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Abstract: An important biomarker of oxidative damage in cellular DNA is the formation of 7,8-
dihydro-8-ox0-2'-deoxyguanosine (8-oxodG). Although several methods are available for the bio-
chemical analysis of this molecule, its determination at the single cell level may provide significant
advantages when investigating the influence of cell heterogeneity and cell type in the DNA damage
response. to. For this purpose, antibodies recognizing 8-oxodG are available; however, detection
with the glycoprotein avidin has also been proposed because of a structural similarity between its
natural ligand biotin and 8-oxodG. Whether the two procedures are equivalent in terms of reliability
and sensitivity is not clear. In this study, we compared the immunofluorescence determination of
8-0x0dG in cellular DNA using the monoclonal antibody N45.1 and labeling using avidin conjugated
with the fluorochrome Alexa Fluor488 (AF488). Oxidative DNA damage was induced in different cell
types by treatment with potassium bromate (KBrOs3), a chemical inducer of reactive oxygen species
(ROS). By using increasing concentrations of KBrOj3, as well as different reaction conditions, our
results indicate that the monoclonal antibody N45.1 provides a specificity of 8-oxodG labeling greater
than that attained with avidin-AF488. These findings suggest that immunofluorescence techniques
are best suited to the in situ analysis of 8-oxodG as a biomarker of oxidative DNA damage.

Keywords: 7,8-dihydro-8-oxo0-2'-deoxyguanosine; oxidative DNA damage; immunofluorescence;
avidin binding

1. Introduction

The production of oxidative DNA damage may occur in dependence of several factors,
including endogenous mechanisms of generation of reactive oxygen species (ROS) at
the level of mitochondrial and/or cellular metabolism. In addition, DNA damage may
arise from exogenous cellular factors, such the exposure to chemicals and radiation [1,2].
One of the endpoints of this type of DNA damage is the production of oxidized bases,
among which the formation of 7,8-dihydro-8-oxoguanine (8-oxoG) and 7,8-dihydro-8-oxo-
2’-deoxyguanosine (8-oxodG) is the most abundant modification induced at the cellular
and nuclear level because of the low redox potential of guanine [3,4]. The oxidative DNA
damage is typically repaired by the base excision repair (BER) system, and removal of these
lesions is critical for avoiding the accumulation of mutations and for preventing genome
instability which may lead to carcinogenesis [5-8].

However, determination of oxidative DNA damage is not only relevant for tumor-
related studies, since more recently the association of these lesions with other pathologies,
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such as neurodegenerative diseases [9-11], as well as inflammatory [12] and cardiovascular
diseases [13], have been described. Therefore, detecting the cellular levels of oxidative DNA
damage, and in particular the determination of 8-oxoG and 8-oxodG, has progressively
acquired the importance of a significant biomarker which is useful in diagnostic studies [14,15].

Several methods for the determination of 8-oxodG are in use, and assays have been de-
veloped in recent decades ranging from HPLC-based electrochemicals to mass spectrometry
techniques [15-20]. Although these methodologies are sophisticated and very sensitive,
they require the biochemical extraction of DNA which is subject to possible oxidation
artifacts [21]. In addition, the relationship between cell type and cell/tissue localization
is lost in these procedures. Immunocyto/histochemistry, as well as immunofluorescence
techniques, have been developed with the production of specific antibodies, which have
been used in a number of studies [22-27]. In addition, a cellular assay based on the binding
properties exhibited by the glycoprotein avidin towards 8-oxoG/dG was proposed several
years ago [28]. This procedure exploits the structural similarity between 8-oxoG/dG and
biotin (Figure 1), which is the natural high-affinity ligand of avidin [29].
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Figure 1. Structural similarity of 8-oxodG with biotin.

Some works have applied the latter technique using a fluorochrome-labeled avidin for
the fluorescence determination of 8-oxodG as a marker of oxidative DNA damage [30-32].
Fluorescence-based detection techniques are generally sensitive and allow good spatial
localization of the target for the in situ microscopy analysis. However, no information
enabling the choice between the immunolabeling, and the ligand technique is available
for this type of study. Here, we have compared these methods on different cell types
after induction of oxidative DNA damage with potassium bromate (KBrOj3), a chemical
compound which is a well-known inducer of ROS [33,34].

2. Results

In order to compare these two methods for the single cell determination of 8-oxodG,
different cell types were treated with a relatively high concentration (40 mM) of KBrOj3 for
a short period of time (30 min) to ensure a sufficient sensitivity while avoiding long-term
effects of cell death induced by this toxic compound [35]. These conditions were confirmed
to produce ROS, as assessed by the DCFH-DA assay (Supplementary Figure S1).

Since both procedures may detect 8-oxoG in RNA [23-26], a digestion with RNase A
was recommended in previous works [25,26] and was therefore applied in our study related
to DNA damage. Both the immunofluorescence technique and the avidin-based assay were
applied to the human keratinocyte cell line HaCaT, to primary cultures of normal fibroblasts
(LF-1), and to the HeLa cancer cell line. Figure 2 shows fluorescence images obtained from
parallel samples of untreated and KBrOs-treated HaCaT cells, which were processed for
immunofluorescence staining with N45.1 antibody (A) or for direct incubation with Alexa
Fluor488 (AF488)-conjugated avidin (B). The results showed that both procedures provided
a clear nuclear staining in KBrOj3-treated samples; however, a faint, yet detectable nuclear
fluorescence was also observed in the untreated control cells incubated with avidin-AF488
while only background levels were observed in the samples stained with the antibody. The
different extent of labeling was confirmed by the quantification of fluorescence intensity
with Image J software (Figure 2C,D). A similar trend of labeling, providing a brighter signal
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for avidin compared with the antibody, was found in LF-1 human fibroblasts and in HeLa
cells (Supplementary Figure S2A-C).
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Figure 2. Fluorescence microscopy analysis of 8-oxodG in HaCaT cells untreated (UT) or treated
for 30 min with 40 mM KBrOj3. Detection was performed (A) with N45.1 antibody (Ab) or (B) with
avidin-AF488. Scale bar = 10 um. (C,D) Quantification of fluorescence signals from at least 100 cells
stained with N45.1 antibody (Ab) or with avidin-AF488. Results are representative from one out of
three independent experiments. **** p < 0.0001.

The detection of 8-oxodG with an antibody relies on the previous denaturation of DNA
to give access to the epitope which is masked within the double helix [25-27]. In contrast,
the procedure using avidin did not report any requirement concerning the accessibility of 8-
oxodG [28]. Therefore, we asked whether opening the double helix would allow an increase
in the detection of the oxidized base with the avidin-based method. In parallel, we also
investigated the influence of omitting DNA denaturation in the antibody-based procedure.
As expected, omission of acidic DNA denaturation (-HCI) in the antibody-based procedure
reduced the fluorescent signals of both untreated and KBrOj treated cells (Figure 3A) to
background levels. In striking contrast, the previous DNA denaturation (+HCI) resulted in
a significant increase in the avidin-AF488 fluorescence intensity, although it occurred both
in untreated and KBrO;s-treated samples (Figure 3B). The quantification of fluorescence
intensity signals of these samples indicated that DNA denaturation enhanced the binding
of avidin-AF488 to nuclear DNA by aproximately 3.5-4.4 times in both untreated and
KBrOgs-treated samples (Figure 3C).
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Figure 3. Influence of DNA denaturation on the accessibility of the antibody N45.1 or avidin (AF488-
labeled) to DNA in HaCaT cells untreated (UT) or treated for 30 min with 40 mM KBrO3. DNA was
denatured with 2N HCl for 30 min at room temperature (RT). (A) The fluorescence images were
obtained after immunofluorescence staining with N45.1 antibody of untreated (UT) or KBrO3-treated
HaCaT cells in the absence of DNA denaturation (-HCI). In (B) the images were obtained from
similarly treated and untreated cells processed with avidin-AF488 for 8-oxodG labeling after DNA
denaturation (+HCI). In A and B, scale bar = 10 um. (C,D) Quantitative analysis of fluorescence
intensity of antibody N45.1 (C) or avidin-AF488 labeling (D) in HaCaT cells untreated (UT) or
treated for 30 min with 40 mM KBrOs;. Samples were exposed (+) or not (-) to HCl for DNA
denaturation before labeling reaction. Quantification of fluorescence signals from at least 100 cells for
each condition. Results are representative from one out of two independent experiments. * p < 0.05;
** p < 0.0001.

To further understand whether the fluorescence intensity obtained using the antibody
or the avidin detection method was proportional to the amount of the oxidative lesions, cells
were treated with increasing concentrations of KBrO3. Examples of the images obtained
and the quantification of the fluorescence intensity of HaCaT cells stained with the antibody
N45.1 or with avidin-AF488 are reported in Supplementary Figure S3A-D. This analysis
supported the previous data indicating that labeling with avidin-AF488 provided a higher
signal not only in KBrOs-treated cells but also in untreated control cells. Therefore, in
order to compare the results obtained with avidin labeling with those provided by the
antibody independently of the absolute value of fluorescence intensity, the mean value
of each experiment was normalized to its respective untreated control. In this way, the
increase in fluorescence signal as a function of the KBrO3 concentration was independent
of the actual fluorescence intensity value. The ratio of fluorescence intensity values of
treated vs. untreated samples in repeated experiments was quantified and reported in
Figure 4A. The results indicate that the fluorescence intensity signals in cells stained with
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the N45.1 antibody increased linearly with a slope almost 10-fold greater (0.065) than that
observed in samples stained with avidin-AF488 (0.007). To further confirm these results
in a different cell type, the fluorescence intensity ratio between treated and untreated
samples calculated in HaCaT cells treated with 40 mM KBrOj3 (Figure 4B) was compared
with the ratio measured in LF-1 fibroblasts after treatment with a similar concentration
(Figure 4C). The results showed that the fluorescence intensity ratio in HaCaT cells was
significantly higher (more than 2 times) for the detection with N45.1 antibody than with
the avidin method. A similar trend was observed for LE-1 fibroblasts, indicating that the
treated /untreated ratio was greater when 8-oxodG was detected with N45.1 antibody
rather than with avidin-AF488, independently of the cell type.
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Figure 4. Dependence of fluorescence intensity (FI) of 8-oxodG labeling on the KBrO3 concentration.
(A) HaCaT cells were treated with increasing concentrations of KBrOj3 for 30 min, then recovered
and processed for 8-oxodG detection with the antibody N45.1 or with avidin-AF488, as described in
Materials and Methods. Mean values +S.D. of FI ratio (treated /untreated) obtained from at least
three independent experiments. The FI ratio measured in cells treated with 40 mM KBrOj3 /untreated
was calculated for labeling of 8-oxodG with N45.1 antibody or with avidin-AF488 in HaCaT cells
(B) and in LF-1 fibroblasts (C). The mean values of the FI ratio from three independent experiments
£S.D. are reported. * p < 0.05.

Next, we wanted to further evaluate whether the detection of 8-0xodG in nuclear DNA
was influenced by a different accessibility to the reagents used in the two procedures. To
this end, untreated and KBrOj;-treated HaCaT cells were embedded in agarose and exposed
to high salt extraction in order to obtained nucleoids, i.e., nuclei devoid of most nuclear
proteins, such as those used for the comet assay [36,37]. The extent of 8-oxodG labeling
obtained with N45.1 antibody or with avidin-AF488 is shown in Figure 5A,B, respectively.
It can be observed that the fluorescence intensity images related to the untreated cells
showed higher signals when labeled with avidin AF488 than with N45.1 antibody, similar
to the results found for the fixed cell samples. The application of the immunofluorescence
technique on nucleoids prepared from other cell types was assessed in lymphoblastoid
cells (Supplementary Figure S54) and in the SH-SY5Y neuroblastoma cell line (see below).
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The results indicate that the procedure based on the antibody allows the reliable detection
of 8-oxodG even in other cell types.
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Figure 5. Influence of nuclear protein extraction on 8-oxodG labeling in HaCaT cells treated with
40 mM KBrOj for 30 min or left untreated (UT) and then recovered and processed for nucleoid prepa-
ration, as described in Section 4. Nucleoids embedded in agarose gels were processed for 8-oxodG
labeling with N45.1 antibody (A) or with avidin-AF488 (B). Scale bar = 20 um. (C) Quantification
of fluorescence intensity of nucleoids obtained from above samples stained with N45.1 antibody or
avidin-AF488. At least 25 nucleoids for each condition are shown. Results are from one out of two
independent experiments. **** p < 0.0001.

Given that the preparation of nucleoids is the basis of the comet assay, we investi-
gated the possibility to extend our results and perform 8-oxodG labeling after single cell
electrophoresis. In the comet assay, the procedure applied to investigate oxidative DNA
damage, and in particular the presence of 8-oxodG, makes use of specific enzymes such as
formamidopyrimidine DNA glycosylase (Fpg) that will cut and release the altered base.
The generated DNA fragments will be then detected by the comet formation [36]. The
combination of the two techniques may allow the determination of residual 8-oxodG after
the enzymatic digestion. To test this possibility, cell nucleoids obtained from KBrO3-treated
SH-SY5Y cells were processed for partial Fpg digestion before the alkaline comet procedure.
After that, the reaction with the antibody N45.1 was performed. Figure 6 shows the labeling
of 8-oxodG with N45.1 antibody in nucleoids not processed for the glycosylase reaction and
in a comet formed after partial digestion with Fpg. The results showed that some 8-oxodG
could be detected in the head of the comet, and some residual labeling was also present in
the tail, thus demonstrating the feasibility of this application.
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Figure 6. Inmunofluorescence labeling of 8-oxodG with N45.1 antibody in SH-SY5Y cells treated
with 40 mM KBrOj for 30 min or left untreated (UT) and then recovered and processed for nucleoid
preparation, as described in Section 4. Nucleoids embedded in agarose gels were treated with Fpg (+)
before electrophoresis. Scale bar = 10 mm.

3. Discussion

Even if in situ procedures for the determination of 8-oxodG are less sensitive and
provide semi-quantitative information compared with other techniques [15-18], they are
essential for studying the intracellular localization of 8-oxodG and for the analysis of DNA
damage in different cell or tissue types. In addition, single cell determination is the right
choice when cell abundance is a limiting factor.

In this work we compared the single cell detection of 8-oxodG with an immunofluo-
rescence procedure [25-27] vs. the use of avidin as a specific ligand, since it was applied in
other works [28,30-32]. In general, the fluorescence intensity signal provided by avidin-
AF488 was higher than that obtained with the immunofluorescence procedure, even if for
the latter we used an amplification step. Two possible explanations may account for this
difference: (i) compared with avidin, the antibody has a lower accessibility to 8-oxodG
into DNA; or (ii) avidin binds to DNA with minor specificity, possibly recognizing dG,
as previously suggested [38]. The second explanation is supported by the experimental
evidence that DNA denaturation resulted in a higher fluorescence intensity than that ob-
served in non-denatured samples, even in untreated control cells. Furthermore, the FI
ratio of the signal between treated and untreated cells was clearly lower after labeling
with avidin compared with N45.1 antibody-labeled samples. Another indication is the
approximately 10 times lower slope provided by avidin when fluorescence intensity signals
were correlated with increasing concentrations of KBrOj3, suggesting that a labeling plateau
was reached in these samples. These results suggest that, at least when applied to single cell
staining, avidin may also bind dG, thus decreasing the specificity of 8-oxodG detection. In
fact, structural studies revealed that avidin binds dG and 8-oxodG in the micromolar range
with a difference in Kp between the natural and the oxidized base of only two-fold, while
biotin is bound in the nanomolar range [38]. In contrast, the study describing the specificity
of N45.1 antibody to the oxidized base reported no significant cross-reactivity with the four
deoxyribonucleosides, nor with other guanosine modified forms. Furthermore, competition
with free 8-oxodG was obtained with a concentration two-orders of magnitude higher using
an ELISA test [24].

It is important to note that the difference in the extent of labeling between avidin and
N45.1 antibody was independent of the cell type, as HeLa cells also exhibited the same
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behavior shown by keratinocytes and fibroblasts. These results further support our findings
and suggest that avidin probably detects other nucleotides in addition to 8-oxodG.

4. Materials and Methods
4.1. Cells and Reagents

The human immortalized keratinocyte cell line HaCaT was obtained from IZLER
(Brescia, Italy) and was grown in DMEM high-glucose medium (Euroclone, Pero, Italy) sup-
plemented with 10% fetal bovine serum (FBS) (Euroclone), 2% streptomycin/penicillin (Eu-
roclone), and 2% L-glutamine (Euroclone). LF-1 human normal embryonic fibroblasts (from
J. Sedivy, Brown University, Providence, RI, USA) were grown in MEM (Euroclone) sup-
plemented with 10% FBS (Gibco, Thermo Fisher, Milan, Italy), 1% streptomycin/penicillin
(Euroclone), and 1% L-glutamine (Euroclone). HeLa cells (from ATCC, Manassas, VA,
USA) were grown in DMEM medium supplemented with 10% FBS (Euroclone) and 1%
streptomycin/penicillin. Lymphoblastoid cells were obtained from C. Baldo (Telethon-
Galliera Genetic Biobank, Genova, Italy) and grown in RPMI medium with 10% FBS. The
neuroblastoma cell line SH-SY5Y (from ATCC) was grown in DMEM-F12 (1:1) medium
supplemented with heat-inactivated 10% FBS, 100 units/mL penicillin, and 100 mg/mL
streptomycin. The cells were cultured under sterile conditions and kept in an incubator
at 37 °C with a percentage of CO, equal to 5%. Cells were cultured in plastic flasks or on
coverslips in 35 mm petri dishes (Sarstedt Italy, Trezzano S/N, Italy) when used for single
cell determination.

All chemicals were obtained from Sigma-Aldrich (Merck, Milan, Italy). Potassium
bromate stock solution was dissolved in bi-distilled H,O at 500 mM and diluted in PBS
containing 20 mM Hepes [34]. Deferoxamine mesylate (DFX) was used in certain proce-
dures to reduce artefactual DNA oxidation [20]. DEX was directly dissolved in the relevant
extraction buffer solution. Low gelling agarose was dissolved in PBS/cell mixture at the
final concentration of 0.8%. Hoechst 33,258 stock solution was prepared by dissolving
1 mg/mL dye in bi-distilled H,O.

The anti-8-oxodG mouse monoclonal antibody N45.1 was obtained from JalCa
(Shizuoka, Japan); avidin Alexa Fluor 488 conjugate (avidin-AF488, Invitrogen) was ob-
tained from Thermo Fisher. AF488-conjugated secondary antibodies (specified below)
were obtained from ThermoFisher, AbCam (Cambridge, UK), or Immunological Sciences
(Rome, Italy).

4.2. Cell Treatments

Cells grown on coverslips were treated with a standard concentration of 40 mM
potassium bromate (KBrOs) in PBS/20 mM Hepes for 30 min, as described [35]. Untreated
controls were incubated only in PBS/Hepes. Afterwards, a 20-min recovery was carried
out with the specific medium for each cell type. In some experiments, HaCaT cells were
treated with KBrOj3 concentrations ranging from 10 to 40 mM with the same incubation and
recovery times above indicated. At the end of treatment, cells were fixed in cold (—20 °C)
methanol/acetone mixture (1:1) and samples stored at —20 °C until use [39].

Before proceeding with the labeling reactions (both antibody or avidin), the samples
were re-hydrated in PBS for 5 min and then digested with RNase A (100 pug/mL in PBS
containing 1 mM EDTA) for 30 min at room temperature (RT).

4.3. Nucleoid Preparation

HaCaT cells were mechanically detached, harvested, and centrifuged at 300x g for
5 min. After the supernatant was removed, the pellet was washed in PBS and then
centrifuged at 300 x ¢ for 5 min. Subsequently, low gelling 0.8% agarose was added to the
pellet and 2 drops were separately placed on a microscope slide previously pre-coated with
1% agarose. Then, coverslips were used to cover each drop to form the gel, and the slides
were placed at 4 °C for 20 min. The slides were covered with lysis buffer (2.5 M NaCl, 0.1 M
EDTA, 1% Triton, 10 mM Tris, pH 10.0) containing 1.25 mM DFX and kept at 4 °C for 1 h.
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Subsequently, the slides were placed in denaturation buffer (0.3 M NaOH, 1 mM EDTA)
for 40 min at 4 °C. Finally, the slides were transferred in neutralization buffer (100 mM
Tris-HCl, pH 8.0) and washed 3 times for 5 min each at 4 °C.

For the application of the comet assay, after the lysis step nucleoids were digested
for 5 min at 37 °C with Fpg (New England Biolabs, Ipswich, MA, USA), diluted 1:3000 in
buffer containing 40 mM Hepes (pH 8.0), 0.1 M KCl, 0.5 mM EDTA, and 0.2 mg bovine
serum albumin (BSA). After digestion and washing in the same buffer, nucleoids were
electrophoresed at 4 °C in denaturation buffer (see above) for 30 min at 25 V. Samples were
neutralized in 1.5 M Tris-HCl (pH 7.5) and stained with Hoechst 33,258 dye (0.2 pg/mL).

4.4. Immunofluorescence Labeling

Before proceeding with the incubation of the N45.1 monoclonal antibody, acid hydrol-
ysis was performed to denature DNA [39]. After removal of fixative and RNase digestion,
the samples were incubated in 2N HCI for 45 min at RT [39]. A neutralization step was
then performed with sodium tetraborate 0.1 M (pH 7.8) for 25 min at RT. The cells were
then incubated with PBT solution (PBS + 0.2% Tween) containing 1% BSA for 15 min, in
order to block non-specific binding of antibodies. After that, the slides were incubated for
1 h at RT in the dark with 50 uL of PBT solution containing 1% BSA together with the N45.1
antibody diluted at 1 mg/mL [39]. Subsequently, cells were washed three times for 10 min
each with PBT, and then incubated for 30 min at RT with 50 uL of PBT containing 1% BSA
and AF488-conjugated goat anti-mouse secondary antibody (ThermoFisher) diluted 1:200.
To improve visualization, a subsequent step of amplification (30 min, RT) was performed
with AF488-conjugated donkey anti-goat antibody (Abcam) diluted 1:300. Thereafter, slides
were washed 3 times for 10 min each with PBT, then incubated 5 min with a solution of
Hoechst 33,258 (0.2 mM) in PBS. After 2 washes in PBS, slides were mounted with Mowiol.

For labeling of nucleoids or comet samples, higher incubation times (1.5x) of primary
and secondary antibodies were used in order to allow thorough diffusion of the reagents.

4.5. Avidin-AF488 Labeling

After removing the fixative, the cells were incubated with PBT (PBS + 0.2% Tween)
containing 15% FBS for 30 min at RT to avoid non-specific interactions. Then, slides were
incubated at RT for 1 h in the dark with 50 puL of PBT containing 15% FBS together with
avidin-AF488 (10 mg/mL), as described [32]. At the end of the reaction, the slides were
subjected to 3 washes for 5 min with PBT and incubated for 5 min under agitation with
a solution of Hoechst 33,258 (0.2 mM) in PBS. After 2 washes in PBS, coverslips were
mounted with Mowiol onto slides and observed as described below.

4.6. Fluorescence Microscopy and Statistical Analysis

Samples were observed with an Olympus BX51 fluorescence microscope using a 100
oil immersion objective (NA 1.25), and pictures were taken with an Olympus C4040 digital
camera. Fluorescence intensity was analyzed with the particle analysis tool of Image ]
software (version 1.52a, NIH, Bethesda, MA, USA) using DNA images to identify nuclei on
which the image with 8-oxodG fluorescent signal was overlapped [40].

Statistical analysis was performed with Prism 6 software (GraphPad, San Diego, CA,
USA) used to calculate significance with the Student ¢ test (two-tailed), with p values < 0.05
considered to be significant. Unless otherwise stated, results are from at least 3 indepen-
dent experiments.

5. Conclusions

Our results indicate that in situ fluorescence labeling of 8-oxodG with an antibody-
based procedure is more reliable than using avidin because of the higher relation to the
extent of DNA damage; therefore, it should be preferred for the in situ single cell determi-
nation of 8-oxodG.
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Different antibodies that recognize 8-oxodG are commercially available and each one
should be evaluated according to possible limitations, including the cross-reactivity with
other DNA oxidation products, such as 8-0xoG, 8-oxodA etc. [24]. Interestingly, in U20S
cells treated with 20 and 40 mM KBrOs, the monoclonal antibody 15A3 showed an increase
in the 8-0x0G fluorescence signal [41] very similar to that observed here.

Other fluorescence sensors based on genetically modified proteins, small-molecules,
or aptamers, have been developed [42-44]. However, an in situ analysis of these techniques
has been not yet investigated.

In conclusion, the results of our study suggest that detection of 8-oxodG with im-
munofluorescence provides a reliable determination of this type of DNA damage.
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sample. Figure S4: Detection of 8-oxodG in lymphoblastoid cells untreated (UT), or treated for 30 min
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Author Contributions: Conceptualization, E.P. and J.-L.R.; methodology, G.M., O.C. and L.A.S.; for-
mal analysis, G.T.; investigation, G.M., G.T., O.C. and L.A.S; data curation, G.M.; writing—original
draft preparation, E.P. and G.M.; writing—review and editing, E.P., M.R.-G. and ].-L.R; funding acqui-
sition, E.P. and J.-L.R. All authors have read and agreed to the published version of the manuscript.

Funding: This research was in part funded by a bilateral agreement between CNR (Italy)/CONCYTEC
(Peru) (biennial program 20212022 to E.P. and J.L.R.).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study will be available upon reasonable
request to the corresponding author.

Acknowledgments: We wish to thank ].M. Sedivy (Brown University, RI, USA) for providing LF-1
fibroblasts and Lidia Larizza (Milan University) for providing lymphoblastoid cells.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

1. Cooke, M.S.; Evans, M.D.; Dizdaroglou, M.; Lunec, J. Oxidative DNA damage: Mechanisms, mutation, and disease. FASEB J.
2003, 17, 1195-1214. [CrossRef] [PubMed]

2. Cadet, J.; Davies, K.J.A.; Medeiros, M.H.G.; Di Mascio, P.; Wagner, ].R. Formation and repair of oxidatively generated damage in
cellular DNA. Free Radic. Biol. Med. 2017, 107, 13-34. [CrossRef] [PubMed]

3. Culp, S.J.; Cho, B.P,; Kadlubar, EFE; Evans, EE. Structural and conformational analyses of 8—hydroxy-2’—deoxyguanosine. Chem.
Res. Toxicol. 1989, 2, 416-422. [CrossRef] [PubMed]

4. Neeley, W.L,; Essigmann, ].M. Mechanisms of formation, genotoxicity, and mutation of guanine oxidation products. Chem. Res.
Toxicol. 2006, 19, 491-505. [CrossRef]


https://www.mdpi.com/article/10.3390/molecules28114326/s1
https://www.mdpi.com/article/10.3390/molecules28114326/s1
https://doi.org/10.1096/fj.02-0752rev
https://www.ncbi.nlm.nih.gov/pubmed/12832285
https://doi.org/10.1016/j.freeradbiomed.2016.12.049
https://www.ncbi.nlm.nih.gov/pubmed/28057600
https://doi.org/10.1021/tx00012a010
https://www.ncbi.nlm.nih.gov/pubmed/2519731
https://doi.org/10.1021/tx0600043

Molecules 2023, 28, 4326 11 of 12

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

Barnes, D.E.; Lindahl, T. Repair and genetic consequences of endogenous DNA base damage in mammalian cells. Annu. Rev.
Genet. 2004, 38, 445-476. [CrossRef]

Carter, R.J.; Parsons, J.L. Base excision repair, a pathway regulated by posttranslational modifications. Mol. Cell. Biol. 2016,
36, 1426-1437. [CrossRef]

Fortini, P.; Pascucci, B.; Parlanti, E.; D’Errico, M.; Simonelli, V.; Dogliotti, E. 8-Oxoguanine DNA damage: At the crossroad of
alternative repair pathways. Mutat. Res. 2003, 531, 127-139. [CrossRef]

Li, C.; Xue, Y,; Ba, X.; Wang, R. The role of 8-0xoG repair systems in tumorigenesis and cancer therapy. Cells 2022, 11, 3798.
[CrossRef]

Scheijen, E.E.M.; Wilson, D.M., III. Genome integrity and neurological disease. Int. J. Mol. Sci. 2022, 23, 4142. [CrossRef]

Welch, G.; Tsai, L.H. Mechanisms of DNA damage-mediated neurotoxicity in neurodegenerative disease. EMBO Rep. 2022,
23,e54217. [CrossRef]

Behrouzi, A.; Kelley, M.R.; Fehrenbacher, ].C. Oxidative DNA damage: A role in altering neuronal function. J. Cell Signal. 2022,
3, 160-166.

Souliotis, V.L.; Vlachogiannis, N.I.; Pappa, M.; Argyriou, A.; Ntouros, P.A.; Sfikakis, PP. DNA damage response and oxidative
stress in systemic autoimmunity. Int. J. Mol. Sci. 2019, 21, 55. [CrossRef]

Di Minno, A.; Turnu, L.; Porro, B.; Squellerio, I.; Cavalca, V.; Tremoli, E.; Di Minno, M.N. 8-hydroxy-2-deoxyguanosine levels
and cardiovascular disease: A systematic review and meta-analysis of the literature. Antioxid. Redox Signal. 2016, 24, 548-555.
[CrossRef]

Valavanidis, A.; Vlachogianni, T.; Fiotakis, C. 8-hydroxy-2’-deoxyguanosine (8-OHdG): A critical biomarker of oxidative stress
and carcinogenesis. |. Environ. Sci. Health C 2009, 27, 120-139. [CrossRef]

Korkmaz, K.S.; Butuner, B.D.; Roggenbuck, D. Detection of 8-OHdG as a diagnostic biomarker. J. Lab. Precis. Med. 2018, 3, 95.
[CrossRef]

Dizdaroglou, M; Jaruga, P,; Rodriguez, H. Measurement of 8-hydroxy-2’-deoxyguanosine in DNA by high-performance liquid
chromatography-mass spectrometry: Comparison with measurement by gas chromatography-mass spectrometry. Nucleic Acids
Res. 2001, 29, e12. [CrossRef]

Mangal, D.; Vudathala, D.; Park, ].H.; Lee, S.H.; Penning, T.M.; Blair, l.A. Analysis of 7,8-dihydro-8-oxo-2'-deoxyguanosine in
cellular DNA during oxidative stress. Chem. Res. Toxicol. 2009, 22, 788-797. [CrossRef]

Cadet, J.; Douki, T.; Ravanat, J.L.; Wagner, ].R. Measurement of oxidatively generated base damage to nucleic acids in cells: Facts
and artifacts. Bioanal. Rev. 2012, 4, 55-74. [CrossRef]

Chepelev, N.L.; Kennedy, D.A.; Gagné, R.; White, T.; Long, A.S.; Yauk, C.L.; White, PA. HPLC Measurement of the DNA oxidation
biomarker, 8-0xo-7,8-dihydro-2’-deoxyguanosine, in cultured cells and animal tissues. J. Vis. Exp. 2015, 102, €52697.
Chiorcea-Paquim, A.-M. 8-oxoguanine and 8-oxodeoxyguanosine biomarkers of oxidative DNA damage: A review on HPLC-ECD
determination. Molecules 2022, 27, 1620. [CrossRef]

Ravanat, J.L.; Douki, T.; Duez, P.; Gremaud, E.; Herbert, K.; Hofer, T.; Lasserre, L.; Pierre, C.S.; Favier, A.; Cadet, J. Cellular
background level of 8-oxo-7,8-dihydro-2’-deoxyguanosine: An isotope based method to evaluate artefactual oxidation of DNA
during its extraction and subsequent work-up. Carcinogenesis 2002, 23, 1911-1918. [CrossRef] [PubMed]

Yarborough, A.; Zhang, Y.J.; Hsu, T.M.; Santella, R M. Inmunoperoxidase detection of 8-hydroxydeoxyguanosine in aflatoxin
Bl-treated rat liver and human oral mucosal cells. Cancer Res. 1996, 56, 683-688. [PubMed]

Hattori, Y.; Nishigori, C.; Tanaka, T.; Uchida, K.; Nikaido, O.; Osawa, T.; Hiai, H.; Imamura, S.; Toyokuni, S. 8-hydroxy-2’ -
deoxyguanosine is increased in epidermal cells of hairless mice after chronic ultraviolet B exposure. J. Investig. Dermatol. 1996,
107, 733-737. [CrossRef] [PubMed]

Toyokuni, S.; Tanaka, T.; Hattori, Y.; Nishiyama, Y.; Yoshida, A.; Uchida, K.; Hiai, H.; Ochi, H.; Osawa, T. Quantitative
immunohistochemical determination of 8-hydroxy-2'-deoxyguanosine by a monoclonal antibody N45.1: Its application to ferric
nitrilotriacetate-induced renal carcinogenesis model. Lab. Investig. 1997, 76, 365-374. [PubMed]

Soultanakis, R.P.; Melamede, R.J.; Bespalov, I.A.; Wallace, S.S.; Beckman, K.B.; Ames, B.N.; Taatjes, D.J.; Janssen-Heininger, Y.M.
Fluorescence detection of 8-oxoguanine in nuclear and mitochondrial DNA of cultured cells using a recombinant Fab and confocal
scanning laser microscopy. Free Radic. Biol. Med. 2000, 28, 987-998. [CrossRef]

Nakae, Y.; Stoward, PJ.; Bespalov, I.A.; Melamede, R.J.; Wallace, S.S. A new technique for the quantitative assessment of 8-
oxoguanine in nuclear DNA as a marker of oxidative stress. Application to dystrophin-deficient DMD skeletal muscles. Histochem.
Cell Biol. 2005, 124, 335-345. [CrossRef]

Ohno, M.; Oka, S.; Nakabeppu, Y. Quantitative analysis of oxidized guanine, 8-oxoguanine, in mitochondrial DNA by immunoflu-
orescence method. Methods Mol. Biol. 2009, 554, 199-212.

Struthers, L.; Patel, R.; Clark, J.; Thomas, S. Direct detection of 8-oxodeoxyguanosine and 8-oxoguanine by avidin and its
analogues. Anal. Biochem. 1998, 255, 20-31. [CrossRef]

Bayer, E.A.; Wilchek, M. Biotin-binding proteins: Overview and prospects. Methods Enzymol. 1990, 184, 49-51.

Chen, S.K.; Tsai, M.H.; Lin, C.H.; Hwang, ].J.; Chang, W.P. Determination of 8-oxoguanine in individual cell nucleus of gamma-
irradiated mammalian cells. Radiat. Res. 2001, 155, 832-836. [CrossRef]


https://doi.org/10.1146/annurev.genet.38.072902.092448
https://doi.org/10.1128/MCB.00030-16
https://doi.org/10.1016/j.mrfmmm.2003.07.004
https://doi.org/10.3390/cells11233798
https://doi.org/10.3390/ijms23084142
https://doi.org/10.15252/embr.202154217
https://doi.org/10.3390/ijms21010055
https://doi.org/10.1089/ars.2015.6508
https://doi.org/10.1080/10590500902885684
https://doi.org/10.21037/jlpm.2018.11.01
https://doi.org/10.1093/nar/29.3.e12
https://doi.org/10.1021/tx800343c
https://doi.org/10.1007/s12566-012-0029-6
https://doi.org/10.3390/molecules27051620
https://doi.org/10.1093/carcin/23.11.1911
https://www.ncbi.nlm.nih.gov/pubmed/12419840
https://www.ncbi.nlm.nih.gov/pubmed/8630995
https://doi.org/10.1111/1523-1747.ep12365625
https://www.ncbi.nlm.nih.gov/pubmed/8875958
https://www.ncbi.nlm.nih.gov/pubmed/9121119
https://doi.org/10.1016/S0891-5849(00)00185-4
https://doi.org/10.1007/s00418-005-0037-5
https://doi.org/10.1006/abio.1997.2354
https://doi.org/10.1667/0033-7587(2001)155[0832:DOOIIC]2.0.CO;2

Molecules 2023, 28, 4326 12 of 12

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Gad, H.; Koolmeister, T.; Jemth, A.S.; Eshtad, S.; Jacques, S.A.; Strom, C.E.; Svensson, L.M.; Schultz, N.; Lundbéck, T,
Einarsdottir, B.O.; et al. MTHI inhibition eradicates cancer by preventing sanitation of the dNTP pool. Nature 2014, 508, 215-221.
[CrossRef]

Galanos, P.; Pappas, G.; Polyzos, A.; Kotsinas, A.; Svolaki, I.; Giakoumakis, N.N.; Glytsou, C.; Pateras, 1.S.; Swain, U,;
Souliotis, V.L.; et al. Mutational signatures reveal the role of RAD52 in p53-independent p21-driven genomic instability. Genome
Biol. 2018, 19, 37. [CrossRef]

Kawanishi, S.; Murata, M. Mechanism of DNA damage induced by bromate differs from general types of oxidative stress.
Toxicology 2006, 221, 172-178. [CrossRef]

Ballmaier, D.; Epe, B. DNA damage by bromate: Mechanisms and consequences. Toxicology 2006, 221, 166-171. [CrossRef]
D’Errico, M.; Parlanti, E.; Teson, M.; Bernardes de Jesus, B.M.; Degan, P.; Calcagnile, A.; Jaruga, P.; Bjerds, M.; Crescenzi, M.;
Pedrini, A.M.; et al. New functions of XPC in the protection of human skin cells from oxidative damage. EMBO ]. 2006,
25,4305-4315. [CrossRef]

Collins, A.R. The comet assay for DNA damage and repair. Mol. Biotechnol. 2004, 26, 249-261. [CrossRef]

Afanasieva, K.; Chopei, M.; Lozovik, A.; Semenova, A.; Lukash, L.; Sivolob, A. DNA loop organization in nucleoids from cells of
different types. Biochem. Biophys. Res. Commun. 2017, 483, 142-146. [CrossRef]

Conners, R.; Hooley, E.; Clarke, A.R.; Thomas, S.; Brady, R.L. Recognition of oxidatively modified bases within the biotin-binding
site of avidin. J. Mol. Biol. 2006, 357, 263-274. [CrossRef]

Campalans, A.; Kortulewski, T.; Amouroux, R.; Menoni, H.; Vermeulen, W.; Radicella, ].P. Distinct spatiotemporal patterns and
PARP dependence of XRCC1 recruitment to single-strand break and base excision repair. Nucleic Acids Res. 2013, 41, 3115-3129.
[CrossRef]

Wienholz, F.,; Vermeulen, W.; Marteijn, ].A. Amplification of unscheduled DNA synthesis signal enables fluorescence-based single
cell quantification of transcription-coupled nucleotide excision repair. Nucleic Acids Res. 2017, 45, e68. [CrossRef]

Kumar, N.; Theil, A.F; Roginskaya, V.; Ali, Y.; Calderon, M.; Watkins, S.C.; Barnes, R.P; Opresko, P.L.; Pines, A.; Lans, H.; et al.
Global and transcription-coupled repair of 8-0xoG is initiated by nucleotide excision repair proteins. Nat. Commun. 2022, 13, 974.
[CrossRef] [PubMed]

Li, Z.; Nakagawa, O.; Koga, Y.; Taniguchi, Y.; Sasaki, S. Synthesis of new derivatives of 8-oxoG-Clamp for better understanding
the recognition mode and improvement of selective affinity. Bioorg. Med. Chem. 2010, 18, 3992-3998. [CrossRef] [PubMed]
Furman, J.L.; Mok, PW.; Badran, A.H.; Ghosh, I. Turn-on DNA damage sensors for the direct detection of 8-oxoguanine and
photoproducts in native DNA. J. Am. Chem. Soc. 2011, 133, 12518-12527. [CrossRef] [PubMed]

Zhang, Q.; Wang, Y.; Meng, X.; Dhar, R.; Huang, H. Triple-stranded DNA containing 8-oxo-7,8-dihydro-2’-deoxyguanosine:
Implication in the design of selective aptamer sensors for 8-oxo-7,8-dihydroguanine. Anal. Chem. 2013, 85, 201-207. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/nature13181
https://doi.org/10.1186/s13059-018-1401-9
https://doi.org/10.1016/j.tox.2006.01.002
https://doi.org/10.1016/j.tox.2006.01.009
https://doi.org/10.1038/sj.emboj.7601277
https://doi.org/10.1385/MB:26:3:249
https://doi.org/10.1016/j.bbrc.2016.12.177
https://doi.org/10.1016/j.jmb.2005.12.054
https://doi.org/10.1093/nar/gkt025
https://doi.org/10.1093/nar/gkw1360
https://doi.org/10.1038/s41467-022-28642-9
https://www.ncbi.nlm.nih.gov/pubmed/35190564
https://doi.org/10.1016/j.bmc.2010.04.025
https://www.ncbi.nlm.nih.gov/pubmed/20462763
https://doi.org/10.1021/ja1116606
https://www.ncbi.nlm.nih.gov/pubmed/21520929
https://doi.org/10.1021/ac3033323
https://www.ncbi.nlm.nih.gov/pubmed/23237478

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Cells and Reagents 
	Cell Treatments 
	Nucleoid Preparation 
	Immunofluorescence Labeling 
	Avidin-AF488 Labeling 
	Fluorescence Microscopy and Statistical Analysis 

	Conclusions 
	References

