mono-ADP-ribosylation activity, the enzymatic activity of the 

reconstituted E988K variant is neither measurable with IF staining nor MS-based 

detection. The 10H antibody recognize chains of at least 10-20 monomers (Kawamitsu 

et al. 1984; Link 5). In the MS based method PAR purification is performed with 

adsorption columns, which are also based on binding of polymers of a certain length. 

These columns are originally designed to purify miRNA, which have an average length 

of 20 nt (Starega-Roslan et al. 2011). The constitutively active L713F variant showed 

high basal levels with both methods. Using the IF staining no induction above the basal 

level was detected. With the MS based method it could be demonstrated that indeed 

a slight 6-fold induction is possible in the L713F variant, compared to a 43-fold 

induction of WT after H2O2 treatment. In a time-series experiment it was seen, that 

after genotoxic stress a decrease to the basal level of WT cells is possible in this 

variant.  

These results set the basis for further investigations for recruitment kinetics of the 

variants to the site of damages and functional consequences in cellular patho-

physiology. Furthermore, other variants as a hyper- and hypo-branched variant of 

PARP1 can be examined by measuring the structure of PAR via the MS-based method. 

Taken together the herein optimized MS-based PAR measurement set the basis to 

determine the role of branched PAR, which was not possible up to now.  

In Chapter 8 (Schuhwerk et al. Nucleic Acids Res. 2017) knock-in mice with a D993A 

variant of PARP1 were generated and characterized by our cooperation partner Prof. 

Dr. Zhao-Qi Wang (Leibniz Institute on Aging, Jena, Germany). This point mutation in 

the catalytic domain of PARP1 lead to impaired PAR formation and branching of PAR 

and is, therefore, considered as a hypo-PARylation variant. PARP1D993A knock-in mice 

are viable and do not show any overall impairment. Only upon genotoxic stress a mild 

defect in BER was detected and a hypersensitivity to alkylation and oxidative stress 

comparable to PARP1 KO mice was observed. These PARP1D993A KI mice represent 

a new system to examine the role of PARylation in an in vivo setting: Especially in vivo 

other PARP enzymes can at least in part compensate the loss of PARP1, when the 

whole enzyme is missing. Therefore, observed effects might be induced due to the lack 

of PARP1 itself as an enzyme or by the lack of PAR production. The herein established 

model enables to examine only the consequences of reduced PAR formation, whereas 

the enzyme PAPR1 itself is still present. pMEFs from PARPD993A KI mice were treated 

with MNNG and H2O2 and the PARylation kinetics were measured, revealing an 
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induction of PAR, although to a lesser extent as in WT cells. Furthermore, in WT cells 

maximum PAR induction was observed already after 10 minutes, whereas in 

PARP1D993A cells the maximal PAR induction was reached after 30 minutes. 

Quantification of the PAR quality was examined in a combination of HPLC and MS-

based methods. The chain length determination was performed with the HPLC 

method. This revealed the production of smaller chains in vitro. Here 50 nmol PAR was 

used, which was synthesized by purified PARP1\D993A. With the MS based method it 

could be shown that in vitro as well as in vivo the PAR molecules produced by the 

variant are less branched. For the MS method about 1-5 pmol were needed for 

analysis, which is several fold less than used in the HPLC method.  

Both publications, Rank/Veith et al. and Schuhwerk et al., demonstrate the wide 

applicability of the UPLC-MS/MS based method for quantitation and qualitative 

characterization of PAR. This method is an important tool to verify the structure specific 

signal transduction of PAR to clarify the role of PARPs in general, but also in the 

context of DNA repair processes and eventually cancer formation or aging. 

Further improvements of the MS-based quantitation of PAR, especially determining 

the branching frequency, are still preferable. Up to now, the determination of the 

branching frequency relies on the signal ratio of R-Ado and R2-Ado. Although it is a 

suitable approximation directly comparing different PAR structures in one laboratory, 

still an absolute statement between different approaches or laboratories cannot be 

made. To be able to determine the correct molecular ratio, pure standards for R2-Ado 

have to be synthesized. As this minor occurring compound is present in very low 

concentrations in samples, a correct concentration determination has to be ensured. 

As still after purification residual excess of buffer is present, concentration 

determination by UV/Vis might be affected. A more defined method might be the 

determination by HPLC with a DAD detector and external calibration with structure 

related standards. A pure R2-Ado standard would strengthen the method to 

unambiguously define branching and allows absolute definition of the branching 

frequency, ensuring the comparability of different experiments. 
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