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A B S T R A C T   

Chlorambucil (CLB) belongs to the class of nitrogen mustards (NMs), which are highly reactive bifunctional 
alkylating agents and were the first chemotherapeutic agents developed. They form DNA interstrand crosslinks 
(ICLs), which cause a blockage of DNA strand separation, inhibiting essential processes in DNA metabolism like 
replication and transcription. In fast replicating cells, e.g., tumor cells, this can induce cell death. The upregu-
lation of ICL repair is thought to be a key factor for the resistance of tumor cells to ICL-inducing cytostatic agents 
including NMs. To monitor induction and repair of CLB-induced ICLs, we adjusted the automated reversed 
fluorometric analysis of alkaline DNA unwinding assay (rFADU) for the detection of ICLs in adherent cells. For 
the detection of monoalkylated DNA bases we established an LC-MS/MS method. We performed a comparative 
analysis of adduct formation and removal in five human cell lines and in peripheral blood mononuclear cells 
(PBMCs) after treatment with CLB. Dose-dependent increases in adduct formation were observed, and suitable 
treatment concentrations were identified for each cell line, which were then used for monitoring the kinetics of 
adduct formation. We observed significant differences in the repair kinetics of the cell lines tested. For example, 
in A2780 cells, hTERT immortalized VH10 cells, and in PBMCs a time-dependent repair of the two main mon-
oalkylated DNA-adducts was confirmed. Regarding ICLs, repair was observed in all cell systems except for 
PBMCs. In conclusion, LC-MS/MS analyses combined with the rFADU technique are powerful tools to study the 
molecular mechanisms of NM-induced DNA damage and repair. By applying these methods to a spectrum of 
human cell systems of different origin and transformation status, we obtained insight into the cell-type specific 
repair of different CLB-induced DNA lesions, which may help identify novel resistance mechanisms of tumors and 
define molecular targets for therapeutic interventions.   

1. Introduction 

NMs are highly reactive bifunctional alkylating agents and represent 
the oldest chemotherapeutic drugs still in clinical use [1–7]. One 
prominent example is the drug Leukeran, with the nitrogen mustard CLB 
as its active component [8]. CLB is mostly used in the chemotherapeutic 
treatment of chronic lymphocytic leukemia, non-Hodgkin’s lymphoma, 
and Hodgkin’s disease [9]. Because of the sustained importance of these 
mustards as anticancer agents, their mechanism of action and the ad-
ducts formed have been studied extensively [10–14]. This class of 

cytostatic agents reacts via an intramolecular cyclization reaction of the 
SN1 type, thereby forming aziridinium ions [4,15,16]. Due to the high 
reactivity of these ions, they react immediately with nucleophilic groups 
of, e.g., water, DNA, RNA, lipids, or proteins. When reacting with 
nucleobases in DNA, a monoadduct is formed (Fig. 1A, monoadduct 1). 
Gruppi et al. showed that in a cellular context, the hydrolysis of this 
monoadduct leads to the main product of the reaction, i.e. the corre-
sponding alcohol derivative (Fig. 1A, monoadduct 2) [17]. If no sol-
volysis takes place a second aziridinium ion is formed, which likewise 
can react with one of the above-mentioned nucleophiles. As a 
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consequence, unreactive monoadducts, as well as DNA, RNA, or protein 
crosslinks are formed [17,18]. In Fig. 1A, the formation of a DNA 
N7-guanine crosslink is depicted. The most abundant lesions induced by 
NMs like CLB are monoadducts at N3-adenine and N7-guanine as well as 
inter- and intrastrand crosslinks, e.g., bis-N7-guanine crosslinks at 
5’-GNC-3’ sequences; crosslinks between N7 of guanine and N3 of 
adenine; or bis-N3-adenine adducts (see Fig. 1B) [17,19–22]. To a lesser 
extent, alkylations at N3 of cytosine and N1 of adenine were also found 
[20]. 

Even though the N7-guanine and N3-adenine monoadducts are the 
most abundant products of the reaction with NMs like CLB, there is a lot 
of evidence that the small amount of ICLs that is formed (1–5%) is the 
main contributing factor in the cytostatic effect of these drugs [20, 
23–25]. In line with this finding is the fact that the half-mustards, car-
rying only one reactive center, are much less toxic than their bifunc-
tional counterparts [26,27]. One explanation for this effect is that, 
compared to monoadducts, the repair of an ICL is a complex task for the 
DNA repair machinery of the cell. Several different repair pathways have 
to be orchestrated to remove an ICL, and the presence (S-Phase) or 
absence (G1-Phase) of an intact sister chromatid also plays an important 
role regarding the repair factors to be recruited [28,29]. Unrepaired ICLs 
lead to a complete block of the separation of the complementary DNA 
strands and therefore inhibit several essential processes such as DNA 
replication and transcription [28,30]. If the replication fork stalls at an 
ICL, it is processed into a double-strand break (DSB), which in turn stops 
cell cycle progression [28,31–33]. Another consequence of ICLs is that 
DNA-protein interactions (e.g., transcription factors binding to DNA) at 
the affected sites of the DNA are no longer possible. Especially in fast 

replicating cells such as tumor cells, this will lead to apoptosis or, if this 
is no longer possible, to mitotic catastrophe due to DNA damage accu-
mulation after NM treatment [23,34]. The presence of as few as 20–40 
unrepaired ICLs is thought to be lethal for a mammalian cell [23,35]. 
The correlation between the number of DNA alkylation lesions in cancer 
cells and the response to the chemotherapeutic treatment is the reason 
why DNA adducts are thought to be predictive markers in precision 
medicine. However, due to the low abundance of these lesions in the cell 
(~ 0.01–10 adducts per 108 nucleobases), only a very limited number of 
methods is available for the detection of the adducts [36]. In previous 
studies the repair of site-specific ICLs in plasmids was mostly monitored 
via the quantification of the PCR products of the plasmids [37–39] or via 
the ability of restriction enzymes to cut at specific sites [40–42]. For 
quantification of the number of ICLs formed after treatment with 
crosslinking agents in the DNA of cellular samples, the modified alkaline 
comet assay was performed [43,44]. However, the inter-experiment 
variability of this assay is high due to standardization issues and the 
problem with objective sample evaluation [45,46]. A more reliable 
method is mass spectrometry (MS), which is frequently used in the 
detection and quantification of DNA adducts. MS-based methods were 
also used to identify and quantify ICLs after treatment with crosslinking 
agents [35,47–52]. Even though this method is the gold standard in DNA 
adductomics, it has a clear disadvantage regarding the detection of ICLs: 
An ICL is not distinguishable from an intrastrand crosslink if only the 
nucleobase adduct is detected. Since an intrastrand crosslink is nothing 
more than a very bulky monoadduct, the cellular response is very 
different from that of an ICL. Therefore, it has to be ascertained be-
forehand, e.g., by synthesizing a site-specific ICL, that it is indeed an ICL 

Fig. 1. General reaction scheme of a NM with guanine and the major DNA lesions induced. From [19] with some modifications.  
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that is being monitored and not an intrastrand crosslink. In previous 
studies, our research group was able to implement the automated rFADU 
method for the detection of ICLs in PBMCs after treatment with a 
crosslinking agent and, due to the automation of the pipetting process, 
we could overcome standardization and identification issues of the 
manually performed FADU assay [46]. 

As the ICLs formed after treatment with crosslinking agents are 
thought to be the main cytotoxic lesion, only a very limited number of 
studies was focused on the aspects of the formation and repair of the 
monoadducts after treatment with NMs, even though effective repair of 
monoadducts may lead to a reduced formation of ICLs and therefore to a 
poor outcome of chemotherapy. In general, bulky DNA adducts 
involving only one strand are repaired via the nucleotide excision repair 
(NER) pathway. However, regarding the removal of the DNA-adducts 
formed after treatment with NMs, there is evidence for either the 
involvement of the NER pathway [24,53,54] or the base excision repair 
(BER) pathway [55–57]. The proteins/genes involved in the repair of 
melphalan-induced monoadducts have been reviewed recently, and an 
involvement of both the BER and the NER pathway seems possible [58]. 
In a study performed by Vassilis et al., the repair of the monoadducts as 
well as the ICLs formed after in-vitro treatment with melphalan were 
monitored. The authors were able to show a reduction in both adduct 
types after several hours, but the method used did not allow structural 
analysis and the different adducts could not be distinguished [59]. 

To fully elucidate the cellular effects and the repair of the CLB 
monoadducts in comparison to the ICLs, we developed a mass spectro-
metric platform to detect the N3-adenine and N7-guanine alkylation 
monoadducts formed after treatment with CLB and adapted the auto-
mated rFADU assay to simultaneously detect ICLs in the adherent cell 
lines used. A combined analysis of the MS data and the rFADU data 
revealed a dose-dependent increase in adduct formation in different 
human cell lines and in PBMCs after treatment with CLB. A suitable 
treatment concentration was identified for each cell system and used for 
the subsequent experiments, where the removal of adducts formed was 
monitored. It was important to simultaneously monitor cell proliferation 
and cell death in order to exclude that the apparent decrease in adduct 
levels was the consequence of preferential death of cells carrying a high 
adduct burden, or else, preferential proliferation of cells with low adduct 
burden, rather than active DNA repair. We discovered significant dif-
ferences in the repair capacity of the cell lines tested as well as in the 
kinetics of the removal of the various adducts. 

2. Materials and methods 

2.1. Chemicals 

CLB with a purity of at least 98% (tested via HPLC analysis), as well 
as LC-MS grade ammonium acetate were purchased from Sigma-Aldrich 
(Merck). LC-MS grade formic acid was purchased from Honeywell and 
LC-MS grade acetonitrile from Carl Roth. 

2.2. Cell culture 

U2OS [60], HaCaT [61] and hTERT immortalized VH10 cells [62] 
were cultured in DMEM (Gibco) supplemented with 10% fetal calf serum 
(Biochrom), 100 µg/ml streptomycin, and 100 U/ml penicillin (Gibco) 
at 37 ◦C and 5% CO2 in a humidified incubator. A2780 cells (ATCC) 
were cultured in RPMI medium (Gibco) with the same supplements. 
PBMCs were cultured in TexMACS medium (MACS Miltenyi Biotec) 
under the same conditions. For the cultivation of hTERT immortalized 
RPE-1 cells [63] a 1:1 mixture of DMEM (Gibco) and Ham’s F12 medium 
(Gibco) supplemented with 10% fetal calf serum (Biochrom), 100 µg/ml 
streptomycin, and 100 U/ml penicillin (Gibco) was used. The cells were 
washed with PBS (Biochrome). Trypsin-EDTA (0.05%; Thermo Scienti-
fic) was used to detach the cells. hTERT immortalized podocytes 
(Evercyte) were cultured in a 1:1 mixture of DMEM (Gibco) and Ham’s 

F12 (Gibco) supplemented with 1% fetal calf serum (Biochrom), 1% ITS 
(Insulin, Transferrin, Selenium; Gibco), 1% GlutaMAX (Gibco), 
100 µg/ml streptomycin, and 100 U/ml penicillin (Gibco). Podocytes 
were washed with PBS (Biochrome) and detached with accutase (Sig-
ma-Aldrich; Merck). Culture dishes used for podocytes were coated with 
human collagen type 1 (Sigma-Aldrich; Merck). The absence of myco-
plasma contamination was confirmed using mycoplasmacheck from 
Eurofins. 

2.3. Isolation of PBMCs 

Eighty to 90 ml blood from healthy volunteers was collected in S- 
monovette 10 ml 9 NC (Sarstedt). The collection of the blood samples 
was approved by the Ethics Committee of the University of Konstanz. 
Whole blood was centrifuged at 300 ×g for 10 min at room temperature 
without brake. The plasma was discarded and the hematocrit pellet was 
resuspended with pre-warmed PBS to 50 ml. 15 ml Biocoll (Biochrome) 
was carefully overlaid with 25 ml of the hematocrit suspension and 
centrifuged at 900 ×g for 15 min at room temperature without brake. 
The PBMC fraction was collected and ice-cold PBS was added until a 
volume of 50 ml was reached. After centrifugation (300 ×g, 10 min, 
4 ◦C), the cells were resuspended in PBS and counted by using a CASY 
cell counter (model TT; Schärfe-System). Two million cells were trans-
ferred into a new reaction tube and PBS was added until a volume of 
1 ml was reached. This cell suspension was treated with CLB. 

2.4. CLB treatment of cells 

Prior to each experiment, predilutions of CLB in EtOH/HCl (95%/ 
0.5%; v/v) were freshly prepared. For the final treatment solution, the 
respective volume of the predilution was added to the pre-warmed PBS 
in a ratio of 1:1000. The cells were washed with PBS and the treatment 
solution was added. The cells were incubated with the CLB solution for 
1 h at 37 ◦C in a humidified incubator. Then, the treatment solution was 
removed, the cells were washed with pre-warmed PBS and medium was 
added for further culturing, or alternatively the cells were detached with 
trypsin. The harvested cells were washed with ice-cold PBS and the 
pellets were either frozen in liquid nitrogen or directly used for the 
rFADU assay. The frozen pellets were stored at − 80 ◦C until further use. 

2.5. Cell lysis and DNA extraction 

The extraction of the DNA of all cell systems used in this study was 
performed with the Quick-DNA Miniprep Plus Kit from Zymo Research 
according to the manufacturer’s manual. Briefly, cell pellets were 
thawed and the cell ghosts were resuspended in 200 µl PBS. 200 µl cell 
buffer (red) and 20 µl Proteinase K were added. The samples were vor-
texed and incubated for 10 min at 55 ◦C. 420 µl genomic binding buffer 
was added to each sample. After vortexing, the samples were transferred 
to a Zymo Spin IIC-XL column and centrifuged. Following three washing 
steps with 400 µl DNA pre-wash buffer as well as 700 µl and 200 µl g- 
DNA wash buffer, the DNA was eluted from the column with 50 µl pre- 
warmed elution buffer (70 ◦C) after 5 min incubation. This step was 
repeated and the purified DNA was then enzymatically digested. 

The DNA of each sample was digested as described in Zubel et al. 
(2018) [64]. Briefly, 2 U benzonase (Sigma-Aldrich) and 3.2 U DNase I 
(Roche) were added to each sample in a Tris-HCl (630 mM)/MgCl2 
(63 mM) buffer with a pH of 8 (final concentration Tris/MgCl2: 
10.3 mM/1 mM). After thorough mixing, the samples were incubated at 
37 ◦C for 2 h. Then, 5 U alkaline phosphatase (Sigma-Aldrich) and 2.5 U 
phosphodiesterase (Qiagen) were added to the sample in a NaOAc buffer 
(final concentration: 12.4 mM, pH 7.8). After incubation of the samples 
at 37 ◦C for 2 h, the samples were filtered using the NanoSep Omega 
10 K centrifugal devices (Pall) at 17,000 ×g for 10 min. Finally, the 
samples were thermally hydrolyzed by incubation at 70 ◦C for 1 h. 
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2.6. LC-MS/MS analysis 

To detect the analytes in the samples prepared, an ACQUITY UPLC H- 
Class coupled to a XEVO TQ-S triple quadrupole mass spectrometer 
(Waters) was used. The autosampler was cooled to 15 ◦C, and separation 
of the sample mixture was performed using a BEH C18 column (130 Å; 
1.7 µm; 2.1 ×50 mm; Waters) heated to 30 ◦C with a flow of 0.353 ml/ 
min. Milli-Q water was used as mobile phase A and LC-MS grade 
acetonitrile (Carl Roth) as mobile phase B. Both mobile phases were 
supplemented with 0.01% formic acid (Fluka). To separate the sample 
mixture, a gradient with the starting conditions of 100% A was used. The 
starting conditions were held constant until 4.7 min. Then, B was 
increased to 15% until a runtime of 5.7 min. A further increase of B to 
30% followed. These conditions were held constant until a runtime of 
6.6 min. Finally, the gradient ended with the starting conditions (100% 
A) held constant until 9.5 min 

An ESI source in the positive ion mode was used for the ionization. 
The capillary voltage was set to 0.9 kV, the cone voltage to 50 V, the 
source offset to 50 V, whereas the desolvation temperature was set to 
500 ◦C. The source was heated to 100 ◦C and the desolvation gas flow 
was set to 1000 l/h, whereas the cone gas flow was set to 150 l/h. 
Finally, the nebulizer gas flow was set to 7 bar and the collision gas flow 
to 0.15 ml/min. The analyzer resolution used was the quantitative mass 
resolution. 

The monoalkylated DNA adducts of adenine (N3-CLB-Ade) and 
guanine (N7-CLB-Gua) formed after the treatment with CLB were 
measured, and the background signal was subtracted in the calculation. 
A cone voltage of 6 V and a collision voltage of 10 V were used for the 
MS measurement. The dwell time was set to 43 ms. The fragmentation 
pattern [M+H]+ of the two analytes was the following: N3-CLB-Ade 
385.2 > 250.1 and N7-CLB-Gua 401.2 > 250.1. 

2.7. Synthesis and purification of the external and internal MS standards 

Synthesis and purification of the analytical standards were based on 
a method established by Zubel et al. (2019), with some modifications 
[64]. Briefly, solutions of 2’-deoxyguanosine (dG) (Sigma-Aldrich, 
800 µg/ml) and 13C–15N-labeled dG (Euriso-Top, 1 mg/ml) were pre-
pared using Na2HPO4 buffer (Sigma-Aldrich, 50 mM, pH 7) as diluent. 
The nucleoside solutions were treated with 5 mM CLB for 4 h at room 
temperature and stored at − 20 ◦C for 12 h. To remove the deoxyribose, 
thermal hydrolysis at 90 ◦C was performed for 1 h. For purification 
purposes, a Discovery DSC-18 SPE tube (5 mg, Sigma-Aldrich) was used. 
First, the column was equilibrated with 8 ml 100% methanol followed 
by 8 ml 1% methanol (v/v). The column was washed with 30 ml 1% 
methanol (v/v), 30 ml 5% methanol (v/v), 30 ml 10% methanol (v/v), 
and 15% methanol (v/v) after the sample was loaded. To elute the 
N7-CLB-Gua, 16 ml of 20% methanol (v/v) and 8 ml of 80% methanol 
(v/v) was used. Subsequently, two regeneration steps with 8 ml meth-
anol were performed. Collected fractions were analyzed using the 
established UPLC-MS/MS method (chapter 2.6), and those containing 
the desired N7-CLB-Gua were pooled and concentrated using a vacuum 
concentrator (Vacusafe comfort, Integra Biosciences). For the final pu-
rification step, a 2695 Alliance Separation module (Waters) along with a 
Synergi 4 µm Fusion-RP column (80 Å, 250 ×10 mm, Phenomenex) 
with a flow of 3.3 ml/min was used. The gradient started with 100% 
solvent A (2 mM ammonium acetate buffer, pH 3.0). Solvent B (aceto-
nitrile with 0.1% acetic acid) was increased in the first 5 min to 7.5%. 
Until 20 min, solvent B was further increased to 15%. Finally, the level 
of solvent B was increased to 30% until 25 min and held constant for 
another 25 min. After collecting the purified N7-CLB-Gua, the standard 
was concentrated again and stored at − 20 ◦C until further usage. 
Verification of the standard was achieved by a product ion scan using a 
high-end XEVO TQ-S triple quadrupole mass spectrometer (Waters) with 
a collision energy of 10 V and a cone voltage of 6 V. 

2.8. Automated rFADU assay 

The rFADU assay was performed as described in Debiak et al. (2011), 
which is based on Moreno-Villanueva et al. (2009) [46,65]. Briefly, 106 

cells were resuspended in 1 ml ice-cold suspension buffer (10 mM 
Na3PO4; 0.25 mM meso-inositol; 1 mM MgCl2; pH 7.4) and 100 µl of the 
cell suspension was pipetted into 2-ml reaction tubes (Sarstedt). The 
cells were kept on ice and were X-irradiated with a dose of 25 Gy. All of 
the following pipetting steps were performed by the liquid handling 
device Genesis RSP 100 (Tecan AG), which was pre-cooled to − 5 ◦C. 
500 µl ice-cold suspension buffer was added to the samples, and 70 µl of 
this suspension were transferred into a 96-well plate in triplicates. To 
lyse the cells, 70 µl of lysis buffer (9 M urea; 10 mM NaOH; 2.5 mM 1, 
2-cyclohexanedinitrilotetraacetic acid; 0.1% SDS) was added (speed: 
150 µl/s) and the cell suspension was incubated for 12 min at 0 ◦C. 
Then, 70 µl ice-cold alkaline buffer (42.5% lysis buffer; 0.2 M NaOH) 
was added at 10 µl/s, and the samples were incubated for 60 min at 
30 ◦C. To stop the alkaline unwinding process, 140 µl neutralization 
solution (1 M glucose; 14 mM β-mercaptoethanol) was added (speed: 
200 µl/s) and the samples were incubated for 30 min at 22 ◦C. To detect 
the total amount of DNA present in each sample, control samples were 
first incubated with neutralization buffer and then with alkaline buffer. 
For the detection of dsDNA, 156 µl of a SybrGreen/H2O solution 
(1:8333; v/v; Thermo Fisher Scientific) was added to each sample. After 
mixing, the fluorescence was measured using a Tecan plate reader 
(Tecan) with an excitation wavelength of 485 nm and an emission 
wavelength of 535 nm. The following samples were analyzed: P0: un-
treated sample (with alkaline unwinding); Px: treated sample (with 
alkaline unwinding); T0: untreated sample (without unwinding); and Tx: 
treated sample (without unwinding). The amount of dsDNA remaining 
after the alkaline unwinding step, which is directly proportional to the 
amount of ICLs, was calculated as described in Debiak et al. (2011) [46]: 

dsDNA =

PX
TX
P0
T0  

2.9. Annexin V/propidium iodide analysis 

One day prior to the experiment, the cells were seeded in 6-well 
plates (Corning) such that on the treatment day 75% confluence was 
reached. In particular, the following cell numbers were seeded: 4 × 105 

(U2OS, A2780), 6 × 105 (HaCaT), 2 × 105 (RPE-1), 3.3 × 105 (VH10), 
7 × 105 (Podocytes). Regarding the PBMCs, 2 × 106 cells were used for 
the treatment after the isolation from whole blood. The cells were 
treated as indicated in the respective figure. 24 h after the treatment, 
medium was removed and cells were washed with PBS. Cells were de-
tached with trypsin and the cell suspension was added to the collected 
medium and PBS. After centrifugation at 300 ×g for 10 min, the pellet 
was resuspended in 5 ml ice-cold PBS and the cell number was deter-
mined by using a CASY cell counter. The volume containing 2 × 105 

cells was transferred into a new reaction tube and the cells were pelleted 
at 4 ◦C. Subsequently, the cells were resuspended in 100 µl Annexin V 
binding buffer (10 mM HEPES, pH 7.4; 140 mM NaCl; 2.5 mM CaCl2) 
and stained with one drop of the Annexin V APC ready flow conjugate 
(Thermo Fischer Scientific) as well as 5 µl propidium iodide (PI) (1 mg/ 
ml; Sigma-Aldrich). After incubation of the cells in the staining solution 
for 15 min in the dark, 400 µl Annexin V binding buffer were added and 
the samples were kept on ice until analysis with a FACSLyric instrument 
(BD Sciences). 10,000 events per condition were analyzed. The amount 
of viable, apoptotic, and dead cells was calculated using the FlowJo 
software (version 10.7.1; Becton Dickinson & Company). 

2.10. Carboxyfluorescein succinimidyl ester assay 

Cells were detached and washed with PBS twice. The cell number 
was determined using a CASY cell counter and the cell suspension was 
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then centrifuged for 10 min at 400 ×g. For each condition 2 × 105 cells 
were either stained with 10 µM carboxyfluorescein succinimidyl ester 
(CFSE) staining solution (Abcam) in PBS or left unstained (untreated 
sample). For the staining procedure, 1 ml staining solution per 106 cells 
consisting of a 1:1 mixture of 20 µM CFSE solution and PBS was used. 
The pellet was resuspended in the staining solution. After incubation of 
the cells with the staining solution for 10 min at 37 ◦C, uptake of the 
staining solution was quenched with 30 ml ice-cold medium. To remove 
the remaining CFSE, the cells were washed with PBS. The pellet was 
resuspended in pre-warmed medium and 2 × 105 cells per well were 
seeded in 6-well plates. 24 h later, the cells were treated with CLB as 
described in chapter 2.3. After the treatment samples were incubated for 
the time points indicated. Subsequently, cells were washed and detached 
from the plates. To stop proliferation, the cells were washed with ice- 
cold PBS and centrifuged at 300×g for 12 min at 4 ◦C. The pellet was 
resuspended in 500 µl FACS buffer (PBS; 10% FCS; 10 mM EDTA), then 
5 µl PI (1 mg/ml; Sigma-Aldrich) was added. After incubation in the 
dark for 15 min, the samples were analyzed with a FACSLyric instru-
ment (BD Sciences). 10,000 events per condition were analyzed. The 
amount of viable and proliferating cells was calculated using the FlowJo 
software (version 10.7.1; Becton Dickinson & Company). To account for 
the loss of dead cells, which were excluded from the analysis, a 
correction factor for each sample was used to normalize the number of 
proliferating cells. The correction factor used was the percentage of PI 
negative cells. 

2.11. Statistics 

Statistical analysis was performed using the GraphPad Prism soft-
ware (GraphPad software Inc.) version 6.07. For the analysis of the ex-
periments, one-way ANOVA with Dunnett’s post-test was conducted. P- 
values are reported as follows: *p˂0.05, * *p˂0.01, * **p˂0.001, and 
* ** *p˂0.0001. 

3. Results 

3.1. Development of a mass spectrometric platform to measure CLB- 
induced DNA adducts 

Calf thymus DNA treated with CLB was used as a model system for 
the development of a mass spectrometric platform to measure the major 
DNA lesions induced by this NM. To obtain the desired nucleobase ad-
ducts (Fig. 2B), the CLB-treated DNA was enzymatically hydrolyzed 
using benzonase and DNase I as well as phosphodiesterase I and phos-
phatase. After the completion of the enzymatic hydrolysis, the sugar 
moiety of the nucleosides that had formed was removed by thermal 
hydrolysis. A gradient for the separation of the two adducts of interest, 

N3-CLB-Ade and N7-CLB-Gua, via UPLC was successfully established. 
With this gradient, separation of the two adducts could be achieved with 
a retention time of 5.5 – 5.7 min for N3-CLB-Ade and 6.2 – 6.4 min for 
N7-CLB-Gua (Fig. 2A). 

Unlabeled standards were successfully synthesized using nucleo-
sides, which were treated in a similar manner to the calf thymus DNA, 
except for the enzymatic hydrolysis and a harsher thermal hydrolysis at 
90 ◦C for 1 h. The standards were purified via C18-based solid-phase 
extraction and subsequent separation via HPLC. For verification of the 
synthesized standards, product ion scans were performed (Suppl. Figs.1 
and 2). For the synthesis of the labeled N7-CLB-Gua standards, the same 
procedure was conducted with 13C, 14N-labeled nucleosides. The veri-
fication via product ion scan is shown in Suppl. Fig. 3. In all three 
product ion scans conducted, the respective precursor ion (labeled N7- 
CLB-Gua m/z 411; unlabeled N7-CLB-Gua m/z 401; unlabeled N3-CLB- 
Ade m/z 385) as well as the CLB fragment formed after the fragmenta-
tion of the precursor ion with a m/z of approx. 250 could be detected. 

A calibration curve of the unlabeled N7-CLB-Gua standard was 
recorded (Suppl. Fig. 4). To do this, the sample was spiked with the 
purified isotopically labeled N7-CLB-Gua standard to account for sample 
losses during the injection and ionization process. The detection range 
was linear for up to 1000 fmol of N7-CLB-Gua. 

For the subsequent dose-response and time-course experiments to be 
performed by MS, the specific focus was on the relative changes, 
including time-course analyses. Therefore, the synthesized standards 
were only used for setting up the mass spectrometric detection method 
and for the identification of the adducts of interest. To ensure the suit-
ability of this approach, U2OS cells were treated with increasing con-
centrations of CLB (0 – 1000 µM), and the N7-CLB-Gua adducts formed 
were measured with or without the synthesized standards (Suppl.  
Fig. 5). As no significant difference between the two measurement op-
tions was observed, the above mentioned strategy was implemented. 

3.2. Development of an rFADU method to measure CLB-induced DNA 
ICLs 

We have previously described an automated version of the rFADU 
method to measure the amount of ICLs formed in suspension cells after 
treatment with crosslinking agents [46]. To enable detection of ICLs in 
adherent cells, several adjustments had to be made, and the suitability of 
this method had to be verified. To do this, HaCaT cells were treated with 
increasing concentrations of HN2 and CLB, both being crosslinking 
agents of the NM family, and subjected to the sample preparation pro-
tocol described in the Materials and Methods section. A statistically 
significant and dose-dependent increase in the formation of ICLs was 
visible for both crosslinking agents, with HN2 showing twice the level of 
ICLs as compared to CLB (Fig. 3, A & B). To ensure that this method can 

Fig. 2. LC-MS chromatograms of the main DNA adducts formed after treatment with CLB. A. Calf thymus DNA was treated with 500 µM CLB for 4 h at room 
temperature and the DNA monoadducts formed (N3-CLB-Ade and N7-CLB-Gua) as well as their non-reacted counterparts (dA and dG) were detected using UPLC-MS/ 
MS. The adducts were separated on a BEH C18 column using a water-acetonitrile gradient. Shown is a representative chromatogram. B. Structural formulae of the 
two monoadducts N3-CLB-Ade (m/z 385.19) and N7-CLB-Gua (m/z 411.20). The arrow indicates the fragmentation point after CID in the MS of the two adducts and 
the mass-to-charge ratio of the detected CLB-derived fragment (m/z 250.14). 
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also be used for cells growing on plates coated with collagen, RPE-1 cells 
were seeded on coated and on non-coated plates. After the treatment 
with CLB, ICLs were detected and no difference between the two con-
ditions was observed (Fig. 3C). This result suggests that the established 
rFADU protocol is indeed suitable for the detection of ICLs in adherent 
cells. 

3.3. Cellular impact of the treatment with CLB on different target cell 
systems 

The repair capacity of each cell type may vary vastly from one 
another and is highly dependent on the type of the DNA lesion that 
should be removed. Especially in the field of chemotherapy, the question 
of whether or how fast a DNA lesion is repaired is crucial. An enhanced 
or efficient repair of the DNA lesions formed after treatment with a 
chemotherapeutic agent is a characteristic feature of a chemotherapy 
resistant tumor [66]. To gain insights into the cellular impact of the 
treatment of different human cells with the chemotherapeutic agent 
CLB, including the DNA repair capacity, the following endpoints were 
systematically examined in all biological systems investigated in this 
study: Viability, proliferation, the amount of monoalkylated as well as 
bisalkylated DNA adducts, and the removal of these lesions over time. 

3.3.1. Cancer cells 

3.3.1.1. A2780 cells. For the analysis of the DNA adducts, a treatment 
window had to be determined. Analysis of the kinetics of the removal of 
these lesions is only possible with a sublethal treatment. Therefore, the 

human ovarian carcinoma cell line A2780 was treated with various 
concentrations of CLB, and the viability of the cells was determined 
(Fig. 4A). Annexin V/PI staining revealed a significant reduction in 
viable cells, starting at a concentration of 100 µM CLB. 

For the detection of ICLs, the automated rFADU assay was used. To 
determine the sensitivity of this method, A2780 cells were treated with 
concentrations of CLB as indicated, and the fluorescence intensity, 
which is proportional to the amount of ICLs, was detected (Fig. 4B). A 
dose-dependent increase in the number ICLs could be observed. Starting 
at a concentration of 50 µM CLB, the ICLs could readily be detected. In 
combination with the results of the Annexin V/PI staining, 50 µM was 
chosen as the concentration of CLB, which was high enough to induce a 
significantly increased adduct load as well as being sublethal. Based on 
these results, the cells were treated with 50 µM CLB for the subsequent 
time-course experiments, where the kinetics of the formation and 
removal of the CLB-induced ICLs was monitored (Fig. 4C). After an 
initial increase of ICLs in the first 6 h, which was also observed in earlier 
studies, the number of ICLs was significantly reduced to approx. 65% of 
the maximum value after 22.5 h [46,67]. Over the course of 51 h, the 
number of ICLs was further reduced by 10%. All in all, a reduction of this 
DNA adduct of 45% could be observed in this cancer cell line. 

ICLs, the most toxic lesion induced by CLB, are not the most abun-
dant ones. ICLs only make up 1–5% of the lesions, whereas the mono-
alkylated adenine and guanine bases N7-CLB-Gua and N3-CLB-Ade are 
formed in a much higher frequency [19,20,23]. For the detection of 
these two monoadducts, the MS method we have developed was used. As 
for the determination of its sensitivity and the detection of the formation 
and removal of these lesions in A2780 cells, absolute quantification was 

Fig. 3. Method development for the detection of ICLs in adherent cells using the rFADU assay. HaCaT cells were treated for 1 h at 37 ◦C with HN2 solutions (A) or 
CLB solutions (B) at the concentrations indicated. After treatment, the cells were X-irradiated on ice with 25 Gy. The amount of ICLs was determined via the rFADU 
assay. Each column represents the mean of 3 independent experiments ± standard deviation (SD). Statistical analysis was performed using one-way ANOVA test with 
the Dunnett’s post-test. *p˂0.05, * *p˂ 0.01, * **p˂ 0.001, * ** *p˂ 0.0001. (C) Collagen-coating test experiment with RPE-1 cells treated with CLB. RPE-1 cells were 
treated with the doses of CLB indicated above, and the induction of the ICLs was measured via the rFADU assay. The treatment was performed with cells growing on 
culture dishes, which were coated with collagen or not coated. Three independent experiments were performed and the mean ± the SD is shown. Statistical analysis 
was performed using the one-way ANOVA test with the Dunnett’s post-test. *p˂0.05, * *p˂ 0.01, * **p˂ 0.001, * ** *p˂ 0.0001. 
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Fig. 4. Cellular effects of CLB treatment in the human ovarian carcinoma cell line A2780. (A) Cytotoxicity of the indicated doses of CLB was detected using the 
annexin V/PI staining and flow cytometry. A2780 cells were treated with CLB for 1 h at 37 ◦C and the cell death status was analyzed 24 h later. ‘Dead’ refers to 
annexin V/PI positive cells, ‘apoptotic’ to annexin V positive/PI negative cells and ‘viable’ to annexin V/PI negative cells. Data represents the mean ± SD from 4 
independent experiments, except 500 µM CLB (n = 3). Statistical analysis was performed using two-way-ANOVA followed by a post hoc Dunnett‘s test. (B) Dose- 
dependent induction of ICLs after the treatment with CLB. Cells were treated with the indicated doses of CLB for 1 h at 37 ◦C, and ICLs were monitored using 
the rFADU assay. Data represents the mean ± SD from 3 independent experiments. Statistical analysis was performed using one-way-ANOVA followed by a post hoc 
Dunnett‘s test. (C) Time-course analysis of CLB-induced DNA ICLs. Cells were treated with 50 µM CLB for 1 h at 37 ◦C, and ICLs were monitored using the reverse 
automated FADU assay. Treated cells were allowed to recover for the time points indicated, up to 51 h. Data represents the mean ± SD from 4 independent ex-
periments, except 28 h and 32.5 h (n = 3). Statistical analysis was performed using one-way-ANOVA followed by a post hoc Dunnett‘s test. (D) Dose-response 
relationship of the treatment with CLB and the amount of monoalkylated DNA adducts. Cells were treated with the indicated doses of CLB for 1 h at 37 ◦C. The 
amount of N7-CLB-Gua and N3-CLB-Ade was monitored using MS. Data represents the mean ± SD from 3 independent experiments. Statistical analysis was per-
formed using one-way-ANOVA followed by a post hoc Dunnett‘s test. (E) Time-course analysis of CLB-induced monoalkylated adducts in DNA (N7-CLB-Gua and N3- 
CLB-Ade). Cells were treated with 100 µM CLB for 1 h at 37 ◦C and were allowed to recover for the time points indicated, up to 30 h. The amount of N7-CLB-Gua and 
N3-CLB-Ade was monitored using MS. Data represents the mean ± SD from 4 independent experiments, except 3 h and 21.5 h (n = 3). Statistical analysis was 
performed using one-way-ANOVA followed by a post hoc Dunnett‘s test. For clarity, the display of the statistically significant differences of data points was omitted in 
the phase of adduct formation in C. and E. (F) Cytotoxicity as well as proliferation status of cells after the treatment with the indicated treatment concentrations of 
CLB were monitored as a function of time. A2780 cells were stained with 10 µM CFSE and after 24 h, the cells were treated for 1 h with 50 µM (△) or 100 µM of CLB 
(▴). Treated cells were allowed to recover for the time points indicated, and the samples were additionally stained with PI before flow cytometric analysis. Data 
represents the mean ± SD from 3 independent experiments. Statistical analysis was performed using one-way-ANOVA followed by a post hoc Dunnett‘s test. *p˂0.05, 
* *p˂ 0.01, * **p˂ 0.001, * ** *p˂ 0.0001. 
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Fig. 5. Cellular effects of CLB treatment in the human osteosarcoma U2OS cell line. (A) Cytotoxicity of the indicated doses of CLB was detected using the annexin V/ 
PI staining and flow cytometry. U2OS cells were treated with CLB for 1 h at 37 ◦C and the cell death status was analyzed 24 h later. ‘Dead’ refers to annexin V/PI 
positive cells, ‘apoptotic’ to annexin V positive/PI negative cells and ‘viable’ to annexin V/PI negative cells. Data represents the mean ± SD from 4 independent 
experiments. Statistical analysis was performed using two-way-ANOVA followed by a post hoc Dunnett‘s test. (B) Dose-dependent induction of ICLs after the 
treatment with CLB. Cells were treated with the indicated doses of CLB for 1 h at 37 ◦C and ICLs were monitored using the reverse automated FADU assay. Data 
represents the mean ± SD from 4 independent experiments, except for 2.5 µM and 5 µM (n = 3). Statistical analysis was performed using one-way-ANOVA followed 
by a post hoc Dunnett‘s test. (C) Time-course analysis of CLB-induced DNA ICLs. Cells were treated with 100 µM CLB for 1 h at 37 ◦C and ICLs were monitored using 
the rFADU assay. Treated cells were allowed to recover for the time points indicated, up to 51 h. Data represents the mean ± SD from 4 independent experiments. 
Statistical analysis was performed using one-way-ANOVA followed by a post hoc Dunnett‘s test. (D) Dose-response relationship of the treatment with CLB and the 
amount of monoalkylated DNA adducts. Cells were treated with the indicated doses of CLB for 1 h at 37 ◦C. The amount of N7-CLB-Gua and N3-CLB-Ade was 
monitored using MS. Data represents the mean ± SD from 4 independent experiments. Statistical analysis was performed using one-way-ANOVA followed by a post 
hoc Dunnett‘s test. (E) Time-course analysis of CLB-induced monoalkylated adducts in DNA (N7-CLB-Gua and N3-CLB-Ade). Cells were treated with 200 µM CLB for 
1 h at 37 ◦C and were allowed to recover for the time points indicated, up to 30 h. The amount of N7-CLB-Gua and N3-CLB-Ade was monitored using MS. Data 
represents the mean ± SD from 4 independent experiments. Statistical analysis was performed using one-way-ANOVA followed by a post hoc Dunnett‘s test. For 
clarity, the display of the statistically significant differences of data points was omitted in the phase of adduct formation in C. and E. (F) Cytotoxicity as well as 
proliferation status of cells after the treatment with the indicated treatment concentrations of CLB were monitored as a function of time. U2OS cells were stained with 
10 µM CFSE and after 24 h, the cells were treated for 1 h with 100 µM (△) or 200 µM of CLB (▴). Treated cells were allowed to recover for the time points indicated, 
and the samples were additionally stained with PI before the flow cytometric analysis. Data represents the mean ± SD from 3 independent experiments. Statistical 
analysis was performed using one-way-ANOVA followed by a post hoc Dunnett‘s test. *p˂0.05, * *p˂ 0.01, * **p˂ 0.001, * ** *p˂ 0.0001. 
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not considered necessary to gain the desired insights into the repair 
capacity status line. Therefore, the synthesized standards were not used 
for these experiments. The sensitivity of the MS method was determined 
for the A2780 cells by performing a dose-response experiment with 
increasing concentrations of CLB (Fig. 4D). At a concentration range of 
50–100 µM CLB, a significant increase in the signal intensity could be 
observed. Throughout the concentration series, a clear-cut dose-de-
pendent increase in the signal for both monoadducts was visible. Taken 
together, a suitable treatment concentration for the time-course exper-
iment, where the formation and removal of the two mostly formed 
monoadducts N7-CLB-Gua and N3-CLB-Ade was to be monitored, was 
100 µM of CLB. After treatment with this concentration, an initial in-
crease in both adducts could be observed until 3 h post-treatment 
(Fig. 4E). This increase was followed by a rapid decrease for both ad-
ducts resulting in a significantly reduced signal at 21.5 h (N3-CLB-Ade 
40%; N7-CLB-Gua 58%). Interestingly, the reduction of the N7-CLB-Gua 
signal was in general slower than that of the N3-CLB-Ade adduct. In 
comparison to the ICLs formed in A2780 cells after treatment with CLB, 
the removal of the monoadducts was significantly faster. After 51 h, a 
reduction in adducts of 48% (N7-CLB-Gua) or 65% (N3-CLB-Ade) of the 
maximum signal was observed. 

To exclude the possibility of a pseudo-removal of the bis- or the 
monoadducts due to a dilution effect by preferential cell proliferation of 
those cells with the least DNA adducts formed after the treatment, the 
proliferation status of CLB-treated cells was assessed by CFSE prolifer-
ation assay. For each cell line tested, the assay settings were verified for 
its suitability. A representative image of the gating strategy (6 A), the 
resulting histograms of untreated (6B), and of the treated cells (6 C) as 
well as an image of the analysis using the proliferation tool of FlowJo is 
shown in Suppl. Fig. 6. To ensure that the treatment with the fluorescent 
dye CFSE has no effect on the formation of both monoadducts, a control 
experiment was performed where the cells were treated with either CLB 
or CFSE in combination with CLB (Suppl. Fig. 7). As no significant dif-
ference between the two treatment options was visible, the pre- 
treatment with CFSE does not seem to have any effect on the forma-
tion of DNA monoadducts after the treatment with CLB. To verify the 
removal of the CLB-DNA adducts over a time-course of 30 h (mono-
adducts) or 51 h (ICLs), A2780 cells were treated with the same con-
centrations of CLB as in the performed time-course experiments (Fig. 4C 
& E). To exclude a bias of the data due to a hypothetical preferential cell 
death, the survival rate of these cells was monitored simultaneously. 
With this experiment, we wanted to see if the observed reduction in DNA 
adducts was indeed due to the actual repair of these lesions. Until 6 h 
post-treatment, the viability increased for both CLB concentrations 
(Fig. 4F). For the 50 µM treatment concentration, the survival rate was 
stagnant up to 32.5 h, but after 51 h the survival rate dropped to 84%. 
For the higher treatment concentration, a significant drop in the 
viability could be detected after 32.5 h. At 51 h, the viability was 
decreased to 78%. Simultaneously, the division rate increased to 8% 
(100 µM) or 4% (50 µM) at 32.5 h (Fig. 4F). After this slight increase in 
cells, which underwent one proliferation cycle, the division rate either 
dropped (100 µM) or increased (50 µM) again to 6%, respectively. 

3.3.1.2. U2OS cells. To investigate if the DNA repair of CLB-induced 
lesions is tissue or cell type specific, further cell lines were tested 
including the p53 wild-type U2OS cell line, which was isolated from the 
biopsy of a mesenchymal tumor [68]. In contrast to the A2780 cells, the 
susceptibility of the U2OS cells towards the treatment with CLB and 
H2O2, which was detected via the Annexin V/PI staining, was far less 
pronounced (Fig. 5A). No apoptosis could be induced, even at 
500 µM H2O2. A significant drop in the viability could only be detected 
at concentration of 600 µM CLB or higher. 

The sensitivity of the rFADU assay for the detection of ICLs in U2OS 
cells was determined with a dose-response experiment, where the cells 
were treated with increasing doses of CLB and the increase in ICLs was 

monitored (Fig. 5B). The three highest concentrations 100 µM, 200 µM, 
and 500 µM CLB induced the formation of ICLs significantly. Based on 
the results obtained with this cell line, 100 µM CLB was chosen as the 
treatment concentration for time-course experiments. In these experi-
ments, an increase in the number of ICLs directly after the treatment 
with CLB was observed (Fig. 5C). This increase was visible until 4 h post- 
treatment, where the maximum signal was reached. Only at 32.5 h or 
later, a significant reduction of the ICLs to 78% was visible. The signal 
further decreased to 56%, indicating that after 51 h only approx. half of 
the ICLs were removed. 

The sensitivity of the MS method was assessed by the measurement 
of U2OS cell-derived samples treated with increasing concentrations of 
CLB. A clear-cut dose-dependent increase in the number of N3-CLB-Ade 
and N7-CLB-Gua adducts could be observed. The lowest concentration 
where both adducts could be reliably detected was 200 µM of CLB 
(Fig. 5D). As U2OS cells only showed a reduction of viable cells after a 
treatment concentration of 600 µM CLB, 200 µM CLB was used as a 
treatment concentration for monitoring the removal of the monoadducts 
over time. Compared to the results obtained with the A2780 cells, the 
difference between the N3-CLB-Ade and N7-CLB-Gua adduct was even 
more pronounced (Fig. 5E). Over the course of 30 h no adduct removal 
could be observed for the N7-CLB-Gua adduct, whereas the N3-CLB-Ade 
adduct was reduced to 36% of the maximum value after 21.5 h. In the 
last 8.5 h nearly no change in the adduct level of N3-CLB-Ade could be 
detected. 

A presumed dilutive effect of preferential proliferation of cells with 
low adduct burden on the removal of CLB-induced adducts was analyzed 
in the U2OS cells with the CFSE proliferation assay using the respective 
treatment concentrations for the time-course experiments (100 µM ICLs; 
200 µM monoadducts). Furthermore, the influence of a possible pref-
erential cell death on the adduct removal was assessed simultaneously 
with the PI cell death staining. A significant reduction in the survival 
rate to 85% for both treatment concentrations could only be observed at 
32.5 h (Fig. 5F). After 51 h, the survival rate was reduced to 83% 
(100 µM CLB) or 75% (200 µM CLB). Simultaneously, the percentage of 
divided cells was significantly increased at 32.5 h to approx. 2.5% for 
the treatment concentration of 200 µM or 4% for the treatment with 
100 µM CLB (Fig. 5F). Following this slight increase, the number of cells, 
which underwent one proliferation cycle increased further to 9% 
(200 µM CLB) or 16% (100 µM CLB). 

3.3.2. hTERT immortalized cell systems 

3.3.2.1. RPE-1 cells. The usage of cancer cell lines is very common in 
the DNA damage response field due to their cheap and easy handling. 
These cell lines, however, have the inherent disadvantage of deficiencies 
or mutations of genes, which may be crucial for the response to DNA 
damaging agents [69]. For this reason, we wished to compare the repair 
capacity of the cancer cell lines used with cell lines that had been 
immortalized via the overexpression of the human telomerase reverse 
transcriptase (hTERT). Previous studies confirmed that the over-
expression of hTERT led to the immortalization of the cell system 
without causing changes which are usually associated with cancer [70, 
71]. The first hTERT immortalized cell system tested was the human 
retinal pigment epithelial (RPE-1) cell line. The cytotoxicity induced by 
the treatment of these cells with CLB was detected using the Annexin 
V/PI staining (Fig. 6A). A significant increase in dead cells was only 
observed at the two highest concentrations of 1 mM and 2 mM CLB. 

In line with the low cytotoxicity displayed by RPE-1 cells after the 
treatment with CLB, the sensitivity of the rFADU for the detection of the 
CLB-induced ICLs was in the upper treatment range. Only at treatment 
concentrations of 200 µM and 500 µM CLB significant increases in ICLs 
were observable with this method (Fig. 6B). Therefore, the cells were 
treated with 200 µM CLB for the subsequent time-course experiment. An 
increase in ICLs was detected in the first 4–6 h post-treatment (Fig. 6C). 
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Fig. 6. Cellular effects of CLB treatment in the hTERT immortalized RPE-1 cell line. (A) Cytotoxicity of the indicated doses of CLB was detected using the annexin V/ 
PI staining and flow cytometry. RPE-1 cells were treated with CLB for 1 h at 37 ◦C and the cell death status was analyzed 24 h later. ‘Dead’ refers to annexin V/PI 
positive cells, ‘apoptotic’ to annexin V positive/PI negative cells and ‘viable’ to annexin V/PI negative cells. Data represents the mean ± SD from 4 independent 
experiments, except for 200 µM H2O2 (n = 3). Statistical analysis was performed using two-way-ANOVA followed by a post hoc Dunnett‘s test. (B) Dose-dependent 
induction of ICLs after the treatment with CLB. Cells were treated with the indicated doses of CLB for 1 h at 37 ◦C and ICLs were monitored using the reverse 
automated FADU assay. Data represents the mean ± SD from 3 independent experiments. Statistical analysis was performed using one-way-ANOVA followed by a 
post hoc Dunnett‘s test. (C) Time-course analysis of CLB-induced DNA ICLs. Cells were treated with 200 µM CLB for 1 h at 37 ◦C and ICLs were monitored using the 
rFADU assay. Treated cells were allowed to recover for the time points indicated, up to 51 h. Data represents the mean ± SD from 4 independent experiments. 
Statistical analysis was performed using one-way-ANOVA followed by a post hoc Dunnett‘s test. (D) Dose-response relationship of the treatment with CLB and the 
amount of monoalkylated DNA adducts. Cells were treated with the indicated doses of CLB for 1 h at 37 ◦C. The amount of N7-CLB-Gua and N3-CLB-Ade was 
monitored using MS. Data represents the mean ± SD from 5 independent experiments. Statistical analysis was performed using one-way-ANOVA followed by a post 
hoc Dunnett‘s test. (E) Time-course analysis of CLB-induced monoalkylated adducts in DNA (N7-CLB-Gua and N3-CLB-Ade). Cells were treated with 300 µM CLB for 
1 h at 37 ◦C and were allowed to recover for the time points indicated, up to 30 h. The amount of N7-CLB-Gua and N3-CLB-Ade was monitored using MS. Data 
represents the mean ± SD from 3 independent experiments. Statistical analysis was performed using one-way-ANOVA followed by a post hoc Dunnett‘s test. For 
clarity, the display of the statistically significant differences of data points was omitted in the phase of adduct formation in C. and E. (F) Cytotoxicity as well as 
proliferation status of cells after the treatment with the indicated treatment concentrations of CLB were monitored as a function of time. RPE-1 cells were stained with 
10 µM CFSE and after 24 h, the cells were treated for 1 h with 200 µM (△) or 300 µM of CLB (▴). Treated cells were allowed to recover for the time points indicated 
and the samples were additionally stained with PI before the flow cytometric analysis. Data represents the mean ± SD from 3 independent experiments. Statistical 
analysis was performed using one-way-ANOVA followed by a post hoc Dunnett‘s test. *p˂0.05, * *p˂ 0.01, * **p˂ 0.001, * ** *p˂ 0.0001. 
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Fig. 7. Cellular effects of CLB treatment in the hTERT immortalized VH10 cell line. (A) Cytotoxicity of the indicated doses of CLB was detected using the annexin V/ 
PI staining and flow cytometry. VH10 cells were treated with CLB for 1 h at 37 ◦C, and the cell death status was analyzed 24 h later. ‘Dead’ refers to annexin V/PI 
positive cells, ‘apoptotic’ to annexin V positive/PI negative cells and ‘viable’ to annexin V/PI negative cells. Data represents the mean ± SD from 3 independent 
experiments. Statistical analysis was performed using two-way-ANOVA followed by a post hoc Dunnett‘s test. (B) Dose-dependent induction of ICLs after the 
treatment with CLB. Cells were treated with the indicated doses of CLB for 1 h at 37 ◦C and ICLs were monitored using the rFADU assay. Data represents the mean 
± SD from 4 independent experiments. Statistical analysis was performed using one-way-ANOVA followed by a post hoc Dunnett‘s test. (C) Time-course analysis of 
CLB-induced DNA ICLs. Cells were treated with 100 µM CLB for 1 h at 37 ◦C and ICLs were monitored using the rFADU assay. Treated cells were allowed to recover 
for the time points indicated, up to 51 h. Data represents the mean ± SD from 4 independent experiments. Statistical analysis was performed using one-way-ANOVA 
followed by a post hoc Dunnett‘s test. (D) Dose-response relationship of the treatment with CLB and the amount of monoalkylated DNA adducts. Cells were treated 
with the indicated doses of CLB for 1 h at 37 ◦C. The amount of N7-CLB-Gua and N3-CLB-Ade was monitored using MS. Data represents the mean ± SD from 4 
independent experiments. Statistical analysis was performed using one-way-ANOVA followed by a post hoc Dunnett‘s test. (E) Time-course analysis of CLB-induced 
monoalkylated adducts in DNA (N7-CLB-Gua and N3-CLB-Ade). Cells were treated with 400 µM CLB for 1 h at 37 ◦C and were allowed to recover for the time points 
indicated, up to 30 h. The amount of N7-CLB-Gua and N3-CLB-Ade was monitored using MS. Data represents the mean ± SD from 4 independent experiments. 
Statistical analysis was performed using one-way-ANOVA followed by a post hoc Dunnett‘s test. For clarity, the display of the statistically significant differences of 
data points was omitted in the phase of adduct formation in C. and E. (F) Cytotoxicity as well as proliferation status of cells after the treatment with the indicated 
treatment concentrations of CLB were monitored as a function of time. VH10 cells were stained with 10 µM CFSE and after 24 h, the cells were treated for 1 h with 
100 µM (△) or 400 µM of CLB (▴). Treated cells were allowed to recover for the time points indicated, and the samples were additionally stained with PI before the 
flow cytometric analysis. Data represents the mean ± SD from 3 independent experiments. Statistical analysis was performed using one-way-ANOVA followed by a 
post hoc Dunnett‘s test. *p˂0.05, * *p˂ 0.01, * **p˂ 0.001, * ** *p˂ 0.0001. 
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The ICL signal did not change significantly in the time period between 
6 h and 32.5 h. The removal of the ICLs was only detectable after 49.5 h 
and 51 h, where the signal was reduced to approx. 70% of the maximum 
signal. 

For the detection of N7-CLB-Gua and N3-CLB-Ade, the same phe-
nomenon as for the rFADU dose-response experiment was observed. 
Only the two highest concentrations (200 µM and 500 µM) in the dose- 
response experiment showed a significant increase in both monoadducts 
(Fig. 6D). However, the signal increase for the N7-CLB-Gua at a treat-
ment concentration of 200 µM CLB was only marginal. Furthermore, 
concentrations of CLB up to 1 mM were sublethal for this cell line. 
Therefore, 300 µM of CLB was used for the time-series experiment. Due 
to the high SD displayed by the RPE-1 cells throughout the performed 
MS experiments, no significant decrease in the signal for both mono-
adducts could be observed over the course of 30 h. However, a down-
ward trend of the N7-CLB-Gua and the N3-CLB-Ade signal was detected 
(Fig. 6E). 

The survival of these cells after the treatment with 200 µM and 
300 µM CLB was monitored for 51 h to exclude adduct loss due to 
excessive cell death. After an initial increase of viable cells post- 
treatment, a slight reduction was visible for both concentrations 
(Fig. 6F). The initial percentage of viable cells was the lowest 
throughout the experiment with 87% (200 µM) and 85% (300 µM). 51 h 
post-treatment, the percentage of viable cells was at 91% for the cells 
treated with 200 µM CLB and at 88% after the treatment with 300 µM 
CLB. The proliferative capacity of the RPE-1 cells after the treatment 
with both concentrations was only significantly increased 51 h post- 
treatment (Fig. 6F). Interestingly, the cells treated with 300 µM CLB 
had a higher percentage of divided cells with 6.5% in comparison to the 
cells treated with 200 µM CLB, where after 51 h only 4.4% of all cells 
had completed one cycle of proliferation. 

3.3.2.2. VH10 cells. Due to the low susceptibility and the minor 
response towards the treatment of the immortalized RPE-1 cells, 
nonmalignant hTERT immortalized human foreskin fibroblasts (VH10) 
were also used to identify the cellular response towards the treatment 
with CLB. The Annexin V/PI analysis revealed a similar trend in the 
VH10 cells as in the RPE-1 cells (Fig. 7A). No decrease in the number of 
viable cells was observed for the cells treated with 2.5 µM to 1 mM of 
CLB or 200 µM H2O2. Only cells treated with 2 mM CLB showed a 
significantly increased percentage of dead cells. 

The rFADU dose-response experiment performed with VH10 cells 
showed that there was a linear increase in ICLs with increasing treat-
ment concentrations of CLB (Fig. 7B). This linear increase was observed 
starting at a concentration of 50 µM CLB. The first significant increase in 
ICLs was detected at a concentration of 100 µM CLB. This concentration 
was used for the time-course experiment. After an initial increase in the 
first 6 h, no significant decrease of ICLs was detected except for the 51 h 
time point (Fig. 7C). 51 h post-treatment, only 30% of the ICLs formed 
were removed. This outcome was similar to the RPE-1 cells. 

VH10 cells were treated with the indicated concentrations of CLB, 
and N7-CLB-Gua and N3-CLB-Ade were detected via LC-MS/MS 
(Fig. 7D). This dose-response experiment was performed to detect the 
treatment concentration, which induces a significantly increased 
amount of adduct for the analysis of both monoadducts in VH10 cells. As 
for the ICLs, a linear increase was observed for N7-CLB-Gua and N3-CLB- 
Ade with increasing concentrations of CLB. Only for 200 µM and 500 µM 
treated samples a significant increase in both adducts was detected. As 
the signal increase for 200 µM CLB was minimal and concentrations up 
to 2 mM CLB were sublethal for the VH10 cells, 400 µM CLB was chosen 
as a treatment concentration for the subsequent kinetic experiment. In 
the first 1.5 h post-treatment, an increase in both adducts was observed 
(Fig. 7E). Starting at the 8 h time point, a significant decrease of N3-CLB- 
Ade to 52% of the maximum signal was detected. The removal of N7- 
CLB-Gua was slower than the removal of N3-CLB-Ade. Only at 21.5 h 

post-treatment a significant decrease of the guanine adduct to 52% was 
observed. A reduction to 34% could be detected for the N3-CLB-Ade 
adduct at the same time-point. No further decrease in both mono-
adducts could be detected in the time span from 21.5 h to 30 h. 

No significant decrease in the viability of VH10 cells in the course of 
51 h was detected after the treatment with 100 µM CLB (Fig. 7F). When 
treated with 400 µM CLB, however, a slight decrease to 87% viable cells 
at 51 h post-treatment was observed. With the CFSE proliferation assay, 
a slight increase in the percentage of divided cells could be observed for 
both treatment concentrations. Starting at 24 h, the increase was sig-
nificant for the treatment concentration of 400 µM CLB. For cells treated 
with 100 µM CLB, an increase in the number of cells that underwent one 
cycle of proliferation was detected at 32.5 h post-treatment. At the 51 h 
time point, cells for both conditions reached a division rate of 5.3%. 

3.3.2.3. Podocytes. Podocytes are highly specialized cells of the kidney, 
and a recent study showed that a defect in NER causes glomerulo-
sclerosis [72]. These findings indicate the presence of an intact repair 
machinery of this cell type. To analyze the repair capacity of these cells 
after the treatment with CLB, a suitable treatment concentration had to 
be determined. Therefore, the viability of hTERT immortalized podo-
cytes after the treatment with increasing concentrations of CLB was 
detected using the Annexin V/PI cell death staining. A dose dependent 
decrease of the viability of these cells was detected, but this decrease 
was only significant for the treatment with 1 mM and 2 mM CLB 
(Fig. 8A). However, in comparison with the other two hTERT immor-
talized cell lines used in this study (RPE-1 and VH10), a clear-cut dos-
e-response after the treatment with CLB could be observed. 

For the detection of the sensitivity of the rFADU, podocytes were 
treated with increasing concentrations of CLB and the amount of ICLs 
was monitored. Starting at a concentration of 50 µM, a clear-cut linear 
dose-dependent and significant increase in ICLs was detected (Fig. 8B). 
As at 50 µM CLB no detectable increase in cell death, but a significant 
increase in ICLs with the rFADU method was observed, this concentra-
tion was used for the subsequent time-course experiment. In the first 6 h 
post-treatment an increase in ICLs was detected, similar to the other two 
hTERT immortalized cell lines tested (Fig. 8C). However, already after 
22.5 h a significant decrease in ICLs was observed. The decrease of ICLs, 
beginning 6 h post-treatment, was nearly linear, and over the course of 
51 h the number of ICLs was reduced to 51% of the maximum detected 
signal. 

To be able to measure the removal of N3-CLB-Ade and N7-CLB-Gua 
over time, the sensitivity of the MS method for the podocytes had to be 
determined. Thus, an experiment was performed where cells were 
treated with increasing concentrations of CLB. At a concentration range 
of 100–200 µM, a significant increase in the signal intensity could be 
observed (Fig. 8D). Throughout the concentration series, a clear dose- 
dependent increase in the signal for both monoadducts was visible. 
Taken together, a suitable sublethal treatment concentration for the 
time-course experiment, where the formation and removal of both 
monoadducts could be monitored, was 200 µM of CLB. During the first 
3 h post-treatment, an upward trend for N3-CLB-Ade and N7-CLB-Gua 
was observed (Fig. 8E). After this initial increase, the signal of both 
monoadducts dropped simultaneously to 65% of the maximum detected 
signal. Between 8 h and 30 h post-treatment, N3-CLB-Ade decreased 
linearly even further to 28%, whereas no significant removal of N7-CLB- 
Gua was visible. 

To avoid a bias of the time-course data due to preferential cell death 
of the cells most affected or proliferation of the cells least affected by the 
treatment with CLB, the survival as well as the division rate was moni-
tored over a time span of 51 h. An overall increase in viability of the 
podocytes was observed after the treatment with 50 µM and 200 µM 
over the course of 51 h and no cell death could be detected (Fig. 8F). 
Furthermore, when treated with 200 µM CLB, no increase in divided 
cells was observed. For the podocytes treated with 50 µM CLB however, 
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Fig. 8. Cellular effects of CLB treatment in the hTERT immortalized podocytes. (A) Cytotoxicity of the indicated doses of CLB was detected using the annexin V/PI 
staining and flow cytometry. Podocytes were treated with CLB for 1 h at 37 ◦C, and the cell death status was analyzed 24 h later. ‘Dead’ refers to annexin V/PI 
positive cells, ‘apoptotic’ to annexin V positive/PI negative cells and ‘viable’ to annexin V/PI negative cells. Data represents the mean ± SD from 3 independent 
experiments. Statistical analysis was performed using two-way-ANOVA followed by a post hoc Dunnett‘s test. (B) Dose-dependent induction of ICLs after the 
treatment with CLB. Cells were treated with the indicated doses of CLB for 1 h at 37 ◦C and ICLs were monitored using the reverse automated FADU assay. Data 
represents the mean ± SD from 4 independent experiments. Statistical analysis was performed using one-way-ANOVA followed by a post hoc Dunnett‘s test. (C) 
Time-course analysis of CLB-induced DNA ICLs. Cells were treated with 50 µM CLB for 1 h at 37 ◦C, and ICLs were monitored using the rFADU assay. Treated cells 
were allowed to recover for the time points indicated, up to 51 h. Data represents the mean ± SD from 3 independent experiments. Statistical analysis was performed 
using one-way-ANOVA followed by a post hoc Dunnett‘s test. (D) Dose-response relationship of the treatment with CLB and the amount of monoalkylated DNA 
adducts. Cells were treated with the indicated doses of CLB for 1 h at 37 ◦C. The amount of N7-CLB-Gua and N3-CLB-Ade was monitored using MS. Data represents 
the mean ± SD from 5 independent experiments. Statistical analysis was performed using one-way-ANOVA followed by a post hoc Dunnett‘s test. (E) Time-course 
analysis of CLB-induced monoalkylated adducts in DNA (N7-CLB-Gua and N3-CLB-Ade). Cells were treated with 200 µM CLB for 1 h at 37 ◦C and were allowed to 
recover for the time points indicated, up to 30 h. The amount of N7-CLB-Gua and N3-CLB-Ade was monitored using MS. Data represents the mean ± SD from 3 
independent experiments. Statistical analysis was performed using one-way-ANOVA followed by a post hoc Dunnett‘s test. For clarity, the display of the statistically 
significant differences of data points was omitted in the phase of adduct formation in C. and E. (F) Cytotoxicity as well as proliferation status of cells after the 
treatment with the indicated treatment concentrations of CLB were monitored as a function of time. Podocytes were stained with 10 µM CFSE and after 24 h, the cells 
were treated for 1 h with 50 µM (△) or 200 µM of CLB (▴). Treated cells were allowed to recover for the time points indicated and the samples were additionally 
stained with PI before the flow cytometric analysis. Data represents the mean ± SD from 3 independent experiments. Statistical analysis was performed using one- 
way-ANOVA followed by a post hoc Dunnett‘s test. *p˂0.05, * *p˂ 0.01, * **p˂ 0.001, * ** *p˂ 0.0001. 
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a significant increase of the percentage of divided cells to 2.8% was 
detected 24 h post-treatment. A linear increase for these specific con-
ditions was identified. 51 h post-treatment, the division rate reached 
15%. 

3.3.2.4. PBMCs. To exclude an influence of the hTERT immortalization 
on the repair capacity of the cell systems tested, human PBMCs, which 
are primary cells with intact repair genes, were analyzed. PBMCs are a 
perfect model system for the analysis of the DNA damage repair ca-
pacity, especially because in previous studies it was shown that PBMCs 
are able to repair the guanine and adenine adducts formed after the 
treatment with CEES, which is a monofunctional analog of sulfur 
mustard [64]. To test whether this is also the case for the adducts formed 
after the treatment with the bifunctional agent CLB, the susceptibility of 
the PBMCs to treatment with increasing concentrations of CLB was 
analyzed via the flow cytometry-based Annexin V/PI assay. Compared 
to the other cell systems tested in this study, PBMCs were by far the ones 
most affected by the treatment. A clear-cut dose-dependent increase of 
dead cells was visible and starting at a concentration of only 50 µM a 
significant decrease in viable cells was observed (Fig. 9A). 

In view of to the high sensitivity of the PBMCs to the treatment with 
CLB, only concentrations up to 50 µM were tested for the detection of the 

sensitivity of the rFADU assay. In this sublethal treatment range no in-
crease in ICLs was observed (Fig. 9B). Therefore, the experiment was 
repeated with concentrations up to 500 µM CLB. With this wider range 
of treatment concentrations, a significant increase in ICLs in PBMCs 
could be detected starting at a concentration of 100 µM CLB (Suppl. 
Fig. 8). Unfortunately, the percentage of viable cells at 100 µM CLB was 
reduced to < 50%. For this reason, no suitable treatment concentration 
for the monitoring of the removal of ICLs over time was found for this 
cell type. 

Regarding the sensitivity of the MS method, however, we were able 
to detect a significant increase in N3-CLB-Ade and N7-CLB-Gua for a 
concentration as low as 10 µM CLB (Fig. 9C). As no toxicity for this 
concentration was observed in the Annexin V/PI experiment, the sub-
sequent time-course experiment was conducted with 10 µM CLB as 
treatment concentration. After an initial increase of both adducts in the 
first 3 h post-treatment, N7-CLB-Gua did not significantly decrease until 
the last time point of 50 h (56%), whereas for N3-CLB-Ade a first drop to 
51% was detected as soon as 19 h post-treatment (Fig. 9D). The down-
wards trend continued for the N3-CLB-Ade adduct and at 50 h post- 
treatment a reduction to 25% was observed. 

Fig. 9. Cellular effects of CLB treatment in human PBMCs. (A) Cytotoxicity of the indicated doses of CLB was detected using the annexin V/PI staining and flow 
cytometry. PBMCs were treated with CLB for 1 h at 37 ◦C and the cell death status was analyzed 24 h later. ‘Dead’ refers to annexin V/PI positive cells, ‘apoptotic’ to 
annexin V positive/PI negative cells and ‘viable’ to annexin V/PI negative cells. Data represents the mean ± SD from 4 independent experiments. Statistical analysis 
was performed using two-way-ANOVA followed by a post hoc Dunnett‘s test. (B) Dose-dependent induction of ICLs after the treatment with CLB. Cells were treated 
with the indicated doses of CLB for 1 h at 37 ◦C and ICLs were monitored using the rFADU assay. Data represents the mean ± SD from 5 independent experiments. 
Statistical analysis was performed using one-way-ANOVA followed by a post hoc Dunnett‘s test. (C) Dose-response relationship of the treatment with CLB and the 
amount of monoalkylated DNA adducts. Cells were treated with the indicated doses of CLB for 1 h at 37 ◦C. The amount of N7-CLB-Gua and N3-CLB-Ade was 
monitored using MS. Data represents the mean ± SD from 6 independent experiments. Statistical analysis was performed using one-way-ANOVA followed by a post 
hoc Dunnett‘s test. (D) Time-course analysis of CLB-induced monoalkylated adducts in DNA (N7-CLB-Gua and N3-CLB-Ade). Cells were treated with 10 µM CLB for 
1 h at 37 ◦C and were allowed to recover for the time points indicated, up to 50 h. The amount of N7-CLB-Gua and N3-CLB-Ade was monitored using MS. Data 
represents the mean ± SD from 4 independent experiments. Statistical analysis was performed using one-way-ANOVA followed by a post hoc Dunnett‘s test. For 
clarity, the display of the statistically significant differences of data points was omitted in the phase of adduct formation. *p˂0.05, * *p˂ 0.01, * **p˂ 0.001, 
* ** *p˂ 0.0001. 
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4. Discussion 

4.1. Direct analysis of DNA damage 

DNA is the carrier of the genetic code. Therefore, alterations or 
damage of the DNA has serious implications. DNA lesions are the driver 
of somatic mutagenesis as well as carcinogenesis [73–75], but also of 
cell death or cellular senescence [76,77] if the affected cell is not able to 
repair the lesions or if the damage load is too high. This concept is used 
in cancer chemotherapy. Fast replicating cancer cells are prone to the 
cytotoxic effects of radiotherapy or of chemotherapeutic agents that 
induce ICLs. The induced DNA lesions lead to the rapid death of the 
cancer cells. In normal cells the DNA repair machinery is responsible for 
preventing mutagenesis and ultimately cancer formation by removal of 
altered DNA. Here, this is a highly desirable event. However, in the 
context of chemotherapy a highly active and efficient DNA repair can 
reduce the efficacy of the treatment [78–81]. Therefore, genetic poly-
morphisms in DNA repair genes, which were proven to affect the DNA 
repair efficacy [82,83], may determine the success of the chemotherapy. 
For this reason, the quantification of DNA adducts as biomarkers of 
exposure is a highly researched topic. Most studies focusing on the 
quantification and repair of adducts induced by crosslinking agents, 
such as CLB, were only detecting ICLs and were performed using indirect 
detection methods. With these methods, it was not the adduct itself that 
was detected, but rather the decrease in comet tail moment (modified 
alkaline comet assay [84–86]), the absence of a PCR product or the 
reactivation of reporter genes (host cell reactivation assay) of plasmids 
bearing a site-specific ICL [37,87,88], the formation of repair in-
termediates (e.g. DNA strand breaks) [89], or simply the sensitization of 
knockout cells to crosslinking agents [90–92]. Even methods that 
actually detect the specific adduct vary vastly in their sensitivity and 
accuracy, e.g. detection via antibodies in comparison to detection via 
MS. The detection using immunoassays is cheap and quick, but is often 
lacking specificity, whereas MS is considered the gold standard for 
adduct quantification [93–95]. But also the usage of MS in the quanti-
fication of crosslink adducts has its drawbacks. Due to the identical 
chemical structure and mass of ICLs and intrastrand crosslinks, no 
distinction between the two adducts can be made. However, ICLs are not 
the only and by far not the most abundant adducts formed upon mustard 
treatment. Only a limited number of studies have focused on the mon-
oalkylated DNA lesions, and therefore not much is known about their 
contribution to the cellular consequences of the treatment [58,59,96]. 
To allow for the simultaneous analysis of both mono- as well as 
bis-adducts, we developed in this study a dual method for the detection 
of the monoalkylated DNA adducts as well as the ICLs formed after 
treatment with CLB. Our strategy comprises (i) an MS method for the 
detection of the main monoalkylated DNA adducts and (ii) the auto-
mated rFADU assay that was developed in our lab for the direct and 
reliable detection of ICLs in the same samples. 

To enable quantification of the main DNA monoadducts formed after 
the treatment with CLB, isotopically-labeled (N7-CLB-Gua) as well as 
unlabeled standards (N7-CLB-Gua, N3-CLB-Ade) have been synthesized, 
characterized via product ion scan, and are now available for further 
studies. As biomarkers of exposure, the adducts formed can provide 
further insights into the cellular response of different cell types of 
various backgrounds (malignant or non-malignant) and are therefore 
important for predicting the treatment outcome of cancer patients 
receiving CLB as chemotherapeutic agent. These standards were used to 
successfully establish an MS-based detection method. Up to now, it is 
still a matter of debate which repair pathway is responsible for the repair 
of the main monoadducts formed after treatment with CLB. Therefore, a 
suitable, selective, and specific method was successfully established to 
detect differences between cell systems regarding the kinetics of for-
mation and removal of the aforementioned adducts. 

As the monoalkylated DNA adducts are the ones mostly formed 
(~95%), but not the most cytotoxic lesions [23,24,97], a detection 

method for the simultaneous monitoring of the ICLs was established by 
adjusting the automated rFADU method for the usage of adherent cells. 
This method proved to be highly sensitive for the detection of ICLs 
formed in human cell lines after the treatment with NMs. Based on these 
results, a statistically significant ICL-induction was detectable with 
treatment concentrations as low as 2.5 µM (HN2) and 100 µM (CLB), 
respectively, in HaCaT cells. Using this method, we were able to 
circumvent the problem of distinguishing ICLs from intrastrand cross-
links using an MS-based assay, because the detection of ICLs with the 
rFADU method relies solely on the fluorescent dye SYBR® Green, which 
binds preferably to double-stranded DNA and therefore to sequences 
that flank ICLs [98]. With these methods at hand, we were able to detect, 
with the highest precision and specificity, the main DNA-CLB adducts in 
different cellular systems. 

4.2. Cytotoxicity of CLB exposure 

To exclude that a reduction of the adducts in the time-course ex-
periments was due to preferential death of the cells in the population 
that are the most affected by the treatment, a sublethal treatment con-
centration for each cell type was determined. In our toxicity studies a 
clear trend regarding the sensitivity towards the treatment with CLB was 
visible. Of the six cell systems tested, the cytotoxicity increased in 
ascending order: RPE-1 < VH10 < podocytes < U2OS 
< A2780 < PBMC. Interestingly, the hTERT immortalized cell lines 
(RPE-1, VH10 and podocytes) showed a reduced sensitivity towards the 
treatment with CLB in comparison to the cancer cell lines (U2OS and 
A2780). The toxicity of a compound, besides the inherent toxic potential 
of the compound itself, depends highly on its toxicokinetics. As CLB 
enters the cells via passive diffusion, the cellular uptake of the substance 
is not responsible for the observed difference [99]. Crosslinking agents 
are supposed to be most toxic for fast replicating (cancer) cells, because 
of the DNA ICLs formed, which are an insurmountable obstacle for the 
replication machinery of the cell [100]. However, the doubling times of 
the cells investigated are in a similar range, except for the hTERT 
immortalized podocytes. According to the literature, the doubling times 
of hTERT immortalized RPE-1 cells vary from 14 to 24 h [101], whereas 
U2OS cells have a doubling time of approx. 22 h [102], and A2780 cells 
of 25 h [103]. The hTERT immortalized podocytes however, have a 
doubling time of 50 h [104]. Even though podocytes are the cells with 
the slowest proliferation rate, they were not the ones least affected by 
the treatment. Furthermore, PBMCs, which are generally resting, show 
the highest cytotoxicity after the treatment with CLB. Given the fact that 
the two smallest cell types of the tested cells were the most affected ones, 
and that CLB enters the cell via passive diffusion, the high sensitivity of 
A2780 cells and PBMCs towards the treatment with CLB might be due to 
the higher accessibility of the nucleus and therefore the DNA. All NMs 
are highly reactive and form adducts as soon as a nucleophile attacks the 
electrophilic intermediate (aziridinium ion) [4]. Therefore, more 
unreacted CLB can enter the nucleus if the compound has less encoun-
ters with proteins, etc in the cytosol, and more DNA adducts are formed 
as compared to cells with a larger cytosol and an increased size. 

4.3. Appropriate range of CLB concentrations 

For analyzing the kinetics of the formation and removal of the main 
adducts N7-CLB-Gua, N3-CLB-Ade and the ICLs formed in human cell 
lines and PBMCs, which were included because the DNA repair ma-
chinery might be altered in immortalized cell lines, the dose-response 
experiments performed were essential to determine a suitable treat-
ment concentration. The chosen treatment concentration had not only to 
be sublethal, but had to induce a detectable amount of adducts. As it is 
not known how many adducts are formed in the different cell types after 
treatment with a specific concentration of CLB, a concentration was 
selected that induced a significantly increased amount of adducts in 
comparison to the solvent control. For each cell type such a 
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concentration could be determined except for the detection of ICLs in 
PBMCs. No sublethal concentration was detected that induced a suffi-
cient amount of ICLs. It has to be noted that for the monoadduct 
detection, A2780 cells and PBMCs were the cell types where a lower 
concentration was sufficient to induce a level of adducts high enough to 
be detected via the MS in comparison to the other cell lines. This finding 
correlates with the detected higher sensitivity of these cell types in 
comparison to the hTERT immortalized cell lines and U2OS cells tested. 
Furthermore, nearly no difference could be detected in the induction of 
both monoadducts for each treatment concentration. 

4.4. Time course of DNA damage formation and removal 

With suitable treatment concentrations at hand, time-course exper-
iments were performed. We were able to detect cell specific differences 
in the removal of ICLs in the five cell lines tested. The time-course an-
alyses revealed a rapid increase in ICLs for all cell lines in the first 3–6 h 
after treatment, which is in line with earlier findings from Souliotis et al. 
[59]. The increase of the adducts for such a prolonged time might be due 
to the slower second reaction after the formation of a monoadduct 
[105]. Furthermore, as CLB is a lipophilic compound [99], the excess 
CLB might be stored in lipophilic compartments of the cell and released 
at later time-point. Subsequent to this initial increase, a significant 
reduction of the ICLs was confirmed in all cell types in the course of 51 h. 
However, in the hTERT immortalized VH10 and RPE-1 cells this 
reduction was very minor and only detectable after 51 h or 49.5 h. The 
third cell line immortalized with hTERT on the other hand, showed a 
clear and steady decrease in ICLs beginning at 21.5 h. Therefore, the ICL 
repair pathway seems to be more active in the podocytes compared to 
the RPE-1 and VH10 cells. As podocytes have very long doubling times 
compared to the other cell lines [104], some ICLs might also undergo 
repair via a replication-independent mechanism. The removal of ICLs in 
U2OS cells set in at a later time point compared to A2780 cells, which is 
also a cancer cell line. The ultimate reduction of the level of ICLs was, 
however, nearly identical. Taken together, the removal of ICLs was most 
efficient in the cancer cell lines U2OS and A2780. This phenomenon 
reinforces the hypothesis that DNA repair might be one factor causing 
the resistance of tumors to chemotherapeutic agents [66]. Interestingly, 
the hTERT immortalized podocytes also proved to be a suitable model 
system for researching the repair of ICL, as a clear removal of ICLs over 
time was detectable. However, a potential confounding effect of adduct 
dilution by cell proliferation has to be considered as a possible reason for 
the observed adduct reduction. 

The time-course analysis of the main monoadducts N7-CLB-Gua and 
N3-CLB-Ade in different cellular systems after treatment with sublethal 
concentrations of CLB revealed consistent differences in the removal of 
the N7-CLB-Gua adduct in comparison to the N3-CLB-Ade adduct. In all 
cell systems, except for the A2780 cells, the levels of both adducts were 
very similar in the first 3 h. However, after the initial increase, the 
reduction of the N7-CLB-Gua signal was detectably slower than the 
reduction of the N3-CLB-Ade adduct. We had observed a similar effect in 
a previous study, where sulfur mustard, which is a structural analogue of 
HN2, was used to treat PBMCs [64]. Therefore, this phenomenon seems 
to be highly conserved throughout the class of sulfur mustards as well as 
NMs. Since both monoadducts are thought to be repaired via the same 
repair pathway, either the NER [54] or the BER pathway [53,56], a 
slower repair of one of the adducts seems not to be responsible for this 
difference. Furthermore, a preferential depurination of the adenine 
adduct and therefore a faster adduct removal can also be excluded, as 
guanine is known to have a 1.5 higher depurination rate than adenine 
[106,107]. One reason, however, could be faster recognition of the 
N3-CLB-Ade adduct, but this hypothesis has to be further examined in 
future studies. In comparison to ICLs formed after the treatment with 
CLB, the removal of the monoadducts was significantly faster in most 
cell systems tested (< 30 h), which was expected as ICL repair is far more 
complex and more factors are involved in this repair pathway than in the 

NER or the BER. Beside the preferential removal of N3-CLB-Ade, cell 
specific differences in removal of both adducts were detected. In RPE-1 
cells, U2OS cells and in podocytes, no significant removal of the 
N7-CLB-Gua adduct was detected, whereas a reduction of the adduct 
was observed in PBMCs, but only after 50 h of incubation. Also in VH10 
and A2780 cells adduct removal was observed. Interestingly, in all cell 
systems except for the RPE-1 cells, a significant reduction of the 
N3-CLB-Ade level was detected. Even though RPE-1 cells are the cells 
with slowest removal rate of CLB-induced ICLs or monoadducts, the 
displayed cytotoxicity after the treatment was the lowest out of all cell 
systems in this study. Furthermore, in A2780 cells, which were showing 
the highest removal rates of all adducts, the treatment induced a high 
level of toxicity. Actually, with a more effective repair, the toxicity 
should be reduced in comparison to cell lines not showing any repair. In 
this study however, we had a different outcome. One reason for the 
observed toxicity might be an error-prone repair of the adducts, which 
would lead to a higher toxicity of the treatment in cells with a higher 
rate of adduct repair. As the repair of the CLB-induced monoadducts is 
still not fully understood, more studies have to be conducted in order to 
prove this hypothesis. 

4.5. Preferential cell death and cell proliferation as possible confounding 
factors 

The detection of the removal of DNA adducts in a cellular system can 
have three different underlying mechanisms: First, the preferential 
death of the cells with the most adducts. Second, the dilution of the 
adduct levels by the preferential proliferation of cells with a very low 
number of adducts [108], and third, genuine repair. By using only 
sublethal concentrations in this study, the removal of adducts due to 
selective cell death could be excluded. Furthermore, the effect of a 
dilutive cell proliferation was excluded in PBMCs as they are 
non-proliferative cells. In this cell system, the removal of the mono-
addcuts detected indeed accounts for genuine repair. In the case of the 
other cell types tested, the dilution effect of proliferation had to be 
excluded as the tested cells were all immortalized. The results of the 
proliferation assay (CFSE dilution assay) indicated only a low division 
rate in all cell lines. When compared to the level of adduct removal 
neither a reduction in survival rate, nor an increase in cells after division 
could account for the detected removal. We were therefore able to 
successfully detect genuine DNA repair of ICLs in the cancer cell lines 
A2780, U2OS, and in the hTERT immortalized RPE-1 cells, VH10 cells 
and podocytes as well as the repair of the main monoadducts 
(N7-CLB-Gua, N3-CLB-Ade) in A2780, VH10 cells and PBMCs. In U2OS 
cells and in podocytes, no repair of N7-CLB-Gua, but only the repair of 
N3-CLB-Ade was observed, whereas in RPE-1 cells no monoadduct 
repair was detected. Taken together, we were able to detect cell specific 
differences in the repair of the main adducts formed after treatment with 
CLB. Furthermore, the repair process was very slow, which led to a long 
adduct persistence. 

5. Conclusion 

In conclusion, we have demonstrated that upon CLB treatment, the 
cytotoxicity profiles reveal notable differences between the six cell 
systems tested. Furthermore, both main monofunctional adducts formed 
(N7-CLB-Gua and N3-CLB-Ade) were readily detected by MS at subtoxic 
concentrations, whereas ICLs were detected in all cell systems at sub-
toxic concentrations except for PBMCs. In almost all cell systems stud-
ied, a time-dependent decrease of the two monoadducts and the ICLs 
could be detected. In addition, we have shown that the decrease over 
time not only differed between the two monoadducts N7-CLB-Gua and 
N3-CLB-Ade, but was also dependent on the cell system tested. Taken 
together, these methods are powerful tools to study the toxicokinetics, 
toxicodynamics, and molecular mechanisms of NM-induced DNA dam-
age and repair. Based on this methodological platform, providing 
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specific and precise readouts, genetic studies are now possible to iden-
tify molecular targets for therapeutic interventions in CLB-resistant tu-
mors. Such genetic studies will include a screening of the DNA repair 
factors responsible for the removal of the DNA lesions induced by CLB 
using siRNA-induced knockdown or CRISPR/Cas9 mediated gene 
disruption. For the identification of, e.g., the repair pathway(s) 
responsible for the removal of the monoadducts, genes encoding pro-
teins in the NER pathway or in the BER pathway will be preferred tar-
gets. The genetically modified cells will then be treated with optimal 
concentrations of CLB (as reported in the present paper), and any 
changes in the repair kinetics will be detected using the mass spectro-
metric platform we established. When the relevant repair factors are 
identified, the expression of the respective genes of the cell lines 
showing differences in the repair kinetics of the adducts will be 
analyzed. If it is possible to confirm differences in the expression level of 
these genes, clinical samples, e.g., tumor biopsies, can then be analyzed 
for the gene expression of the same factors in order to verify if CLB 
resistance can be correlated with DNA repair gene expression in primary 
human tumor cells. If the latter were the case it would represent a first 
step towards unravelling the resistance mechanism of the respective 
tumor. 
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