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A B S T R A C T

Oxidative DNA damage, characterized by the prominent lesion 8-oxo-7,8-dihydroguanine (8-oxo-dG), is linked to 
mutagenesis and genome instability. Accurately mapping these lesions with strand specificity and high resolution 
remains a major challenge, limiting our understanding of damage dynamics during transcription and repair. 
Here, we introduce a novel, highly sensitive ligation-dependent probe amplification (LPA) method that enables 
quantitative, strand-specific analysis of 8-oxo-dG and apurinic (AP) sites at single-nucleotide resolution. Our 
technique uses enzymatic digestion, highly selective ligation, and quantitative PCR to distinguish damaged from 
intact DNA strands, offering detailed insight into lesion localization and repair kinetics. When applied to 
estrogen-stimulated breast cancer cells, LPA reveals asymmetric, strand-specific guanine oxidation during 
transcriptional activation, characterized by rapid repair of the transcribed strand and more persistent damage on 
the non-transcribed strand. Our findings show that oxidative lesions are dynamically regulated by biological 
stimuli, reflecting a finely tuned balance between repair and damage buildup. This LPA approach is a powerful 
tool for exploring the complex relationship among redox signaling, DNA damage, and transcription regulation, 
furthering our understanding of redox-driven genome modulation in health and disease.

1. Introduction

Oxidative DNA damage, particularly the formation of 8-oxo-7,8- 
dihydroguanine (8-oxo-dG), poses a significant threat to genome 
integrity. As a common and mutagenic oxidative lesion, 8-oxo-dG leads 
to point mutations, genomic instability, and disease development by 
disrupting cellular homeostasis [1]. Beyond its mutagenic effects, 
8-oxo-dG influences the structural and regulatory aspects of DNA by 
decreasing helical stability and interfering with transcriptional accuracy 
through its interactions with DNA repair intermediates [2]. Addition
ally, 8-oxo-dG serves as a platform for recruiting key repair enzymes 

such as 8-oxo-dG glycosylase (OGG1) and apurinic/apyrimidinic endo
nuclease 1 (APE1). These enzymes coordinate the repair of oxidative 
damage while interacting with the transcriptional machinery [3].

Recent studies indicate that 8-oxo-dG functions as an epigenetic 
marker associated with transcriptional activation, signaling gene regu
lation events [4]. This has been observed during hormone-triggered 
transcription responses across various biological systems [5,6]. Activa
tion of transcription following exposure to estrogen or retinoic acid in
volves lysine-specific demethylases such as KDM1 and 2-oxoglutarate 
(2OG)-dependent dioxygenases. These enzymes catalyze histone deme
thylation, producing hydrogen peroxide (H2O2) as a byproduct. When 
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transition metals, particularly ferrous ions (Fe2+), are present, H2O2 
undergoes the Fenton reaction, generating hydroxyl radicals (⋅OH) that 
cause site-specific oxidative DNA damage [7].

Additionally, the Haber-Weiss reaction regenerates Fe2+ by reducing 
Fe3+ with superoxide (O2

− ), which then enters the Fenton cycle. Both 
reactions produce localized ⋅OH, which oxidizes guanine to 8-oxo-dG 
and alters DNA structure in transcriptionally active regions [8]. OGG1 
is subsequently recruited to remove 8-oxo-dG, creating apurinic sites. 
APE1 then cleaves the phosphodiester backbone at these sites, enabling 
the assembly of the topoisomerase IIβ (TOPIIβ) complex, essential for 
transcription initiation. Importantly, this sequence extends beyond nu
clear receptor-mediated gene activation to include broader transcrip
tional regulators such as TGFβ and c-Myc [9,10].

Currently, liquid chromatography-tandem mass spectrometry (LC- 
MS/MS) is the gold standard for measuring DNA oxidation because of its 
high sensitivity and specificity. However, many techniques depend on 
indirect detection or fluorescent labeling of 8-oxo-dG, which may 
introduce methodological biases. While gas chromatography-mass 
spectrometry (GC-MS) provides accurate quantification, its multistep 
derivatization procedures often cause artifactual guanine oxidation, 
especially during DNA hydrolysis or heat treatment [11,12]. ELISA and 
immunofluorescence, though accessible and sensitive, may not be able 
to differentiate among various oxidative lesions or offer enough reso
lution for detailed mapping [13,14].

The comet assay, commonly used to evaluate overall DNA damage, 
has a variant modified with FpG designed to detect oxidative base 
damage. However, this method faces reproducibility issues and lacks 
single-nucleotide resolution [15,16]. In recent years, high-throughput 
sequencing-based techniques, such as AP-seq [17], Click-code-seq 
[18], and Nanopore technologies [19], have been used to map the dis
tribution of 8-oxo-dG across genomes. Despite their potential, these 
approaches depend on extensive sequencing coverage and are limited by 
sequencing errors, coverage biases, and challenges in interpreting 
strand-specific signals. Additionally, achieving consistent accuracy in 
resolving strand-specific oxidative events remains a significant chal
lenge, as noted by the authors of these techniques. To overcome these 
limitations, we developed the Ligation-Dependent Probe Amplification 
(LPA) assay, a robust alternative for quantitative, strand-specific anal
ysis of 8-oxo-dG and apurinic sites, offering exceptional resolution and 
sensitivity. Our results show that LPA effectively distinguishes between 
oxidative damage linked to transcriptional activity and that caused by 
general oxidative stress.

By capturing strand-specific differences in damage induction and 
repair kinetics, LPA offers insights into the timing and spatial patterns of 
oxidative DNA damage. For example, LPA showed that estrogen-driven 
transcriptional activation causes asymmetric guanine oxidation 
confined to the actively transcribed strand, with quick, time-sensitive 
repair processes. In contrast, oxidative stress from H2O2 impacts both 
strands equally and shows a slower repair rate.

The LPA platform offers a versatile framework for dynamically 
mapping 8-oxo-dG and apurinic site distribution within any DNA region 
of interest, enabling the reconstruction of repair histories in transcrip
tionally active domains with unmatched resolution. Notably, our find
ings highlight that guanine oxidation caused by histone lysine 
demethylation is not just a byproduct of chromatin remodeling but also 
acts as a marker of transcriptional activation, specifically targeting 
transcribed units in a strand- and time-dependent manner. Oxidative 
damage from external sources like H2O2, which is non-transcriptional, 
results in broader, less selective damage patterns.

In summary, the LPA method presents a new and reliable approach 
for understanding the link between oxidative DNA damage and tran
scriptional regulation. By enabling accurate, strand-specific analysis of 
8-oxo-dG and apurinic lesions, LPA fills an important methodological 
gap and provides a new way to explore gene expression control, epige
netic changes, and genome stability under normal and stress conditions.

2. Materials and methods

2.1. Cell culture and treatments

Human breast cancer MCF-7 cells were cultured at 37 ◦C in a hu
midified atmosphere containing 5 % CO2, using Dulbecco’s Modified 
Eagle Medium (DMEM) supplemented with phenol red, L-glutamine (2 
mM), insulin (10 μg/ml), hydrocortisone (3.75 ng/ml) and 10 % fetal 
bovine serum (FBS) (Invitrogen). To assess the effect of estrogen (E2), 
cells were grown in phenol red-free medium containing 10 % dextran- 
charcoal-stripped FBS for 1–3 days, then treated with 50 nM E2 for 
various durations as specified. For positive controls of DNA oxidation, 
cells were exposed to 0.2 M or 2.0 M H2O2 for 30 min.

2.2. 8-oxo-dG immunofluorescence

Immunocytochemistry was performed following the manufacturer’s 
instructions (Trevigen Inc.). The anti-8-oxo-dG monoclonal antibody 
(clone 15A3) was validated by confocal microscopy [10] and chromatin 
immunoprecipitation (ChIP) [5]. The signal was resistant to RNase A 
and sensitive to DNase I. Briefly, cells were fixed for 15 min with 
methanol at − 20 ◦C, followed by 15 min at − 20 ◦C with acetone. Fixed 
cells were treated with 0.05 N HCl on ice for 5 min, then incubated with 
250 μl of 100 μg/ml RNase A in 150 mM NaCl and 15 mM sodium citrate 
for 1 h at 37 ◦C. After washing in PBS and ethanol gradients (35 %, 50 %, 
75 %), DNA was denatured in situ with 250 μl of 0.15 N NaOH in 70 % 
ethanol. DNA was stained with DAPI (Thermo Fisher Scientific; 0.2 
μg/ml) for 10 min. Following washes with ethanol and PBS, cells were 
incubated with 250 μl of blocking buffer (5 % goat serum in PBS) for 1 h 
at room temperature. Cells were then incubated overnight at 4 ◦C with 
the anti-8-hydroxyguanine antibody diluted 1:250 in PBS with 1 % BSA 
and 0.01 % Tween 20. After washing, cells were incubated with goat 
anti-mouse IgG conjugated to Alexa Fluor 488 (at 5 μg/ml) for 1 h in the 
dark. After final washes, cells were mounted with glycerol and observed 
under a confocal microscope.

2.3. DNA extraction

Genomic DNA was isolated as follows: cell pellets were resuspended 
in 10 mM Tris-HCl (pH 7.8) and 50 mM NaCl (2 × 107 cells/ml). After 
adding 1 % SDS, the samples were gently mixed and then incubated 
overnight at 55 ◦C with Proteinase K (200 μg/mL). The next day, 70 ◦C 
hot NaCl solution (1.5 M) was added to precipitate proteins, followed by 
phenol-chloroform extraction. DNA was ethanol precipitated, dried and 
resuspended in TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0).

2.4. 2D UPLC-MS/MS analysis

Analysis was performed as previously described [49]. DNA hydro
lysates were spiked with internal standards: [13C10,15N2]-5-formyl-2′- 
deoxycytidine (5 fC) and [15N5]-8-oxo-dG at a concentration of 50 
fmol/μL. Chromatography was performed using a Waters Acquity 2D 
UPLC system, equipped with a photodiode array detector (first dimen
sion) and a Xevo TQ-S tandem mass spectrometer (second dimension). 
The first dimension used a Phenomenex Kinetex C-18 column (150 ×
2.1 mm, 1.7 μm), with mobile phases of 0.1 % acetate (A) and aceto
nitrile (B), employing a gradient elution. The second dimension utilized 
a Waters X-Select C18 CSH column (30 × 2.1 mm, 1.7 μm) with a similar 
gradient, but employing methanol as the B solvent. The flow rates were 
0.25 mL/min (first dimension) and 0.35 mL/min (second). Data acqui
sition involved multiple replicates, with transitions optimized via Mas
sLynx software.

2.5. Production of fragments in vitro

Probe design: All probes were designed to hybridize to target 
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sequences flanking the lesion site, with a melting temperature (Tm) 
between 58 and 62 ◦C to ensure specificity. Each probe carried a 5′ 
phosphate group to enable ligation and non-complementary tail se
quences (5–8 nucleotides) were added to the 3′ ends to facilitate sub
sequent amplification. Primer sequences used for qPCR detection were 
designed using Primer 3 software, ensuring minimal secondary structure 
and avoiding complementarity with tail sequences. All oligonucleotides 
were synthesized by Integrated DNA Technologies (IDT) and purified by 
HPLC.

In vitro fragment generation was carried out by incubating the DNA 
with a specific oligo targeting the region of interest and a mixture of 
nucleotides that included a modified nucleotide (8-oxo-dG or 5 fC), 
along with High-Fidelity DNA Polymerase at a temperature of 55 ◦C. 
Subsequently, the purified and quantified fragments were used again in 
the ligase reaction. All purifications were performed using standard 
columns to isolate the amplicons. Note that these fragments are a 
mixture of a single DNA fragment synthesized in vitro with known 
percentages of modified nucleotides. This test helps evaluate the 
method’s sensitivity and enzymatic efficiency within a population of 
heterogeneous fragments. Mass spectrometry analysis of these diverse, 
stochastic oligonucleotide populations is not informative. Below is an 
illustration of fragment synthesis which, by its nature, cannot be 
quantified through LC-MS, as they were not tested for quantity but for 
specific positions (Fig. S1–S2).

2.6. Ligation-dependent probe amplification (LPA)

The LPA assay, adapted from the Multiplex Ligation-dependent 
Probe Amplification (MLPA) platform, was optimized to detect oxida
tive DNA lesions with strand- and sequence-specific resolution. In this 
study, the approach was applied to identify 8-oxo-7,8-dihydroguanine 
(8-oxo-dG) and apurinic/apyrimidinic (AP) sites within defined 
genomic regions.

2.6.1. Preparation and enzymatic digestion
One nanogram of genomic DNA was divided into four aliquots (250 

pg each). Two aliquots were treated with Escherichia coli 
formamidopyrimidine-DNA glycosylase (FpG, 0.01 U; New England 
Biolabs) for 1 h at 37 ◦C in Buffer 1 (10 mM Bis-Tris-Propane-HCl, 10 
mM MgCl2, 1 mM DTT, pH 7.0) supplemented with BSA. FpG excises 
oxidized purines (e.g., 8-oxo-dG) and cleaves the DNA backbone at the 
resulting AP sites, producing a single-nucleotide gap that prevents 
ligation. The enzyme was inactivated by heating at 98 ◦C for 5 min, and 
reactions were stabilized at 40 ◦C. Control samples (undigested DNA) 
were treated with FpG storage buffer only.

2.6.2. Probe design, phosphorylation and annealing
For each target region, two probe pairs were designed: one specific to 

the plus strand [Right Probe Oligonucleotide (RPO +) and Left Probe 
Oligonucleotide (LPO +)] and one to the minus strand [RPO (− ) and 
LPO (− )]. The 5′ ends of RPO probes were phosphorylated using T4 
polynucleotide kinase (20 U, 100 nM ATP, 45 min at 37 ◦C), followed by 
inactivation at 65 ◦C for 10 min, to enable efficient ligation. Probes (12.5 
fmol/sample) were combined with 5 × KCl buffer (750 mM KCl, 50 mM 
Tris-HCl pH 8.0, 5 mM EDTA), denatured at 95 ◦C for 1 min, and 
annealed to the DNA at 60 ◦C for 2 h.

2.6.3. Ligation reaction
Annealed probes were ligated using SALSA Ligase-65 (MRC 

Holland), a thermostable NAD-dependent ligase, in a 60 μL reaction 
containing dilution buffer (5 mM Tris-HCl pH 8.5, 2.6 mM MgCl2, 0.013 
% Triton X-100, 0.2 mM NAD) and 1 U ligase. Ligation was performed at 
54 ◦C for 1 h, followed by enzyme inactivation at 98 ◦C for 15 min.

2.6.4. Quantitative PCR amplification
Ten microliters of ligation products were amplified by qPCR using 

FastStart Universal SYBR Green Master (Rox) (Roche) on a 7500 Real- 
Time PCR System (Applied Biosystems) with the following cycling 
conditions: 95 ◦C for 10 min; 35 cycles of 95 ◦C for 30 s, 60 ◦C for 30 s, 
and 72 ◦C for 40 s; and a final extension at 72 ◦C for 10 min. Universal 
primers (5′F: GGGTTCCCTAAGGGTTGG; 3′R: GTGCCAGCAA
GATCCAATCTAGA) were complementary to constant tail sequences 
present in all probes, enabling multiplexed amplification.

2.6.5. Data interpretation
In the LPA system, intact target sites allow efficient ligation and 

amplification, whereas oxidative lesions or AP sites block probe ligation, 
resulting in reduced qPCR signal. By comparing amplification in FpG- 
treated versus untreated samples, lesion frequency can be quantified 
with single-nucleotide positional and strand-specific resolution.

2.6.6. Validation and controls
Synthetic DNA fragments containing defined percentages (0, 20, 40 

and 60 %) of 8-oxo-dG or 5-formylcytosine were used to validate the 
assay’s sensitivity, enzymatic efficiency, and linearity. Control reactions 
confirmed that FpG digestion selectively abolished ligation at modified 
sites, consistent with its N-glycosylase and AP-lyase activities.

In this system, oxidative lesions such as 8-oxo-dG or AP sites prevent 
ligation, resulting in reduced PCR amplification. The difference in 
amplification between digested and undigested samples allows quanti
tative, strand-specific lesion mapping with high positional resolution 
(Graphical Abstract).

2.7. RNA extraction, qRT-PCR and qPCR

Total RNA was isolated using Trizol (Gibco/Invitrogen). cDNA syn
thesis was performed using 1 μg of RNA, with SuperScript III (Invi
trogen) and random hexamers and incubated at 50 ◦C for 1 h. The 
reaction was then heat-inactivated at 70 ◦C for 15 min qRT-PCR and 
qPCR were conducted on a 7500 system with SYBR Green detection. 
Primer sequences for TFF1 and 18S are below. Results were normalized 
to 18S expression.

2.7.1. Primer sequences used are
TFF1 F: 5′-CCAGACAGAGACGTGTACAGT-3′
TFF1 R: 5′-ATTCACACTCCTCTTCTGGA-3’.
18S F: 5′-GACCGATGTATATGCTTGCAGAGT-3′,
18S R: 5′-GGATCTGGAGTTAAACTGGTCCAG-3’.

2.8. Statistical analysis

Data are expressed as means ± SEM. Statistical significance was 
evaluated using one-way ANOVA with Bonferroni post hoc testing, with 
P < 0.05 considered significant. Analyses were performed with JMP 7.1 
software (SAS). Additional details are available in the Supplementary 
Data.

3. Results

3.1. Detection of oxidative damage via 8-oxo-dG and apurinic site 
formation

Excess reactive oxygen species (ROS) induce oxidative stress, 
compromising genome stability by causing chemical modifications in 
DNA. Among these, small base lesions are most frequent and are typi
cally repaired via the base excision repair (BER) pathway, producing 
apurinic/apyrimidinic (AP) sites as intermediates. ROS preferentially 
target purines due to their lower redox potential [20], leading to highly 
mutagenic lesions such as 7,8-dihydro-8-oxoguanine (oxoG) and 7, 
8-dihydro-8-oxoadenine (oxoA). These lesions are the predominant 
signatures of oxidative DNA damage, with guanine being significantly 
more prone to oxidation than adenine. On average, each human cell 

A. Romano et al.                                                                                                                                                                                                                                Redox Biology 86 (2025) 103842 

3 



accumulates approximately 10,000 such lesions daily [21]. Notably, 
oxoA occurs at roughly one-tenth the frequency of oxoG, reflecting the 
higher redox potential of adenine [22].

To detect 8-oxo-dG and AP sites with strand and sequence specificity, 
we developed a ligation-dependent probe amplification (LPA) tech
nique. This method leverages two key enzymes: FpG (for
mamidopyrimidine-DNA glycosylase), which recognizes and excises 
oxidized purines including 8-oxo-dG and Ligase-65, a thermostable 
NAD-dependent DNA ligase. FpG possesses both N-glycosylase and AP- 
lyase activities, recognizing a range of oxidized purines and some 
oxidized pyrimidines [23,24]. Following excision, FpG cleaves the DNA 
backbone at the AP site, creating a single-nucleotide gap that blocks 
ligation and subsequent amplification unless the lesion is repaired or 
bypassed. This mechanistic feature distinguishes LPA from techniques 
without single-nucleotide resolution. This activity further distinguishes 
oxidative modifications involved in epigenetic regulation from those 
representing damage, as the former are transient and rapidly processed.

Ligase-65, derived from bacterial strain MRCH-0065, is highly effi
cient at sealing nicks between perfectly matched oligonucleotides 
annealed to DNA at high temperatures (54–65 ◦C). Its activity drops 
sharply with mismatched termini, providing specificity [25]. It is fully 

inactivated by a brief incubation at 98 ◦C, facilitating downstream 
processing.

Our LPA protocol begins with denaturation and hybridization of 
target DNA to probes containing the guanine(s) of interest (Fig. 1). FpG 
treatment introduces single-nucleotide gaps at oxidized guanines, pre
venting probe ligation. Ligase-65 then selectively seals intact probes, 
enabling PCR amplification only at undamaged sites. This approach 
enables the strand-specific, quantitative detection of 8-oxo-dG and AP 
sites with high positional resolution.

3.2. Assessment of the efficiency of LPA through chemical DNA oxidation

To evaluate LPA performance, MCF7 cells were exposed to vehicle, 
0.2 M, or 2.0 M H2O2 for 30 min H2O2 induces widespread oxidative 
DNA damage, including single- and double-strand breaks [26]. Immu
nofluorescence analysis confirmed dose-dependent formation of 
8-oxo-dG foci (Fig. 2A). Parallel LPA analysis of the TFF1 gene showed 
increased damage signals correlating with H2O2 dose (Fig. 2B). Without 
FpG, the LPA signal decreased with higher H2O2, reflecting increased 
guanine oxidation and subsequent removal, which generates AP sites 
that hinder probe ligation [27]. When FpG was included, the damage 

Fig. 1. Overview of the LPA protocol for strand-specific quantification of 8-oxo-dG. 
Schematic illustration of the Ligation-Dependent Probe Amplification (LPA) workflow. The assay begins with genomic DNA that may contain 8-oxo-dG lesions 
(represented by red circles). Samples are treated with or without formamidopyrimidine-DNA glycosylase (FpG), which recognizes and excises 8-oxo-dG, creating 
abasic (AP) sites. Strand-specific probes are then annealed to the target DNA. A thermostable ligase joins the probes only if they are perfectly matched to the DNA 
sequence, i.e., if no AP sites are present. Finally, quantitative PCR (qPCR) is used to amplify the ligated products, with the resulting signal inversely proportional to 
the amount of oxidative damage present in the sample. Created with BioRender.com.
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was effectively excised, normalizing the signals across doses, indicating 
robust detection of guanine oxidation and repair kinetics (Fig. 2B).

These results support the capacity of LPA to detect strand-specific 
oxidative damage and repair dynamics with high resolution.

3.3. LPA detects oxidized purines but not oxidized pyrimidines

After visualizing 8-oxo-dG and AP sites in H2O2-treated cells, we next 
assessed the sensitivity of LPA to defined levels of oxidative DNA dam
age. To do this, we generated in vitro DNA fragments of the TFF1 gene 
containing known proportions of 8-oxo-dG—specifically, 20 %, 40 %, or 
60 % modified guanines—on either the plus or minus strand (see 
Methods). As anticipated, increasing the proportion of 8-oxo-dG led to a 
progressive decrease in the LPA signal (Fig. 3A), reflecting impaired 
probe ligation due to the presence of oxidative lesions.

This reduction was even more pronounced when FpG was included 
in the reaction. Since FpG cleaves at oxidized purines, its presence 
revealed the full extent of damage, especially when 8-oxo-dGs were 
located at or near adjacent positions. In such cases, DNA integrity was 
severely compromised, resulting in poor amplification efficiency by 
LPA.

FpG functions as an N-glycosylase that recognizes and removes a 
broad spectrum of damaged bases, including 8-oxo-dG, 8-oxoadenine, 
fapy-guanine, methyl-fapy-guanine, fapy-adenine, aflatoxin B1-fapy- 
guanine, 5-hydroxycytosine and 5-hydroxyuracil [28,29]. Among 
other oxidized bases, 5-hydroxymethylcytosine (5hmC) is of particular 
interest due to its short genomic half-life, as it is rapidly converted into 
5-formylcytosine (5 fC) and 5-carboxylcytosine (5caC) by TET enzymes. 
These oxidized derivatives are ultimately replaced with unmodified 

cytosines via the base excision repair (BER) pathway [30]. While 5 fC 
can function as a stable epigenetic mark [31], our analysis of synthetic 
DNA fragments containing 40 % 5 fC revealed no detectable LPA signal 
(Fig. 3B). This suggests that LPA, under the conditions used here, is 
specific for 8-oxo-dG and does not detect oxidized cytosine derivatives 
like 5 fC.

In summary, our data demonstrate that LPA reliably detects and 
quantifies 8-oxo-dG and AP sites at single-nucleotide resolution. FpG 
treatment significantly reduces LPA amplification efficiency even in 
fragments containing a single oxidized guanine, whereas modified cy
tosines, including 5 fC, do not interfere with LPA performance. This 
highlights the specificity and accuracy of LPA for mapping guanine 
oxidation events.

3.4. Transcription initiation is accompanied by strand-specific G 
oxidation

DNA repair enzymes are actively recruited during the early stages of 
transcriptional activation, often in conjunction with localized bursts of 
oxidative stress at promoters and enhancers [28]. Among the DNA bases, 
guanine is particularly susceptible to oxidation and accumulating evi
dence suggests that this modification serves not simply as damage but as 
a biochemical signal associated with transcription initiation [29,30].

To investigate this, we applied LPA to map oxidative modifications at 
the estrogen-responsive TFF1 gene. Upon treatment with estrogen (E2), 
we observed the rapid formation of nuclear foci containing 8-oxo-dG, as 
detected by immunofluorescence (Fig. 4A) and confirmed by mass 
spectrometry (Fig. S3). Oxidative modifications of both guanine and 
cytosine residues were detectable as early as 15 min after treatment and 

Fig. 2. LPA efficiency in detecting 8-oxo-dG following hydrogen peroxide (H2O2) treatment. 
Immunofluorescence images showing 8-oxo-dG (green) in MCF7 cells treated with vehicle (CTRL), 0.2 M H2O2 and 2.0 M H2O2 for 30 min. Nuclear DNA was 
counterstained with DAPI (blue). White arrows indicate representative 8-oxo-dG foci. Note the dose-dependent increase in 8-oxo-dG foci with increasing H2O2 
concentration. The intensity of the green fluorescence is proportional to the amount of 8-oxo-dG present. (B) Quantitative analysis of LPA efficiency for both DNA 
strands (Strand Plus and Strand Minus) in MCF7 cells treated with 0.2 M and 2.0 M H2O2, with and without pre-treatment with FpG. The LPA efficiency is expressed 
as a percentage relative to the basal condition (cells treated with vehicle). In the absence of FpG (black bars), LPA efficiency decreases with increasing H2O2 
concentration, indicating increased oxidative damage. Pre-treatment with FpG (white bars) normalizes the LPA signal, suggesting that FpG removes 8-oxo-dG, 
allowing for probe ligation. Statistical significance was assessed using the Mann-Whitney test: *P < 0.05 vs. basal without FpG, #P < 0.05 vs. basal with FpG, 
◦P < 0.05 between conditions within the same sample.
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persisted up to 60 min, consistent with a regulated oxidative event 
occurring during gene activation (Fig. 4B and Fig. S3–S4).

Time-course LPA analyses revealed strand-specific oxidation dy
namics. On the minus (− ) strand, guanine oxidation was detectable 
within 5 min of E2 exposure and appeared to be largely repaired by 15 
min. In contrast, the plus (+) strand showed oxidation starting between 
5 and 15 min, with peak repair observed at 30 min (Fig. 4C). This 
temporal asymmetry between the two strands suggests that oxidative 
modifications occur in a transcription-dependent manner—possibly 
reflecting the formation of a transcription loop or bubble—and that 
these oxidative marks may align with the 5′–3′ direction of transcription 
[31].

Altogether, these findings support the view that oxidative DNA 
modifications, particularly 8-oxo-dG, are not merely byproducts of 
cellular stress but may serve as dynamic, strand-specific epigenetic 
signals that help coordinate gene activation and regulation.

4. Discussion

The accurate detection of oxidative DNA lesions, particularly 8-oxo- 
7,8-dihydroguanine (8-oxo-dG), remains a critical challenge in molec
ular biology due to the limitations of current methodologies in resolu
tion, specificity and artifact control. Techniques such as GC-MS, LC-MS, 
ELISA, immunofluorescence and comet assays, while widely used, often 
lack the precision needed to localize lesions at single-nucleotide reso
lution or to monitor the kinetics of DNA repair in real time [32–34]. 
Moreover, these methods are susceptible to artifacts introduced during 
sample preparation—such as spurious oxidation during 
high-temperature derivatization steps in GC-MS—which can signifi
cantly skew results [35–37].

To overcome these limitations, we developed the Ligation-based 

Proximity Assay (LPA). This strand-specific and highly sensitive tech
nique enables the detection and quantification of 8-oxo-dG and apurinic 
(AP) sites at single-nucleotide resolution. Our validation experiments 
demonstrated that LPA accurately identifies physiologically relevant 
oxidative DNA damage, whether induced by exogenous agents like H2O2 
or by endogenous processes such as transcriptional activation. Notably, 
LPA revealed asymmetric patterns of guanine oxidation and rapid repair 
on the transcribed strand, highlighting the method’s ability to capture 
the dynamics of oxidative stress and base excision repair (BER) activity 
in situ.

The asymmetry observed, with earlier oxidation and faster repair on 
the minus strand, points to a role for these modifications in defining 
transcriptional polarity and potentially promoting transcription loop 
formation [41].

Our findings support the hypothesis that oxidative lesions, particu
larly 8-oxo-dG, may function not solely as genomic damage but also as 
regulatory elements associated with transcriptional activity [38–40]. 
For instance, in estrogen-stimulated MCF7 cells—selected for their 
precisely timed transcriptional response—we observed temporally co
ordinated and strand-specific guanine and cytosine oxidation at the 
TFF1 promoter—consistent with a regulated oxidative burst during gene 
activation. The observed asymmetry, with earlier oxidation and faster 
repair on the minus strand, suggests a functional role for oxidative 
modifications in defining transcriptional polarity and potentially pro
moting transcription loop formation [41].

Despite these advances, several caveats must be considered. First, the 
presence of guanine-rich sequences at gene promoters and termini in
troduces the possibility of G-quadruplex (G4) formation—secondary 
DNA structures known to influence both damage susceptibility and 
detection. G4s can stabilize R-loops and modulate the accessibility of 
DNA repair enzymes, potentially confounding the interpretation of 

Fig. 3. LPA specificity for 8-oxo-dG over 5-formylcytosine (5 fC). 
(A) Strand-specific detection of 8-oxo-dG damage in in vitro-generated DNA fragments containing varying levels of 8-oxo-dG (20 %, 60 %, 80 %) in the presence 
(light blue) or absence (dark blue) of FpG. LPA efficiency is expressed as a percentage of the signal from control fragments without modifications 
(B) Evaluation of LPA specificity in detecting 8-oxo-dG versus 5 fC (40 %) incorporated into in vitro fragments, with (light blue) or without (dark blue) FpG. Strand 
Plus e Strand Minus rappresentano i due filamenti di DNA. LPA efficiency is expressed as a percentage of the signal from control fragments without modifications. 
Note that FpG treatment significantly reduces the LPA signal only in fragments containing 8-oxo-dG, but not in fragments containing 5 fC. Statistical significance was 
determined using the Mann-Whitney test: *P < 0.05 indicates a significant difference between samples with and without FpG, #P < 0.05 indicates a significant 
difference compared to Control fragments without modifications and ◦P < 0.05 indicates a significant difference between conditions within the same sample.
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strand-specific oxidative signals [42–46]. These topological features 
may lead to underestimation or mislocalization of lesions, particularly 
when standard antibodies or detection probes are not optimized for 
binding within complex DNA conformations [47].

Second, the enzymatic specificity of formamidopyrimidine-DNA 
glycosylase (FpG), the key component of our assay, presents an inter
pretive limitation. Although FpG effectively excises 8-oxo-dG, it also 
targets other oxidized purine derivatives, including fapy-guanine, fapy- 
adenine and ring-opened guanine structures [24,48]. As a result, the 
LPA signal may represent a composite of multiple oxidative lesions, 
complicating efforts to attribute observed damage exclusively to 
8-oxo-dG—particularly in structurally dynamic regions such as G4s.

These limitations are not unique to LPA. Similar challenges affect 
other lesion mapping approaches, including AP-seq, Click-code-seq and 
nanopore-based detection methods [19], all of which may struggle to 
resolve damage within G4-rich or transcriptionally active regions with 
high precision.

To strengthen the interpretation of LPA data, we recommend 
combining it with complementary techniques such as LC-MS/MS, 
chromatin immunoprecipitation followed by sequencing (ChIP-seq) 
and G4-specific antibodies. Table 1 provides a comparative overview of 

available methods, outlining their relative strengths and constraints 
when used to study oxidative lesions at high resolution.

In conclusion, LPA represents a robust, rapid and cost-effective 
method for mapping oxidative DNA damage and repair with strand 
and nucleotide specificity. Its ability to resolve lesion dynamics in 
transcriptionally active chromatin opens new avenues for investigating 
the regulatory roles of oxidative modifications in gene expression. While 
structural and enzymatic constraints must be considered, the assay’s 
performance in both experimental and physiological settings highlights 
its potential as a valuable tool for genome stability research and 
epigenetic regulation studies.
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8-oxo-dG 8-oxo-7,8-dihydroguanine
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BER Base Excision
DAPI 4′,6-Diamidino-2
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NAD Nicotinamide Adenine Dinucleotide
NER Nucleotide Excision Repair
OGG1 8-oxo-dG DNA Glycosylase 1
PCR/qPCR Polymerase Chain Reaction/Quantitative PCR
PolyA Polyadenylation
RPO Right Probe Oligonucleotide
ROS Reactive Oxygen Species
RT-qPCR/qRT-PCR Reverse Transcription Quantitative PCR
SEM Standard Error of the Mean
SSB Single-Strand Break
TET Ten-Eleven Translocation Enzymes
TOPIIβ Topoisomerase II Beta
TFF1 Trefoil Factor 1 (gene)
UPLC Ultra-Performance Liquid Chromatography
5 fC 5-Formylcytosine
5hmC 5-Hydroxymethylcytosine
5hmU 5-Hydroxyuracil
5caC 5-Carboxylcytosine
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