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Abstract
DNA repair plays an essential role in maintaining genomic stability, and can be assessed by various comet assay-based 
approaches, including the cellular repair assay and the in vitro repair assay. In the cellular repair assay, cells are challenged 
with a DNA-damaging compound and DNA damage removal over time is assessed. In the in vitro repair assay, an early 
step in the repair process is assessed as the ability of a cellular extract to recognize and incise damaged DNA in substrate 
nucleoids from cells treated with a DNA-damaging compound. Our direct comparison of both assays in eight cell lines and 
human peripheral blood lymphocytes indicated no significant relationship between these DNA repair assays (R2 = 0.084, 
P = 0.52). The DNA incision activity of test cells measured with the in vitro repair assay correlated with the background 
level of DNA damage in the untreated test cells (R2 = 0.621, P = 0.012). When extracts were prepared from cells exposed to 
DNA-damaging agents (10 mM  KBrO3 or 1 µM Ro 19–8022 plus light), the incision activity was significantly increased, 
which is in line with the notion that base excision repair is inducible. The data presented suggest that the two assays do not 
measure the same endpoint of DNA repair and should be considered as complementary.
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Introduction

The comet assay (also known as single-cell gel electropho-
resis) is a simple assay used for detecting DNA damage and 
DNA repair (Møller et al. 2020; Vodenkova et al. 2020). 
The assay is most often used to detect DNA damage but 
was initially developed to study the repair of ionizing radia-
tion-induced strand breaks over time (Ostling and Johanson 
1984; Singh et al. 1988). Among later developments of the 
assay, the cellular repair assay, or challenge assay, has been 

useful in monitoring the removal of damage with time, giv-
ing information about the overall process of repair, i.e., up 
to and including ligation. Apart from strand break rejoin-
ing, this approach can be applied to study the removal of 
altered bases via base excision repair (BER), by including 
digestion with a lesion-specific enzyme such as endonucle-
ase III (Endo III) or formamidopyrimidine DNA glycosylase 
(Fpg) (Collins 2017; Gielazyn et al. 2003). BER is a com-
plex multistep process, which includes (i) removal of the 
damaged base by a specific glycosylase that cleaves the bond 
between the base and the deoxyribose creating an apurinic 
or apyrimidinic site (AP site); (ii) cleavage of the DNA at 
the AP site by an AP endonuclease; (iii) ‘cleaning’ of the 
gap by the 5’ to 3’ exonuclease activity of DNA polymerase, 
followed by insertion of the correct nucleotide(s) using the 
complementary strand as a template; and (iv) sealing of the 
gap by DNA ligase (Krokan and Bjørås 2013). The cellular 
repair assay reflects the complete repair process; however, 
it is not ideal as a biomarker assay as it requires incubation 
of freshly isolated cells (Duthie et al. 2002), and human 
biomonitoring samples are often frozen. An alternative assay 
was developed in which extracts are made from unexposed 
test cells. Nucleoids prepared from substrate cells are then 
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treated with the cell extract, and its DNA repair activity is 
estimated from incisions producing DNA breaks detected 
in the comet assay. Repair of DNA damage caused by dif-
ferent agents can be quantified with this method (Collins 
et al. 1994, 1995, 2001; Collins 2014; Langie et al. 2011; 
Vodenkova et al. 2020). The first application of the in vitro 
repair assay measured BER activity of human cell extracts 
(Collins et al. 1994). Later, nucleotide excision repair (NER) 
was measured by the same approach (Langie et al. 2006). 
The assay was applied in clinical and biomonitoring set-
tings. For instance, 70 pairs of colorectal carcinoma and 
adjacent healthy tissues were assessed for BER and NER 
activity; the assay proved to be suitable for high-throughput 
screening (Slyskova et al. 2012). In another example, Stoy-
anova and co-workers tested the recognition and incision of 
8-oxoguanine by cell extracts from lymphocytes to obtain 
information on DNA repair in chronic renal failure patients 
undergoing hemodialysis (Stoyanova et al. 2014). In a nutri-
tional intervention study with healthy subjects, BER activity 
was increased by consumption of kiwifruit as a supplement 
to their daily diet (without any increase in levels of OGG1 
or APE1 mRNA) (Collins et al. 2003). A larger nutritional 
study proposed that the positive heath effect of fruit intake 
could increase the base and nucleotide excision repair ability 
(Slyskova et al. 2014).

Although the cellular repair assay and the in vitro repair 
assay have both been used to assess DNA repair in clinical 
and molecular epidemiological settings, a direct comparison 
of both approaches has never been performed and it is not 
clear whether they are directly comparable. We, therefore, 
made a study of both approaches in eight cell lines and in 
peripheral blood mononuclear cells (PBMCs).

Materials and methods

Chemicals

Chemicals and reagents used for the in vitro repair assay 
were purchased from Sigma Aldrich (Heidelberg, Germany); 
culture medium and reagents for cell culture were purchased 
from Biowest AS. Lymphoprep was purchased from Frese-
nius Kabi Norge As. Trypan blue solution 0.4% was pur-
chased from Gibco Company (Thermo Fisher Scientific).

Cells

PBMCs were isolated from venous blood collected in vacu-
tainer tubes with EDTA as anticoagulant from five non-
smoking, healthy volunteers (25–35 years, two men and 
three women) under ethical committee approval. The blood 

sample was diluted in a 15 ml plastic tube at a volume ratio 
of 1:1 with sterile PBS, underlayed with the same volume of 
Lymphoprep, and centrifuged at 250 × g for 30 min at 4 °C 
with the brake off. PBMCs were isolated from the interface 
between PBS and Lymphoprep, washed with PBS, centri-
fuged (250 × g, 5 min at 4 °C), and resuspended in 1 ml ster-
ile PBS.

The following eight cell lines were also used in these 
experiments: MCF-7 (human breast cancer cell line), LNCaP 
(human prostate adenocarcinoma cell line), TK-6 (human 
lymphoblastoid cell line), HepG2 (human hepatocellular 
carcinoma cell line), V79-4 (Chinese hamster lung fibro-
blast cell line), Caco2 (human colorectal adenocarcinoma 
cell line), HeLa cells (human cervical cell line), and LLC-
PK1 (porcine kidney cell line); We selected these cell lines, 
because we used them in a previous publication (Zheng 
et al. 2023). Moreover, the various cell lines will have a 
range of BER activity which improves the comparison of 
the approaches to assess repair. Lastly, these cell lines are 
widely used in biomedical research. All cells were grown 
in appropriate medium according to the protocol provided 
by the ATCC; they were incubated at 37 °C in a humidified 
incubator with a 5%  CO2 atmosphere.

Designation of cells

For clarity, throughout this paper, the cells providing the 
substrate nucleoids are referred to as ‘substrate cells’, and 
the cells from which extracts are prepared are referred to as 
‘test cells’ (Fig. 1).

Exposure of cells to Ro 19–8022 plus light or to KBrO3

PBMCs and TK-6 cells were suspended in RMPI-1640 with 
10% fetal bovine serum and placed in Petri dishes at a con-
centration of 2.5 ×  105 cells/ml. 1 ml of cell suspension was 
used as control, and the remaining cells in the Petri dish 
were placed on ice and subsequently treated by adding pho-
tosensitizer Ro 19–8022 (a gift from F. Hoffmann-La Roche) 
at 1 µM and exposing to visible light (33 cm from a 500 W 
tungsten halogen source) for 5 min. Alternatively, cells were 
incubated with 10 mM  KBrO3 in appropriate cell medium 
for 1 h at 37 °C. After treatment, cells were washed with 
PBS, centrifuged (250 × g, 5 min at 4 °C), and resuspended 
in 1 ml sterile PBS.

Adherent cells were seeded into 24–well plates and 
allowed to grow to 70–85% confluence. Samples were 
treated with  KBrO3 or incubated with Ro 19–8022 plus 
light as above. After treatment, cells were detached with 
trypsin–EDTA, washed with PBS, centrifuged (250 × g, 
5 min at 4 °C) and resuspended in 1 ml sterile PBS.
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Cytotoxicity test

Trypan blue tests (Strober 2015) were conducted in paral-
lel with the comet assay to assess cytotoxicity before and 
after exposure to  KBrO3 or to Ro 19–8022 plus light. In 
all cases, viability was higher than 85%.

Comet assay for strand breaks

The protocol of Collins (Collins et al. 2023) was applied 
with minor modifications. Cell suspensions were mixed 
with 0.7% low-melting-point agarose (LMPA) for the prep-
aration of gels. After solidification, the embedded cells 
were lysed at 4 °C overnight (lysis solution: 2.5 M NaCl, 
100 mM EDTA-Na2, 10 mM Tris base, pH 10 and 1% Tri-
ton X-100 added just before use). Slides were then placed 
in alkaline electrophoresis solution (0.3 M NaOH, 1 mM 
EDTA-Na2, pH > 12) for 20 min at 4 °C for unwinding 
and then electrophoresed in the same solution for 20 min 
at a voltage gradient of 0.8 V/cm across the platform in a 
horizontal electrophoresis chamber (Bio-Rad, Richmond, 
CA, USA). Finally, the slides were rinsed once with cold 
PBS (1 × , pH = 7.4), twice washed in cold distilled water 
and left to dry. After drying, slides were stained with 1 µM 
SYBR™ Gold for 30 min in the dark and then rinsed twice 
in distilled water.

The semi-automated image analysis system (Comet Assay 
IV; Perceptive Instruments) was used to evaluate 50 comets 

per gel. The percentage of DNA in the tail (% tDNA) was 
the descriptor used, and the median value of % tDNA from 
100 comets was used to measure DNA damage for each 
condition.

Fpg‑modified comet assay

Fpg was produced by Norgenotech AS, Norway, and 
was the same enzyme (made in one batch) as used by 
the European Comet Assay Validation Group (ECVAG) 
(Godschalk et al. 2013). Aliquots were diluted tenfold with 
Fpg reaction buffer (40 mM HEPES, 0.1 M KCl, 0.5 mM 
EDTA-Na2, 0.2 mg/mL BSA, pH = 8) with the addition of 
10% glycerol), and stored at – 80 °C. For each experiment, 
an aliquot was diluted with 30 ml of Fpg reaction buffer, 
reaching a final dilution of 60,000 times from the original 
crude preparation (0.5 µg/ml total protein). For enzyme 
treatments, the slides were washed with the enzyme reac-
tion buffer three times after lysis, for 5 min each at 4 °C. 
The slides were then placed on a plastic rack, 50 µl Fpg 
solution or the Fpg reaction buffer (controls) was added to 
each gel, and a 22 × 22 mm coverslip was placed on top. 
Then the rack was transferred to a pre-heated moist box 
and placed in an incubator for 1 h at 37 °C. After incu-
bation, the slides were placed at 4 °C in a cold room to 
terminate the Fpg reaction. The coverslips were removed, 
and all slides were transferred to the electrophoresis tank; 
subsequent steps were as for the standard comet assay for 
strand breaks. Net Fpg-sensitive sites were estimated by 

Fig. 1  Principle of the two comet assay-based approaches to meas-
ure DNA repair. A Cellular repair assay: cells are exposed to DNA-
damaging compounds (e.g.,  KBrO3 or Ro19-8022 plus light). During 
subsequent repair incubation, DNA damage is measured with the Fpg 
comet assay at various time points after exposure to monitor DNA 
damage removal. B In vitro repair assay: extracts are made from test 
cells. The DNA repair activity of the extracts is measured by incuba-

tion with gel-embedded substrate nucleoids containing large amounts 
of DNA damage, resulting from prior exposure to  KBrO3 or Ro19-
8022 plus light. DNA repair enzymes in the test cell extracts recog-
nize and incise the damaged sites, leading to DNA strand breaks. 
Subsequent electrophoresis leads to migration of DNA and higher % 
tDNA is indicative of more repair
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subtracting % tDNA for buffer incubation from % tDNA 
for Fpg incubation.

In vitro repair assay

Preparation of test cell extracts

The protocol of Vodenkova et al. (2020) was applied. Sam-
ples of all cell types, without any genotoxic treatment, were 
centrifuged at 250 × g for 5 min at 4 °C. The supernatant was 
removed, and the pellet was washed with PBS, resuspended 
once more in cold PBS, and centrifuged at 2,000 × g for 
5 min at 4 °C. The supernatants were removed as much as 
possible and discarded. 50 µl of extraction buffer A (45 mM 
HEPES, 0.4 M KCl, 1 mM EDTA-Na2, 0.1 mM DTT, 10% 
(vol/vol) glycerol, adjusted to pH = 7.8 using 6 M KOH) was 
added to each pellet of 5 ×  106 cells on ice. Samples were 
vortexed vigorously, snap-frozen in liquid nitrogen and then 
immediately thawed again. To each 50 µL aliquot, 15 µL of 
buffer A/1% Triton® X—100 was added and vortexed for 5 s 
and left for 10 min on ice. Finally, samples were centrifuged 
at 15,000 × g for 5 min at 4 °C to remove cell debris. The 
supernatant was collected in a new microtube and stored at 
–80 °C. For the experiment to test BER inducibility, three 
cell types (MCF-7, HepG2, and TK-6) were incubated with 
10 mM  KBrO3 for 1 h or treated with 1 µM Ro 19–8022 plus 
light for 5 min, before making test cell extracts following the 
same protocol.

Preparation of nucleoid substrates

Near-confluent cultures of TK-6 cells were incubated for 1 h 
with 10 mM  KBrO3 or treated with 1 μM Ro 19–8022 plus 
light, to induce 8-oxoguanine as the substrate for BER. Half 
of the cells from each culture were suspended in freezing 
medium and stored at –80 °C, and the remainder were used 
immediately as fresh substrates; fresh substrates were used 
for the subsequent experiments.

Repair incubation

Nucleoid substrates (non-exposed and exposed) embedded in 
agarose, were incubated with reaction buffer only (controls) 
or with test cell extracts in reaction buffer as described above 
(50 µl on each gel); 22 × 22 mm coverslips were placed on 
top and the rack was transferred to a pre-warmed moist box 
and placed in an incubator for 1 h in 37 °C. Subsequent steps 
were the same as for the Fpg-modified comet assay for DNA 
damage (oxidized bases).

Data analysis

Statistical analysis was conducted using IBM SPSS Statis-
tics 21.0 and Excel 2021. The normality distribution of the 
experimental results was tested by the Kolmogorov–Smirnov 
test, followed by ANOVA with Dunnett's post hoc test for 
differences between groups. If the data did not fit normal 
distribution, the Whitney U test was used. All statistical tests 
were conducted at a 95% confidence level.

Results

In vitro repair activity of test cell extracts 
from different cell lines

The various cell lines were chosen under the assumption 
that they would vary in their in vitro DNA repair activity 
(The same cell lines (V79-4, LNCaP, LLC-PK1, MCF-7, 
HepG2, TK-6, Caco2, HeLa) used in the preliminary experi-
ment, which vary in their in vitro DNA repair activity, the 
data have been included into Fig. 2). Indeed, DNA incision 
activities of the test cell extracts (expressed as increase in net 
% tDNA after incubation for 60 min) varied from < 20% in 

Fig. 2  Incision activities of different test cell extracts on fresh sub-
strate nucleoids from cells exposed to  KBrO3 or to Ro 19–8022 plus 
light. a Mean values of three independent experiments (± SD indi-
cated by error bars); b correlation between the incision activities 
shown in a (R2 = 0.829, P < 0.001)
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TK-6 cells and PBMCs, to > 80% in LNCaP cells (Fig. 2a). 
The same dilutions of the various test cell extracts were 
used, and substrate cells were always TK-6. Similar rela-
tive incision activities of the test cell extracts were found 
whether the substrate cells were treated with 10 mM  KBrO3, 
or with 1 µM Ro 19–8022 plus light (Fig. 2a). There was a 
significant correlation between incision activities of the nine 
test cell types with the two damaging agents (R2 = 0.829, 
P < 0.001) (Fig.  2b). We observed a strong correlation 
between DNA repair activity of the extracts on treated TK-6 
cells, and the DNA damage in the corresponding (unex-
posed) test cells (R2 = 0.723, P < 0.05; R2 = 0.741, P < 0.05, 
for  KBrO3 and Ro 19–8022 plus light, respectively) (Fig. 3). 
This suggests that the background damage in itself has a 
positive effect on higher DNA repair activity.

Cellular repair in different cell lines after exposure 
to KBrO3, or to Ro 19–8022 plus light

We previously studied (Zheng et al. 2023) cellular repair 
in the same cell lines (V79-4, LNCaP, LLC-PK1, MCF-7, 
HepG2, TK-6, Caco2, HeLa) and PBMCs, treating them 

with either  KBrO3 or with Ro 19–8022 plus light and esti-
mating repair rate as the half-time for removal of damage. 
Data from these experiments were used in this paper to 
make the comparison of repair rates between the cellular 
and in vitro repair assays.

Direct comparison between cellular repair and in vitro 
repair assays

For the cellular repair assay, cells were treated with  KBrO3 
or with Ro 19–8022 plus light and the removal of lesions 
during repair incubation was followed with time and is rep-
resented by t 1/2 (Fig. 4 y-axis). For the in vitro repair assay, 
test cell extracts were incubated with substrate nucleoids 
from TK-6 cells that had been treated with either  KBrO3 
or with Ro 19–8022 plus light; incision (Fig. 4 x-axis) is 
expressed as increase in % tDNA after 1 h incubation. A 
high value of  t1/2 (cellular repair assay) means slow repair, 

Fig. 3  Correlation between incision activities in extracts from the 
different test cells, and the background damage in the correspond-
ing (unexposed) cells. a Substrate cells exposed to  KBrO3 (10 mM, 
1 h) (R2 = 0.723, P < 0.05). b Substrate cells exposed to Ro 19–8022 
(1 µM) plus light (R2 = 0.741, P < 0.05)

Fig. 4  Correlations between rates of repair estimated by means of the 
two different assays. Half-life (t 1/2) estimated with the cellular repair 
assay (y-axis), and incision activity (increase in % tDNA) estimated 
with the in vitro repair assay (x-axis). Cells for cellular assay or sub-
strate cells for in vitro assay were treated with (a)  KBrO3 for 1 h; or 
(b) Ro 19–8022 plus light for 5 min. Data for cellular repair are taken 
from our last publication (Zheng et al. 2023), but these two graphs in 
Fig. 4 are original
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while a high in vitro incision rate means fast repair. No sig-
nificant correlation was found between incision rate (in vitro 
repair assay) and t 1/2 (cellular repair assay).

One important difference between the two assays is that 
cells are challenged with a genotoxicant in the cellular repair 
assay, whereas in the in vitro repair assay, the test cells (from 
which the repair extracts are made) are normally not addi-
tionally exposed. Therefore, the discrepancy between the 
two approaches might be explained by an effect of expo-
sure to a DNA-damaging compound on at least the initial 
steps of BER. To test this hypothesis, we exposed batches 
of three cell types (MCF-7, HepG2, and TK-6) to  KBrO3 or 
to Ro 19–8022 plus light, before preparing test cell extracts 
to be used in the in vitro repair assay. Indeed, the incision 
activity on TK-6 substrate nucleoids of the extracts from 
the pre-exposed test cells increased significantly, compared 
with the incision activity of extracts from unexposed test 
cells (P < 0.05) (Fig. 5). This was evident for pretreatments 
with both  KBrO3 and with Ro 19–8022 plus light. There 
was no correlation between incision rates of extracts from 
unexposed test cells, and incision rates in extracts pre-
pared from test cells exposed to  KBrO3 or to Ro 19–8022 
plus light (R2 = 0.11, P = 0.942 and R2 = 0.069, P = 0.569; 
respectively).

Discussion

Various comet assay-based methods have been developed 
over the years to assess DNA repair activity. These meth-
ods have received attention because of their simplicity, low 
costs, and speed. The two approaches mostly used so far, 
and examined in the present study, comprise the cellular 
repair assay (a.k.a. challenge assay), and the in vitro repair 
assay that assesses the ability of test cell extracts to incise 
damaged DNA in substrate nucleoids. During the process 
of repair of DNA damage via BER, transient strand breaks 
and alkali labile sites are formed that can be detected by 
the comet assay (Collins and Azqueta 2014). In the in vitro 
repair process, incision (measured with the comet assay) is 
the endpoint, but in the cellular repair assay, the complete 
repair process, up to re-synthesis and ligation, is measured. 
The two assays, therefore, measure different endpoints, and 
there will not necessarily be a correlation when comparing 
these approaches in different cell types.

Although both assays have been considered to assess 
DNA repair activity, they were never directly compared 
to assess whether they give similar ranking of DNA repair 
activities for diverse cell types. Here we show that these two 
methods indeed do not correlate, and we suggest that this is 

Fig. 5  Incision in substrate nucleoids by extracts prepared from unex-
posed test cells or test cells exposed to  KBrO3 (10 mM, 1 h) or to Ro 
19–8022 (1 µM) plus light. The exposure status is indicated for each 
cell type in the lower lines of the figure, for both the substrate cells 
and the three different cell types used as source for repair extracts 
(from left to right, MCF-7, HepG2, and TK-6). Data are shown as 
mean values of three independent experiments (± SD indicated by 

error bars). Significantly different incision (by extracts from unex-
posed vs. exposed test cells) in substrate nucleoids (unexposed or 
exposed) is indicated by * (P ≤ 0.05). (Statistical significance was 
determined by comparing the values of % tDNA for each condition to 
the background level of the unexposed substrate (unexposed substrate 
treated with test cell extracts from unexposed cells.))
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due to the fact that they reflect different aspects of the com-
plex multistep process of BER. We expected that the in vitro 
repair assay will only reflect the initial phases of BER (steps 
1 and 2 as described in the Introduction), whereas the cel-
lular repair assay reflects all four phases. However, DNA 
damage recognition and incision is considered to be the 
rate-limiting step in BER, and so it was expected that the 
results of both assays might still correlate. A more impor-
tant difference between the two approaches is that cells 
need to be exposed to a DNA-damaging compound in the 
cellular repair assay, which can theoretically induce DNA 
repair activity, whereas cells whose extract is to be tested in 
the in vitro assay are not normally exposed to a genotoxin. 
In fact, exposure can change BER activity, as was shown 
before for various types of DNA lesions that are repaired 
by BER (Kassam and Rainbow 2008; Vidal et al. 2020; 
Vidal et al. 2018). We confirm here that incision of dam-
aged DNA by cellular extracts is increased after exposure to 
the DNA-damaging compounds  KBrO3 or Ro19-8022 plus 
light, both inducing DNA base oxidations. The underlying 
mechanism of this increased DNA repair activity after expo-
sure to DNA-damaging compounds is not yet fully under-
stood. In the case of exposure of test cells to Ro19-8022 plus 
light, the incision activity on damaged DNA in the in vitro 
repair assay was already increased after ~ 5 min of exposure 
in HepG2, TK-6, and MCF-7 cells. We previously showed 
that the induction of DNA repair after exposure to a DNA-
damaging compound may be altered by the PI3K inhibitor 
3-methyladenine (Schaaf et al. 2015), suggesting that the 
PI3K pathway may act as DNA damage sensor. These results 
indicate that the induction of BER after exposure to DNA-
damaging compounds is relatively fast (within minutes) and 
is likely to involve activation of existing DNA repair proteins 
via DNA damage signaling, rather than the production of 
new DNA repair proteins via transcription and translation. 
We also showed recently that the induction of DNA repair 
may be different between cell lines and may depend on the 
amount of DNA damage that is present (Zheng et al. 2023). 
The repair activity assessed by the in vitro repair assay posi-
tively related to the background damage in the same cells. 
This suggests that the amount of ‘background’ DNA damage 
may also be a determinant for repair activity even without 
additional induction of damage by an external trigger.

Induction of DNA repair is thought to be the underlying 
mechanism of an adaptive response, and some studies have 
indicated that there may be cross-resistance; thus, expo-
sure to one compound may improve the protection against 
another DNA-damaging compound. With the present 
in vitro repair assay, an increased incision rate of extracts 
from test cells whose DNA contained high levels of DNA 
oxidation damage was observed, indeed suggesting induc-
tion of DNA repair. Interestingly, also the incision of 
‘undamaged’ control DNA was increased in extracts from 

MCF-7 cells but not in extracts from TK-6 or HepG-2 
cells. This may reflect cross-resistance in which the DNA 
repair processes that are increased in MCF-7 cells may 
additionally recognize other (endogenous) lesions that are 
always present in DNA. However, this needs confirmation 
in additional studies, because the increase in ‘background’ 
incisions may also be caused by other processes leading 
to breaks or alkali labile sites. For instance, DNA breaks 
can be introduced by topoisomerases after oxidative stress 
(Li et al. 1999) or exposure may lead to the activation of 
endonucleases and caspases in the test cell extracts.

In conclusion, DNA repair is an important biomarker 
in clinical settings for predicting treatment outcomes, in 
human biomonitoring studies to understand inter-individ-
ual variation in levels of DNA damage and subsequent 
cancer risk, but also in experimental/mechanistic stud-
ies. The comet assay is easy to perform in such settings 
and actually both approaches used here have been applied 
previously although they have not been compared until 
now. In a recent analysis by the hComet consortium, 
data from DNA repair studies were pooled to investigate 
host factors that determine individual DNA repair abil-
ity (Azqueta et al. 2019). All of the studies in the pooled 
analysis used the in vitro repair assay, which is fortunate 
because we show here that comparing data from different 
comet assay-based approaches may actually not be valid. 
As demonstrated in the present study, result from the two 
assays does not correlate, probably because they measure 
different endpoints reflecting two different parts of the 
cellular DNA repair response. The in vitro repair assay 
seems to reflect the ongoing repair activity in the cells 
at the time the cells were collected, whereas the cellular 
challenge assay reflects the inducibility of DNA repair. 
Therefore, the assays should be seen as complementary, 
reflecting different phases in the complexity of the DNA 
repair response to protect genomic stability.

Acknowledgements We would like to thank Kristine Bjerve and Ann-
Karin Hardie Olsen for providing some cell lines as a gift, and Didrik 
Sandanger for maintaining the comet assay system.

Authors' contributions Roger Godschalk, Andrew Collins, Frederik-
Jan Van Schooten, and Sergey Shaposhnikov conceived the project; 
Roger Godschalk, Andrew Collins, Gunnar Brunborg, Florin Oancea, 
and Sergey Shaposhnikov critically assessed the results and the manu-
script; Congying Zheng, Andrew Collins, and Sergey Shaposhnikov 
designed in vitro toxicity experiments, which were performed by Cong-
ying Zheng. Congying Zheng wrote the manuscript with input from the 
other authors; Congying Zheng performed the statistical analysis. All 
authors read and approved the final submitted manuscript.

Funding The work was supported by following grants: the European 
Union's Horizon 2020 research and innovation training networks (ITN, 
address, Marie-Skłodowska-Curie grant agreement no.812829); TEP-
CAN project granted in the program “Applied research” under the 
Norwegian Financial Mechanisms 2014–2021/POLNOR 2019 (EEA 
and Norway Grants), and by STIM4 + project granted in the program 



2280 Archives of Toxicology (2023) 97:2273–2281

1 3

“Applied research” under the Norwegian Financial Mechanisms 2014–
2021, Contract No. 14/2020, Project RO-NO-2019–0540. The funding 
agencies were not involved in the design of the study or the collection, 
analysis, and interpretation of data, neither in writing the manuscript.

Availability of data and materials All data generated or analyzed during 
this study are included in this published article.

Declarations 

Conflicts of interest The authors declare that they have no competing 
interest.

Ethics approval The manuscript does not contain clinical studies or 
patient data.

Consent to participate The manuscript does not contain clinical stud-
ies or patient data.

Consent for publication Not applicable.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Azqueta A, Langie SAS, Boutet-Robinet E, Duthie S, Ladeira C, 
Møller P et al (2019) DNA repair as a human biomonitoring tool: 
comet assay approaches. Mutat Res Rev Mutat Res 781:71–87. 
https:// doi. org/ 10. 1016/j. mrrev. 2019. 03. 002

Collins AR (2014) Measuring oxidative damage to DNA and its 
repair with the comet assay. Biochim Biophys Acta Gen Sub 
1840(2):794–800. https:// doi. org/ 10. 1016/j. bbagen. 2013. 04. 022

Collins AR (2017) The use of bacterial repair endonucleases in the 
comet assay. Methods Mol Biol 1641:173–184. https:// doi. org/ 
10. 1007/ 978-1- 4939- 7172-5_9

Collins AR, Azqueta A (2014) Methods for measuring DNA repair: 
introduction and cellular repair. Genotoxicity DNA Repair 
2014:365–376. https:// doi. org/ 10. 1007/ 978-1- 4939- 1068-7_ 21

Collins AR, Fleming IM, Gedik CM (1994) In vitro repair of oxida-
tive and ultraviolet-induced DNA damage in supercoiled nucleoid 
DNA by human cell extract. BBA - Gene Structure and Expres-
sion 1219(3):724–727. https:// doi. org/ 10. 1016/ 0167- 4781(94) 
90236-4

Collins AR, Ai-guo M, Duthie SJ (1995) The kinetics of repair of 
oxidative DNA damage (strand breaks and oxidised pyrimidines) 
in human cells. Mutation Research/DNA Repair. 336(1):69–77. 
https:// doi. org/ 10. 1016/ 0921- 8777(94) 00043-6

Collins AR, Dušinská M, Horváthová E, Munro E, Savio M, Stětina 
R (2001) Inter-individual differences in repair of DNA base 
oxidation, measured in vitro with the comet assay. Mutagenesis 
16(4):297–301. https:// doi. org/ 10. 1093/ mutage/ 16.4. 297

Collins AR, Harrington V, Drew J, Melvin R (2003) Nutritional modu-
lation of DNA repair in a human intervention study. Carcinogen-
esis 24(3):511–515. https:// doi. org/ 10. 1093/ carcin/ 24.3. 511

Collins AR, Møller P, Gajski G, Vodenková S, Abdulwahed A, Ander-
son D et al (2023) Measuring DNA modifications with the comet 
assay: a compendium of protocols. Nat Protocol 18(3):929–989. 
https:// doi. org/ 10. 1038/ s41596- 022- 00754-y

Duthie SJ, Pirie L, Jenkinson AME, Narayanan S (2002) Cryopreserved 
versus freshly isolated lymphocytes in human biomonitoring: 
Endogenous and induced DNA damage, antioxidant status and 
repair capability. Mutagenesis 17(3):211–214. https:// doi. org/ 10. 
1093/ mutage/ 17.3. 211

Gielazyn ML, Ringwood AH, Piegorsch WW, Stancyk SE (2003) 
Detection of oxidative DNA damage in isolated marine bivalve 
hemocytes using the comet assay and formamidopyrimidine 
glycosylase (Fpg). Mutat Res Genet Toxicol Environ Mutagen 
542(1–2):15–22. https:// doi. org/ 10. 1016/j. mrgen tox. 2003. 07. 010

Godschalk RWL, Ersson C, Riso P, Porrini M, Langie SAS, van 
Schooten FJ et al (2013) DNA-repair measurements by use of the 
modified comet assay: An inter-laboratory comparison within the 
European Comet Assay Validation Group (ECVAG). Mutat Res 
Genet Toxicol Environ Mutagen 757(1):60–67. https:// doi. org/ 10. 
1016/j. mrgen tox. 2013. 06. 020

Kassam SN, Rainbow AJ (2008) UV-inducible base excision repair of 
oxidative damaged DNA in human cells. Mutagenesis 24(1):75–
83. https:// doi. org/ 10. 1093/ mutage/ gen054

Krokan HE, Bjørås M (2013) Base excision repair. Cold Spring Harbor 
Perspect Biol 5(4):a012583

Langie SA, Knaapen AM, Brauers KJ, Van Berlo D, Van Schooten FJ, 
Godschalk RW (2006) Development and validation of a modified 
comet assay to phenotypically assess nucleotide excision repair. 
Mutagenesis 21(2):153–158. https:// doi. org/ 10. 1093/ mutage/ 
gel013

Langie SAS, Cameron KM, Waldron KJ, Fletcher KPR, von Zglinicki 
T, Mathers JC (2011) Measuring DNA repair incision activity of 
mouse tissue extracts towards singlet oxygen-induced DNA dam-
age: a comet-based in vitro repair assay. Mutagenesis 26(3):461–
471. https:// doi. org/ 10. 1093/ mutage/ ger005

Li T-K, Chen AY, Yu C, Mao Y, Wang H, Liu LF (1999) Activation 
of Topoisomerase II-Mediated Excision of Chromosomal DNA 
Loops during Oxidative Stress [internet] 13(12):1553–1560

Møller P, Azqueta A, Boutet-Robinet E, Koppen G, Bonassi S, Milić 
M et al (2020) Minimum Information for Reporting on the Comet 
Assay (MIRCA): recommendations for describing comet assay 
procedures and results. Nat Protocol 15(12):3817–3826. https:// 
doi. org/ 10. 1038/ s41596- 020- 0398-1

Ostling O, Johanson KJ (1984) Microelectrophoretic study of radiation-
induced DNA damages in individual mammalian cells. Biochem 
Biophy Res Commun 123(1):291–298. https:// doi. org/ 10. 1016/ 
0006- 291X(84) 90411-X

Schaaf MB, Jutten B, Keulers TG, Savelkouls KG, Peeters HJ, Van den 
Beucken T, Van Schooten FJ, Godschalk RW, Vooijs M, Rouschop 
KM (2015) Canonical autophagy does not contribute to cellular 
radioresistance. Radiother Oncol 114(3):406–412. https:// doi. org/ 
10. 1016/j. radonc. 2015. 02. 019

Singh NP, McCoy MT, Tice RR, Schneider EL (1988) A simple tech-
nique for quantitation of low levels of DNA damage in individual 
cells. Exp Cell Res 175(1):184–191. https:// doi. org/ 10. 1016/ 0014- 
4827(88) 90265-0

Slyskova J, Korenkova V, Collins AR, Prochazka P, Vodickova L, Svec 
J et al (2012) Functional, genetic, and epigenetic aspects of base 
and nucleotide excision repair in colorectal carcinomas. Clin Can-
cer Res 18(21):5878–5887. https:// doi. org/ 10. 1158/ 1078- 0432. 
CCR- 12- 1380

Slyskova J, Lorenzo Y, Karlsen A, Carlsen M, Novosadova V, Blomhoff 
R et al (2014) Both genetic and dietary factors underlie individual 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.mrrev.2019.03.002
https://doi.org/10.1016/j.bbagen.2013.04.022
https://doi.org/10.1007/978-1-4939-7172-5_9
https://doi.org/10.1007/978-1-4939-7172-5_9
https://doi.org/10.1007/978-1-4939-1068-7_21
https://doi.org/10.1016/0167-4781(94)90236-4
https://doi.org/10.1016/0167-4781(94)90236-4
https://doi.org/10.1016/0921-8777(94)00043-6
https://doi.org/10.1093/mutage/16.4.297
https://doi.org/10.1093/carcin/24.3.511
https://doi.org/10.1038/s41596-022-00754-y
https://doi.org/10.1093/mutage/17.3.211
https://doi.org/10.1093/mutage/17.3.211
https://doi.org/10.1016/j.mrgentox.2003.07.010
https://doi.org/10.1016/j.mrgentox.2013.06.020
https://doi.org/10.1016/j.mrgentox.2013.06.020
https://doi.org/10.1093/mutage/gen054
https://doi.org/10.1093/mutage/gel013
https://doi.org/10.1093/mutage/gel013
https://doi.org/10.1093/mutage/ger005
https://doi.org/10.1038/s41596-020-0398-1
https://doi.org/10.1038/s41596-020-0398-1
https://doi.org/10.1016/0006-291X(84)90411-X
https://doi.org/10.1016/0006-291X(84)90411-X
https://doi.org/10.1016/j.radonc.2015.02.019
https://doi.org/10.1016/j.radonc.2015.02.019
https://doi.org/10.1016/0014-4827(88)90265-0
https://doi.org/10.1016/0014-4827(88)90265-0
https://doi.org/10.1158/1078-0432.CCR-12-1380
https://doi.org/10.1158/1078-0432.CCR-12-1380


2281Archives of Toxicology (2023) 97:2273–2281 

1 3

differences in DNA damage levels and DNA repair capacity. DNA 
Repair 16(4):66–73. https:// doi. org/ 10. 1016/j. dnarep. 2014. 01. 016

Stoyanova E, Pastor S, Coll E, Azqueta A, Collins AR, Marcos R 
(2014) Base excision repair capacity in chronic renal failure 
patients undergoing hemodialysis treatment. Cell Biochem Funct 
32(2):177–182. https:// doi. org/ 10. 1002/ cbf. 2989

Strober W (2015) Trypan Blue Exclusion Test of Cell Viability. Curr 
Protoc Immunol. Blackwell Publishing Inc. 111(1):A3-B. https:// 
doi. org/ 10. 1002/ 04711 42735. ima03 bs111

Vidal LM, Pimentel E, Cruces MP, Sánchez-Meza JC (2018) Different 
radiation dose rate as radioprotection and the cross effect with 
chromium using in vivo somatic cells of Drosophila. Environ 
Toxicol Pharmacol 63(1):16–20. https:// doi. org/ 10. 1016/j. etap. 
2018. 08. 008

Vidal LM, Pimentel E, Cruces MP, Sánchez-Meza JC (2020) Evalu-
ating the effect of low dose rate of gamma rays in germ cells 
of Drosophila melanogaster. Int J Radiat Biol 96(8):1068–1075. 
https:// doi. org/ 10. 1080/ 09553 002. 2020. 17615 66

Vodenkova S, Azqueta A, Collins A, Dusinska M, Gaivão I, Møller 
P et al (2020) An optimized comet-based in vitro DNA repair 
assay to assess base and nucleotide excision repair activity. 
Nature Protocol 15(12):3844–3878. https:// doi. org/ 10. 1038/ 
s41596- 020- 0401-x

Zheng C, Collins AR, Brunborg G, van Schooten F-J, Nordengen AL, 
Shaposhnikov S et al (2023) Assay conditions for estimating dif-
ferences in base excision repair activity with Fpg-modified comet 
assay. Cell Biol Toxicol 17(3):1–12. https:// doi. org/ 10. 1007/ 
s10565- 023- 09801-0

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.dnarep.2014.01.016
https://doi.org/10.1002/cbf.2989
https://doi.org/10.1002/0471142735.ima03bs111
https://doi.org/10.1002/0471142735.ima03bs111
https://doi.org/10.1016/j.etap.2018.08.008
https://doi.org/10.1016/j.etap.2018.08.008
https://doi.org/10.1080/09553002.2020.1761566
https://doi.org/10.1038/s41596-020-0401-x
https://doi.org/10.1038/s41596-020-0401-x
https://doi.org/10.1007/s10565-023-09801-0
https://doi.org/10.1007/s10565-023-09801-0

	Comparison of comet-based approaches to assess base excision repair
	Abstract
	Introduction
	Materials and methods
	Chemicals
	Cells
	Designation of cells
	Exposure of cells to Ro 19–8022 plus light or to KBrO3
	Cytotoxicity test
	Comet assay for strand breaks
	Fpg-modified comet assay
	In vitro repair assay
	Preparation of test cell extracts
	Preparation of nucleoid substrates
	Repair incubation

	Data analysis

	Results
	In vitro repair activity of test cell extracts from different cell lines
	Cellular repair in different cell lines after exposure to KBrO3, or to Ro 19–8022 plus light
	Direct comparison between cellular repair and in vitro repair assays

	Discussion
	Acknowledgements 
	References




