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ABSTRACT

8-0xo0-7,8-dihydro-2’-deoxyguanosine (8-oxodG), a
major product of the DNA oxidization process,
has been proposed to have an epigenetic func-
tion in gene regulation and has been associated
with genome instability. NGS-based methodologies
are contributing to the characterization of the 8-
oxodG function in the genome. However, the 8-
oxodG epigenetic role at a genomic level and
the mechanisms controlling the genomic 8-oxodG
accumulation/maintenance have not yet been fully
characterized. In this study, we report the identi-
fication and characterization of a set of enhancer
regions accumulating 8-oxodG in human epithelial
cells. We found that these oxidized enhancers are
mainly super-enhancers and are associated with
bidirectional-transcribed enhancer RNAs and DNA
Damage Response activation. Moreover, using ChlA-
PET and HiC data, we identified specific CTCF-
mediated chromatin loops in which the oxidized en-
hancer and promoter regions physically associate.
Oxidized enhancers and their associated chromatin
loops accumulate endogenous double-strand breaks
which are in turn repaired by NHEJ pathway through
a transcription-dependent mechanism. Our work
suggests that 8-oxodG accumulation in enhancers—
promoters pairs occurs in a transcription-dependent
manner and provides novel mechanistic insights on
the intrinsic fragility of chromatin loops containing
oxidized enhancers-promoters interactions.

INTRODUCTION

8-0Ox0-7,8-dihydro-2’-deoxyguanosine (8-oxodG) is a ma-
jor product of the DNA oxidization process (1-3). Besides
the ability to form a canonical Watson—Crick base pair with

2'-deoxycytidine, 8-0xodG is also capable to form a Hoog-
steen base pair with 2’deoxyadenosine (dA) during repli-
cation. Hence, 8-0xodG causes dC:dG to dA:dT premuta-
genic transversion (1,4). To cope with this phenomenon,
human cells evolved a multi-layer defense system named
base excision repair (BER) (1,5,6). The 8-oxodG DNA gly-
cosylase (OGG1) constitutes in human cells the front line
of the BER defense system for the 8-oxodG repair. OGG1
recognizes and excises the §-oxodG when paired with dC,
thus generating a 3’-a, B-unsaturated aldehyde terminus
(3’-dRP) and 5'-phosphate (AP) site. The AP site is sub-
sequently processed by the apurinic/apyrimidinic site nu-
clease (APE1) which cleaves the DNA phosphate back-
bone, creates an SSB, and forms a polymerase-ready 3'-OH
residue. Thus, APEI enables downstream BER reactions,
which generally engage DNA polymerase beta and a DNA
ligase (1,5,6).

NGS-based methodologies have recently been used to
provide a high-resolution mapping of 8-oxodG in hu-
man and mouse genomes (7-18). These studies highlighted
the non-stochastic distribution of 8-oxodG and its enrich-
ment in specific genomic regions. Moreover, in association
with the occurrence of single/double-strand breaks (SSBs
and DSBs) and the activation of DNA damage response
(DDR), 8-0x0dG displays a pattern of accumulation at spe-
cific promoter regions that are linked to chromatin organi-
zation and DNA transcription and replication (14,15).

The genome-wide co-occurrence of 8-oxodG and OGGl1
at promoters (15,19), together with their dynamic accumu-
lation at specific regions in response to transcriptional stim-
uli (20-23), corroborates the epigenetic role of 8-oxodG
and the role of the BER pathway as an epigenetic mod-
ulator (1,24,25). Interestingly, 8-oxodG leads to SSB for-
mation which in turn determines chromatin loop forma-
tion and crosstalk between protein complexes involved in
transcription regulation (22,23,26). However, unrepaired
and/or incomplete-repaired §-0xodG is a source of SSBs
accumulation that in turn determines DSBs formation (1).
It is plausible that 8-oxodG and its associated BER activi-
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ties might serve as drivers for transcription and might cause
genome instability under deregulated conditions or within
intrinsic fragile genomic regions.

To better understand the 8-oxodG function in the
genome, it is important to identify the genomic elements
in which 8-0xodG accumulate and to investigate the mech-
anism(s) that might control its accumulation/maintenance
in the human genome.

Here, we report the identification of a subset of en-
hancer regions that accumulate 8-oxodG (oxidized en-
hancers) at the steady-state condition in non-tumorigenic
human epithelial MCF10A cells. We found that the oxidized
enhancers are mainly super-enhancers with bidirectional-
transcribed enhancer RNA (eRNA) associated with DDR
activation. Using ChIA-PET and HiC data analysis, we
found that, within specific CTCF-mediated chromatin
loops, the oxidized enhancer and promoter regions physi-
cally associate. Finally, the oxidized enhancers and the as-
sociated CTCF-mediated chromatin loops accumulate en-
dogenous SSBs and DSBs that are repaired by the NHEJ
pathway through a transcription-dependent mechanism.

MATERIALS AND METHODS
Cell culture and treatments

MCFI10A cells were cultured in 1:1 mixture DMEM-F12
supplemented with 5% horse serum, 10 pg/ml insulin, 0.5
wg/ml hydrocortisone, 20 ng/ml epidermal growth factor,
100 ng/ml cholera enterotoxin and incubated at 37°C in a
humidified atmosphere with 5% CO, (15). For UV treat-
ment, exponentially growing MCF10A cells were exposed
to 40 J/m?> UV light (254 nm). Medium was refreshed
after irradiation and cells were incubated for 30 min at
37°C. Then, cells were washed twice with ice-cold phos-
phate buffered saline (PBS) and collected (14,15). For NAC
treatment, 1 mM N-acetyl cysteine (A7250, Sigma) was
added to the medium for 1 h and then MCF10A cells were
washed twice with ice-cold phosphate buffered saline (PBS)
and collected.

OxiDIP assays in UV-treated and NAC-treated MCF10A
cells

The 8-oxodG-enriched genomic fragments from UV- and
NAC-treated MCF10A cells were obtained as previously
described (15). Briefly, genomic DNA from UV- or NAC-
treated MCF10A cells was extracted by using Dneasy
Blood&Tissue kit (Qiagen). 10 pg of genomic DNA per
immuno-precipitation were sonicated in 100 pl TE buffer
(100 mM Tris—HCI pH 8.0, 0.5 M EDTA pH 8.0) using
Bioruptor. 4 pg of fragmented DNA was denatured and
immuno-precipitated overnight at 4°C with 4 pl of poly-
clonal antibodies against 8-oxodG (AB5830, Millipore) in
a final volume of 500 wl IP buffer (110 mM NaH,POy, 110
mM NaH,PO4 pH 7.4, 0.15 M NaCl, 0.05% Triton X-100,
100 mM Tris-HCI pH 8.0, 0.5 M EDTA pH 8.0). Then,
50 wl Dynabeads Protein G (ThermoFisher Scientific) was
added for 3 h at 4°C, under constant rotation, and washed
three times with 1 ml washing buffer (110 mM NaH;POy,
110 mM Na,HPO,4 pH 7.4, 0.15 M NacCl, 0.05% Triton X-
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100). The immune-complexes were then disrupted by incu-
bation in 200 wl lysis buffer (50 mM Tris-HCI pH 8, 10
mM EDTA pH 8§, 1% SDS, 0.5 mg/ml Proteinase K) for
4hat37°C, and 1 h at 52°C following addition of 100 w1 ly-
sis buffer. MinElute PCR purification kit (Qiagen) was used
to purify the immune-precipitated ssDNA. All the steps of
OxiDIP-seq protocol, including the washes of the immune-
complexes, were carried out in low-light conditions, and
50 wM N-tert-butyl-a-phenylnitrone (B7263, Sigma) was
added to each Dneasy Blood&Tissue buffer, IP and wash-
ing buffers, to preserve the oxidized DNA. The recovered
ssDNA was converted to dsDNA using Random Primers
DNA Labeling System (ThermoFisher Scientific).

Preparation of OxiDIP sequencing libraries

Library preparation was performed as described in (15) us-
ing 2 ng of DIP or Input DNA. Prior to sequencing, li-
braries were quantified using Qubit dsDNA HS Assay Kit
(Invitrogen) and quality-controlled using Agilent Bioan-
alyzer. Samples from UV-treated MCF10A cells were se-
quenced generating 50 bp single-end reads using Illumina
HiSeq 2000 platform according to standard operating pro-
cedures. Samples from NAC-treated MCF10A cells were se-
quenced generating 150 bp paired-end reads using Illumina
NOVASEQ platform according to standard operating pro-
cedures.

OxiDIP analysis

OxiDIP-Seq was analyzed as indicated in (14,15). Briefly,
reads were quality checked, filtered, and aligned to refer-
ence genome using NGS-QC Toolkit (27) and BWA (28),
respectively, with default parameters. Subsequent, filtering
and format conversion steps were performed with SAM-
tools (29) and Bedtools (30). UCSC genome browser was
employed for data visualization. For the signal OxiDIP-
Seq analysis, uniquely mapped reads were normalized over
genomic input (logy 8-0xodG/Input ratio) using the bam-
Compare tool from Deeptools suite (31), with SES method
(32) as scaling factor. This should account for GC content
sequencing bias, which would affect the pull-down samples
and the inputs alike, as well as for the bias linked to different
amounts of DNA.

Linear correlation of normalized 8-oxodG signals
(expressed as log[8-oxodG/Input]) between UV/NAC-
treated and untreated MCF10A cells was tested by means of
Pearson’s correlation test using the multi-BigwigSummary
and the plotCorrelation tools from the Deeptools suite (31)
with default parameters.

The comparison of 8-0xodG signals in UV or NAC-
treated MCF10A cells was performed using the bamCom-
pare tool from Deeptools suite (31) with exactScaling
method as scaling factor, considering for each locus the read
depth from OxiDIP-Seq of treated cells normalized over
the same quantity from untreated cells (8-oxodG level as
log,[UV/Untr] and log,[NAC/Untr]).

Metagene analysis and heatmaps were generated using
the computeMatrix and plotHeatmap tools from the Deep-
tools suite with default parameters. Signal profile plots were
derived using R starting from the matrices generated by the
computeMatrix tool.
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ChIP-Seq analysis

ChIP-Seq of PARPI, Pol ITI-S5P, Pol II-S2P, TOP2B, TOPI,
gH2AX, NBS1, XRCC4 and RADS51 were downloaded
from GSE93040; H3K27ac, H3K4me3 and H3K4mel
ChIP-Seq data were retrieved from GSE85158; SMCI1, SA1
and SA2 were downloaded from GSE101921 and CTCF
from E-MTAB-740, (Supplementary Table S4). ChIP-Seq
reads (from GSE93040, GSE85158 and GSE101921) were
quality checked and filtered with Trimmomatic (33). Align-
ments to the reference genome were performed with BWA
using default parameters. SAMtools and Bedtools were
used to perform filtering steps and format conversions.
Uniquely mapped reads of each signal were normalized
over genomic input (log, ChIP/Input ratio) using the bam-
Compare tool from Deeptools suite, using SES method as
scaling factor. For the CLAPS-Seq samples analyses (34),
pre-processed data (bigwig files) were downloaded from
GEO (GSE181312), and each signal was normalized over
genomic input (log; [ChIP/Input ratio]) using bigwigCom-
pare tool from Deeptools suite. Pre-processed data (bigwig
files) of acAPE1, acOGG1, AP-site and BG4 data (18) were
downloaded from GEO (GSE142284), and each signal was
normalized over IgG signal (log, [ChIP/IgG]) using big-
wigCompare tool from Deeptools suite. Metagene analy-
sis and heatmaps were generated using computeMatrix and
plotHeatmap tools from the Deeptools suite with default
parameters, signal profile plots were derived using a custom
script in R starting from the matrices generated by the com-
puteMatrix tool.

Detection of active enhancers and super-enhancers and con-
trol set.

Active enhancers in MCF10A are detected by analyzing
H3K27ac, H3K4me3 and H3K4mel ChIP-Seq data as fol-
lows: H3K27ac peaks were called using MACS in the broad
region calling mode and all the other parameters with de-
fault values. Then, we calculated the H3K4me3 signal (av-
erage log; H3K4me3/Input ratio) in H3K27ac peaks map-
ping within and outside promoter regions (n = 21 074, de-
fined in (15) and determined the threshold of H3K4me3
enrichment as the equality point of the two density distri-
butions. The H3K27ac peaks mapping outside promoters
and showing H3K4me3 signal above the threshold were re-
moved from the following analyses as they represent non-
annotated TSSs/promoters. The H3K27ac peaks mapping
outside promoters and showing H3K4me3 signal below the
threshold were intersected with H3K4mel peaks (detected
using the same MACS settings as for H3K27ac peaks). Fi-
nally, H3K4mel-positive H3K27ac peaks are considered
active enhancers (n = 27 256).

Super-enhancers are then identified using the H3K27Ac
ChIP-Seq data (35). In particular, the active enhancers are
ranked and plotted based on their average H3K27Ac ChIP-
Seq signal (average H3K27Ac/Input ratio). The plot (Sup-
plementary Figure S3A) revealed a clear point in the rank
where the H3K27Ac signal starts increasing rapidly. A ge-
ometric measurement (y-axis point for which a line with
a slope of 1 was tangent to the curve) was used to iden-
tify a threshold value of H3K27ac marking this change in
slope. We defined respectively super-enhancers the class of

enhancers showing H3K27ac level higher than this thresh-
old, and typical enhancers the ones showing H3K27ac lev-
els lower than the threshold (Supplementary Figure S3B;
(35,36). The overlap between the sets of super-enhancers
and oxidized or control enhancer classes were determined
using Bedtools. Statistical enrichment was determined by
using Fisher’s exact test.

Control (non-oxidized) enhancers (n = 4520) were de-
fined as enhancers whose levels of 8-oxodG were lower than
the bottom 20% of 8-0xodG values distribution. In particu-
lar, the 8-0xodG signal was binned over the active enhancers
using a 100 bp bin size. Then, the level of the 8-oxodG signal
in the enhancer was defined as the maximum 8-oxodG value
computed overall the bins by using the computeMatrix tool
from Deeptools suite with default parameters and custom
R scripts.

To exclude potential confounding effects related to dif-
ferences in the H3K27ac levels between oxidized and con-
trol enhancers (Supplementary Figure S5A), 150 enhancers
were selected from each set, having uniformly distributed
H3K27ac values (log, [H3K27ac/Input]) ranging between
2.2 and 2.5 (respectively the control and the oxidized
H3K27ac values medians) (Supplementary Figure SS5B).
The analyses of Pol2 S5P, Pol2 S2P, TOP1, TOP2B, PARPI,
vyH2AX, XRCC4 were repeated over the above defined sub-
set of enhancers from each one of the two groups (Supple-
mentary Figure S5C).

GC content and G4 enrichment analysis at the enhancer re-
gions

For the quantification of GC content, the hgl8.gc5Base
track was retrieved from UCSC and the average GC con-
tent was assessed at oxidized and control enhancers using
the computeMatrix tool from the Deeptools suite with de-
fault parameters.

The GC content and 8-0xodG levels relationship was in-
vestigated as follows: the oxidized enhancers were analyzed
by dividing the corresponding regions in bins of 50 bp (Fig-
ure 1C) and then calculating the average GC content or 8-
0xodG level per bin using the computeMatrix tool from the
Deeptools suite with default parameters.

Bedtools suite was used to determine the overlap between
the data sets of potential G-quadruplex sequences (PQSs)
(37) and G4-containing regions (38) with oxidized or con-
trol enhancers. Statistical enrichment was determined by us-
ing Fisher’s exact test. ComputeMatrix tool from Deeptools
was used to analyze the normalized BG4 signal (18) at oxi-
dized or control enhancers.

Motif Enrichment pathway analysis

Motif enrichment analysis of oxidized enhancers was per-
formed by using HOMER suite tools (39). We provided the
coordinates of the oxidized enhancers as input to the find-
Motifs.pl tool and obtained a list of enriched motifs (along
with associated transcription factors) ranked by their en-
richment P-values. We considered as statistically significant
only the motifs with a reported P-value <le-8. Enrichment
pathway analysis was then performed by providing the list
of transcription factors associated with the statistically sig-



nificant motifs to the Enrichr tool (40,41) and considering
the MSigDB Hallmarks 2020 pathways.

GRO-seq analysis

GRO-seq data was obtained from Array-Express (E-
MTAB-742). FASTQ files were aligned to the reference
genome using Bowtie (42) with default parameters and al-
lowing a maximum of two mismatches for the identification
of uniquely mapping regions. Bidirectional transcription at
oxidized or control enhancer regions was determined by an-
alyzing the GRO-Seq signal (sense/antisense signal ratio)
with the computeMatrix tool from the Deeptools suite with
default parameters and R was used for plot generation.

Fusion breakpoints association analysis

We referred to 2822 fusion transcripts identified in patients
with breast cancer containing 5147 unique fusion break-
points (43). Bedtools suite was used to measure the num-
ber of fusion breakpoints in the oxidized or control CTCF-
mCLs and normalized per loop length. The t-test was used
for statistical significance.

ChIA-PET analysis

CTCF-ChIA-PET and RNAPII-ChIA-PET prefiltered and
processed data were downloaded from the ENCODE
project dataset, ENCSR403Z2YJ and ENCSR499JGQ, re-
spectively. Diffloop R/Bioconductor package (44) was em-
ployed to filter and analyze ChIA-PET processed dataset
as follows: bedpe files of two available CTCF ChIA-PET
replicates data were pooled and loaded by using the loops-
Make tool. By using the filterLoops tool, we then fil-
tered out loops whose width was less than 5kb or whose
PET count was <3 in both replicates. Moreover, anchors
that were separated by <5000 bp were merged using the
mergeAnchors tool. CTCF loops were then annotated and
filtered for the presence of a CTCF peak at the anchor
regions by using annotateLoops tool. CTCF peaks were
retrieved from the bed files of the dataset and only the
intersections of overlapping CTCF peaks in both repli-
cates were considered. CTCF loops were finally anno-
tated and filtered for the presence, within the loop region,
of (oxidized and non-oxidized) enhancers and promoters
by using loopGenes tool. CTCF CCDs were determined
by merging overlapping loops using Bedtools merge. Bed-
tools suite was used to measure the number of oxidized
and non-oxidized SEs or promoters contained in oxidized
CTCF-mCLs. Fisher’s exact test was used for statistical
significance.

A similar analysis was performed for the RNAPII ChIA-
PET dataset. In particular, the bedpe files of the two avail-
able RNAPII ChIA-PET replicates data were pooled and
loaded by using the loopsMake tool. We then filtered out
loops whose width was less than 10 kb or whose PET count
was <3 in both replicates. Moreover, anchors that were sep-
arated by <5000 bp were merged using the mergeAnchors
tool. RNAPII loops were then annotated and filtered, for
the presence at the anchor regions of RNAPII peaks and of
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oxidized and non-oxidized enhancers/promoters by using
annotateLLoops tool, in oxidized and non-oxidized RNAPII
loops, respectively. RNAPII peaks were retrieved from the
bed files of the above dataset considering only intersec-
tions of overlapping RNAPII peaks in both replicates. Bed-
tools suite was used to measure (i) the number of oxidized
or non-oxidized SEs and promoters contained in oxidized
RNAPII-mCLs and (ii) the number of oxidized or non-
oxidized RNAPII loops that were entirely contained in ox-
idized CTCF-mCLs. Fisher’s exact test was used for statis-
tical significance.

HiC analysis

We used HiC data in MCF10A cell line binned at 40 kb
resolution, taken from (45). For each chromosome, we first
classify all the oxidized promoters-oxidized enhancers pairs
(briefly oxi-oxi pairs) according to their genomic distance.
Then we calculate the average HiC score for each genomic
distance: where is the HiC score, is the number of pairs at
genomic distance and the sum runs over the lines contain-
ing the detected oxi-oxi pairs (Figure 5C, left panel, dark
blue squares). Analogously, we calculate the control score
(briefly, ctrl-oxi pairs) by considering pairs with control pro-
moters and oxidized enhancers (Figure 5C, left panel, light-
blue squares). We then evaluate how many times and build
the cumulative curve every 400 kb (i.e. every 10 diagonals)
covering a distance range up to 40 Mb (Figure 5C, right
panel, blue line). Obviously, in the above analysis, we in-
clude only distances where both and are well defined, that
is diagonals where at least one oxi—oxi and ctrl-oxi pair have
been detected, otherwise the distance is discarded. A stan-
dard gaussian filter is applied to HiC maps to avoid spar-
sity at long genomic distances. To exclude numerical effects
due to the different number of oxidized and control promot-
ers (we have typically less ctrl promoters in our datasets),
we considered an average curve over 10 independent real-
izations with equal number of events, from which we esti-
mated the standard deviation shown in Figure 5C. Random
control curve (Figure 5C, right panel, orange line) is pro-
duced by applying the above-described analysis to oxi-oxi
pairs and ctrl-oxi pairs where the position of the oxidized
and control promoters is bootstrapped along the chromo-
somes. For each chromosome were considered overall 100
permutations. For each genomic distance, to evaluate the
statistical significance we performed Mann-Whitney U test,
the maximum p-value among the considered distances was
used as reference.

Statistical analysis

Statistical significance of the observed differences in loop
width and frequency of contact was evaluated by means
of two-tailed z-test with heteroskedasticity assumption.
Fisher’s exact test was used to test the statistical enrichment
of enhancers and promoters within oxidized and control
sets. Mean value and standard deviation of each genomic
signal at the enhancers, promoters or chromatin loops were
calculated using the computeMatrix tool from Deeptools
suite with default parameters, while the standard error was
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calculated in R. Statistical differences of genomic signals be-
tween oxidized and control groups were assessed for each
bin using Welch modified two sample f-test, implemented
in the tsum.test function from the BSDA R package. This
study was conducted using 0.05 as the significance thresh-
old; all statistical analyses were performed using R version
4.0.5.

RESULTS
Identification of oxidized Enhancers in the human genome.

We recently described the genome-wide distribution of 8-
0xodG in MCF10A cells using the OxiDIP-Seq (14) show-
ing that OxiDIP-Seq peaks were enriched in intragenic re-
gions and within a subset of promoter sequences (15). Be-
cause recent studies addressed the role of DNA damage at
enhancers (35,46,47), we searched for specific enrichment
of OxiDIP-Seq peaks at enhancer regions. We first ana-
lyzed the H3K4me3, H3K4mel and H3K27ac ChIP-Seq
signals and identified 27 256 active enhancers in MCF10A
cells (Materials and Methods and Supplementary Figure
S1A, B). Then, we intersected these active enhancers with
the dataset of OxiDIP-Seq peaks (52,298) and found 841
active enhancers containing 839 OxiDIP-Seq peaks (Fig-
ure 1A, Supplementary Figures SIC, S2 and Supplemen-
tary Table S1). Analysis of a recently published §-oxodG
signal, derived by CLAPS-Seq method, confirms the pres-
ence of 8-oxodG accumulation at the oxidized enhancers
(Supplementary Figure S1D).

To investigate the role of GC content on 8-0xodG accu-
mulation at enhancers, we measured the GC composition of
both oxidized and control enhancers and found a slight in-
crease in the oxidized class (median oxidized = 45.3%, me-
dian control = 42.6%, P < 2.2e-16, Bonferroni adjusted
pairwise z-test; Figure 1B). However, the analysis of the
oxidized enhancers at a higher resolution level revealed a
strong correlation between 8-oxodG and GC content sig-
nals with high GC content regions showing increasing lev-
els of 8-0xodG (Figure 1C). We also found that oxidized
enhancers are enriched for the presence of PQSs (37) (Fig-
ure 1D, P < 2.2e-16, Fisher’s exact test) and G-quadruplets
as determined by the analysis of the G4 dataset (19% of ox-
idized enhancers versus 7% of control enhancers, P < 2.2e—
16 Fisher’s exact test) and of the BG4 signal (Supplemen-
tary Figure S3A). Overall, these findings suggest that the ac-
cumulation of oxidatively-modified nucleobases within en-
hancers depends on GC content.

Next, to determine whether oxidized enhancers are as-
sociated with specific transcription factors and biological
cellular processes, we used Hypergeometric Optimization
of Motif Enrichment (HOMER tool) and found an enrich-
ment of DNA sequence motifs (P < le-8) associated with
the factors JUNB, CEBP proteins, GRE, TBR1, NFATS,
NKX6-3, EHF and PRDMI1 (Figure 1E), these latter in-
volved in several inflammatory response pathways. This is
also confirmed by a pathway enrichment analysis based on
the above-indicated transcription factors (Figure 1F).

Altogether, these data show that 8-oxodG accumulates in
MCF10 cells at a subset of enhancers characterized by dis-
tinct genomic features and associated with inflammatory re-
sponse activity.

Oxidized enhancers are enriched for super-enhancers.

In 2013, the term ‘super-enhancer’ (SE) has been coined
to describe large, hyper-active regulatory regions contain-
ing multiple enhancers clustered in close genomic proximity,
densely occupied by transcription factors and coactivators
(35,36,48,49).

Hence, we questioned whether oxidized enhancers are
SEs. To this end, we first selected 2405 SEs among the above
described 27 256 enhancers in MCF10A based on the dis-
tribution of the H3K27ac ChIP-Seq values (Materials and
Methods and Supplementary Figure S4). Then, we com-
puted the SE/Enhancer ratio respectively overall and for
the oxidized and control enhancers classes (Figure 2A; “all’,
‘oxidized’ and ‘control’) and found that the oxidized en-
hancers are enriched for SEs (P < 2.2e-16, Fisher’s exact
test).

SEs are marked by RNA Polymerase II (RNAPII) load-
ing which, in turn, generates enhancer RNAs (eRNAs) also
through active bidirectional transcription (35,50). There-
fore, we measured, in both oxidized and control enhancers,
the levels of Ser5- and Ser2-phosphorylated isoforms of
RNAPII (Pol II-S5P and Pol II-S2P) and two RNAPII-
associated topoisomerases (TOP2B and TOP1). We found
that oxidized enhancers show a marked presence of both
RNAPII isoforms and of both topoisomerases (Figure 2B—
E). To exclude potential confounding effects due to differ-
ences in H3K27ac levels between oxidized and control en-
hancers (Supplementary Figure S5A), we selected a subset
of enhancers from the oxidized and the control sets having
comparable H3K27ac distributions (Supplementary Figure
S5B) and reanalyzed the levels of the two RNAPII isoforms
and of the two topoisomerases. For all the analyzed signals,
we confirmed the presence of higher levels of these latter at
oxidized enhancers (Supplementary Figure S5C). Finally,
by measuring the levels of eRNAs by GRO-Seq analysis in
the regions surrounding control and oxidized enhancers, we
found a marked presence of bidirectional transcription ac-
tivity only in the loci marked by oxidized enhancers (Fig-
ure 2F).

Overall, these data show that oxidized enhancers are en-
riched for SEs associated with the bi-directionally tran-
scribed eRNA.

Identification of oxidized CTCF and RNAPII-mediated chro-
matin loops.

SEs regulatory functions on target genes are typically re-
stricted to discrete spatial units within CCCTC-binding fac-
tor (CTCF)-insulated chromatin domains and within topo-
logically associating domains (TADs) (50-52). Therefore,
we asked whether oxidized enhancers localize within spe-
cific CTCF and RNAPII-mediated chromatin loops.

We analyzed the public available CTCF ChIA-PET data
from MCF10A (ENCODE 4 project (53)) and, using
Diffloop tools, we identified 72 012 high-quality CTCF-
mediated interactions, with 14 059 of them hosting en-
hancers and promoters within their loop regions. Next, we
split these 14 059 CTCF-mediated interactions based on the
presence of at least one oxidized enhancer within the loop
region and we found 855 oxidized CTCF-mediated chro-
matin loops (oxidized CTCF-mCL, Supplementary Ta-
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ble S2). When compared to all non-oxidized chromatin
loops (control CTCF-mCL), oxidized CTCF-mCL showed
higher loop widths and similar contact frequency (Sup-
plementary Figure S6A). In addition, we found that ox-
idized CTCF-mCL are localized in 199 chromatin con-
tact domains (CCDs). Since the cohesin proteins com-
plex is highly associated with CTCF in chromatin biol-
ogy, we analyzed the CTCF-anchor reg ions of the oxidized
CTCF-mCLs and looked at the co-occupancy with cohesin
subunits SMCI1, SA1 and SA2 (54-56). In line with the
previous reports (54-56), we observed high co-occupancy

levels of CTCF and cohesin proteins in both anchors
(Figure 3A).

To test whether oxidized enhancers physically inter-
act with oxidized promoters identified in our previ-
ous study (15), we analyzed the RNAPII ChIA-PET
data from MCF10A (ENCODE 4 project, (53)). We
found 55 753 high-quality RNAPII-mediated interactions
and, based on the presence of anchor-promoters and/or
anchor-enhancers, 23 447 interactions were identified as:
enhancer—promoter (E-P = 15 224/23 447), promoter—
promoter (P-P = 4663/23 447) and enhancer—enhancer
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(E-E = 3560/23 447) interactions. Hence, we filtered E—
P, P-P and E-E interactions for the presence of oxi-
dized enhancers and/or oxidized promoters and identified
a set of 408 oxidized RNAPII-mediated chromatin loops
(oxidized RNAPII-mCL, Supplementary Table S3) char-
acterized by anchor-oxidized-promoters and/or anchor-
oxidized-enhancers. Intriguingly, the analysis of the oxi-
dized RNAPII-mCL showed higher loop widths and con-
tacts frequency when compared to their non-oxidized coun-
terpart (control RNAPII-mCL) (Supplementary Figure
S6B). Since it is known that the SA2 cohesin promotes
contacts between enhancers and promoters independently
of CTCF while SA1 is mainly involved in the stabilization
of chromatin domain boundaries (54-56), we analyzed the
CTCF, SMCI1, SA1 and SA2 ChIP-Seq signals over the an-
chor regions of the oxidized RNAPII-mCL and found high
co-occupancy levels of CTCF, SMC1 and SA2 and absence
of SA1 (Figure 3B).

Thus, we identified oxidized CTCF-mediated chromatin
loops (oxidized CCDs) and oxidized RNAPII-mediated
loops in MCF10A cells.

Oxidized enhancers and promoters interact within oxidized
CTCF-mediated chromatin loops

SEs are known to mediate long-range interactions with their
target genes, within specific chromatin domains (36,48,51).
We, therefore, asked whether oxidized SEs tend to cluster
within oxidized CTCF-mCLs and whether they can physi-
cally interact with the oxidized promoters.

We counted the number of oxidized and control SEs and
promoters harbored within the oxidized CTCF-mCL and
found that 44% of the oxidized SEs versus 27% of control
SEs (P = 1.4¢-6, Fisher’s exact test), and 31% of oxidized
promoters versus 20% of the control class (P < 2.2e-16,
Fisher’s exact test) are contained in at least one oxidized
CTCF-mCL (Figure 4A). A similar analysis was performed
on oxidized RNAPII-mCLs and we found that they are en-
riched for oxidized SEs and promoters compared to the re-
spective control set (37% of oxidized SEs versus 11% of con-
trol, P = 1.4e-13, Fisher’s exact test, and 34% of oxidized
promoters versus 11% of control, P < 2.2e-16, Fisher’s ex-
act test; Figure 4B).
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contained within oxidized CTCF-mCLs (***P < 2.2e-16; Fisher’s exact test).

Then, we asked whether the interactions involving ox-
idized enhancers and promoters tend to occur more fre-
quently within oxidized CTCF-mCLs. We found 59% of the
oxidized RNAPII-mCLs versus 19% of control RNAPII-
mCLs occur within oxidized CTCF-mCLs (Figure 4C,
RNAPII Loop A and B, respectively; P < 2.2¢-16, Fisher’s
exact test).

Genome inspection of oxidized CTCF-mCLs, oxidized
RNAPII-mCLs, oxidized enhancers/promoters positioning
and HiC data, confirmed the presence of anchor regions
containing oxidized enhancers/promoters and the presence
of oxidized E-P, P-P and E-E interaction within CTCF-
mediated chromatin loops (Figure SA-C and Supplemen-
tary Figure S7).

To further corroborate this finding, we analyzed HiC
data, which gives information about the contact frequency
between any pairs of genomic loci. Here, we used published
available HiC data in MCF10A cells, available at 40 kb reso-
lution (45). In analogy with the previously described analy-
sis, we first measured the HiC score between loci containing
oxidized promoters and oxidized enhancers and compared
it with the HiC score between control promoters (15) and
oxidized enhancers (see Materials and Methods). Impor-
tantly, the comparison was made by classifying promoter-
enhancer pairs according to their genomic distance. Then,
for each genomic distance, we calculated the average score
of all the pairs (Figure 5D, left panel). Consistently with
the above-described results, we found that the average score
associated with oxidized pairs was higher than the average
score associated with control pairs in ~70% of the explored
distance range (Figure 5D, left panel, blue curve). Such

a fraction resulted significantly higher (P < 2e-3, Mann—
Whitney U test) against a random control level which was,
as expected, around 50% (Figure 5D, left panel, orange
curve, Materials and Methods) for the entire distance range
(up to 40Mb), suggesting that oxidized pairs tend to ex-
hibit a higher interaction frequency than normal enhancer-
promoter pairs.

Collectively, these data show that the oxidized enhancers
tend to cluster within specific chromatin domains and phys-
ically interact with oxidized promoters.

Transcription-mediated DDR accumulation at oxidized
CTCF-insulated chromatin loops.

Accumulation of 8-0xodG in MCF10A has been associated
with SSBs and/or DSBs formation together with DDR ac-
tivation (14,15).

Considering these findings, we analyzed the ChIP-Seq
signals of PARP1 and yH2AX proteins, markers of SSBs
and DSBs respectively, and we found that the oxidized
enhancers show accumulation of PARPI in their central
region together with higher yH2AX levels compared to
control enhancers (Figure 6A,B and Supplementary Fig-
ure S5C). In addition, we found accumulation of AP-sites,
acOGGI1 and acAPELl at oxidized enhancers compared to
the control set (Supplementary Figure S3B-D). This sug-
gests that the accumulation of 8-oxodG at enhancer regions
is associated with increased SSBs and/or DSBs formation
and DDR activation.

DDR activation favors the recruitment of DSB-repair
proteins such as RADSI (involved in homologous recom-
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bination, HR) or XRCC4 (non-homologous end-joining,
NHEJ) (57,58). Following analyses of RADS51 and XRCC4
ChIP-Seq signals (46), we found that XRCC4 was recruited
with higher levels at the oxidized enhancers (Figure 6C, D, /
= untreated cells and Supplementary Figure S5C). Intrigu-
ingly, we also found a sharp reduction of XRCC4 levels in
DRB-treated cells (Figure 6D, +DRB) followed by full re-
covery after DRB removal (Figure 6D, woDRB). Moreover,
similar results were obtained for oxidized promoters (Sup-
plementary Figure S8A), suggesting that transcription inhi-
bition decrease the XRCC4 levels at the oxidized promoter
and enhancer regions.

Since the oxidized enhancers and promoters accumulate
DSBs and form clusters within specific chromatin domains,
we asked whether the oxidized CTCF-mCLs host DSBs and
DSB-repair proteins more than the control ones. We ana-
lyzed ChIP-Seq signals of PARP1 and yH2AX and RADS1
or XRCC4 at the oxidized and control CTCF-mCLs includ-
inga +/— 2Mb flanking region. Strikingly, we found higher
accumulation levels of PARP1, yH2AX and NBS1 at both
anchor and loop regions of the oxidized CTCF-mCLs com-
pared with the control ones (Figure 7A-C, and Supple-
mentary Figure S§B). In addition, ChIP-Seq signal analysis
of the DSBs-repair proteins RADS1 and XRCC4 revealed
lower levels of RADSI in the oxidized compared to control

CTCT-mCLs (Figure 7D), with the RADSI signal reach-
ing its highest levels within the loop region and its lowest
at the anchors of both oxidized and control CTCF-mCLs.
Conversely, the XRCC4 signal showed a mirroring distribu-
tion compared to that of RADS1 (Figure 7E, / = untreated
cells) with the oxidized CTCF-mCLs showing the highest
levels at the anchor regions. Moreover, similarly to oxidized
enhancers and promoters, also the oxidized CTCF-mCLs
showed an XRCC4 occupancy that is dependent on the
RNAPII elongation activity, with an almost absent XRCC4
signal in DRB-treated cells which is completely recovered
after DRB removal (Figure 7E, +DRB and woDRB).

Since NHEJ, an error-prone pathway, is associated with
oxidized CTCF-mCLs, we asked whether oxidized CTCF-
mCLs were associated with chromosomal instability. To this
end, we analyzed a dataset containing 2822 fusion tran-
scripts from breast cancer patients (43) and derived the
number of fusion breakpoints localized in the oxidized and
control CTCF loops respectively. We found that, compared
with control CTCF loops, the oxidized CTCF loops con-
tain, on average, a higher number of breakpoints per loop
(median =0.33 versus 0.12, P = 1.0e—2, pairwise z-test, Fig-
ure 7F).

Taken together, these data indicate that endogenous ox-
idized CTCF-mCLs mark intrinsic fragile chromatin do-
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mains. To further corroborate this finding, since UV irradi-
ation is known to increase genomic 8-oxodG levels (14,15),
we assessed whether 8-oxodG levels increase at enhancers
and at endogenous oxidized CTCF-mCLs in UV irradi-
ated cells. Hence, we performed OxiDIP-Seq using genomic
DNA from UV-treated MCF10A cells. Firstly, we found
only a moderate correlation between the 8-oxodG levels
measured in UV-treated and in untreated cells (Pearson’s
coefficient, r = 0.70; Supplementary Figure S9A), indicat-
ing the existence of genomic regions with different 8-oxodG
levels that are linked to the UV the treatment. In particular,
we found an increase of 8-0xodG levels at enhancers/SEs
(Supplementary Figures S9B and C), gene loci (Supplemen-
tary Figure S9D) and at endogenous oxidized CTCF-mCLs
(Figure 7G, +UV). Notably, the analyses of CLAPS-Seq ex-
periments, performed in untreated and potassium bromate-
treated cells (where the potassium bromate is used as a
strong oxidizing agent), shows again accumulation of 8-
oxodG at endogenous oxidized CTCF-mCLs (Supplemen-
tary Figure S10). Finally, we treated MCF10A cells with
the N-acetyl-cysteine (NAC), used as ROS scavenger to re-
duce the genome 8-oxodG levels (14,15), and performed
OxiDIP-Seq. Analyses of 8-0xodG levels in NAC-treated
vs untreated cells revealed a weak correlation between ox-
idations signals in these two conditions (Pearson’s coeffi-
cient, » = 0.47; Supplementary Figure S11A). In particu-
lar, we observed a depletion of endogenous §-oxodG lev-
els at enhancers/SEs (Supplementary Figure S11B, C), gene
loci (Supplementary Figure S11D) and CTCF-mCLs (Fig-
ure 7G, +NACQ).

DISCUSSION

Here, we report data suggesting the existence of hu-
man 8-oxodG-enriched enhancer regions in human ep-
ithelial mammary MCF10A cells. 8-oxodG accumulation
at these enhancers is positively correlated with the GC
content. Moreover, in agreement with previous findings
(1,14,15,24,25,59-61), oxidized enhancers are enriched for
PQSs and G4 DNA structures. We found that the 8-oxodG-
enriched enhancers are associated with specific transcrip-
tion factors involved in the inflammatory response path-
ways, as observed for OGG1-associated promoters (62,63).

We found that oxidized enhancers are bidirectionally
transcribed and enriched in super-enhancers. SEs are a class
of regulatory elements that participate in the transcriptional
regulation of key master regulators of cellular identity. SEs
are characterized by bidirectionally transcribed eRNA and
are known to mediate long-range interactions with their tar-
get genes within CTCF-insulated chromatin domains and
within TADs (35,36,48-52).

Based on the above-described model, we identified 855
CTCF-mCLs (which define 199 CTCF CCDs) and 408
RNAPII-mCLs. These loops are enriched for the pres-
ence of both oxidized SEs and promoters, thus suggesting
that 8-oxodG-enriched regulatory regions tend to cluster
within specific chromatin domains. The CTCF-mCLs an-
chors show co-occurrence of CTCF with both SA1 and SA2
cohesins and this is in agreement with previous data show-
ing that SA1 and SA2 together with CTCF have a struc-
tural role in a sub-TAD chromatin loop (54-56). On the

other hand, only SA2 is present in the RNAPII-mCLs an-
chors, thus supporting the critical role of SA2 in the es-
tablishment of functional SE-promoter intra-TAD contacts
(54-56). Finally, we found that oxidized enhancers/SEs are
physically associated with oxidized promoters within the
oxidized CTCF-mCLs, suggesting that the oxidation of the
SEs and target gene promoters simultaneously occur during
the transcription process. 8-0xodG, together with its repair
intermediates, plays a temporary epigenetic role promoting
up- or downregulation of gene expression (1,24,25,64). Our
findings reinforce this model and suggest that the 8-oxodG
accumulation at enhancer-promoter pair contacts is likely
the result of crosstalk occurring between transcription pro-
tein complexes recruited at enhancer and promoter regions.

We also demonstrate that 8-oxodG accumulation at
the enhancers is associated with the presence of AP-sites,
OGG1/APE] binding and with both SSBs (as marked by
the presence of nick sensor PARP1) and DSBs (as marked
by yH2AX accumulation) formation along with DDR ac-
tivation. This is consistent with data reported for specific
promoter regions (15) and supports the model where an
incomplete 8-o0xodG repair contributes to the DSBs for-
mation through the accumulation of SSBs intermediates
and by triggering DDR activation. Intriguingly, the oxi-
dized CTCF-mediated chromatin loops display SSBs and
DSBs accumulation. These findings suggest that 8-oxodG-
associated DNA damage accumulation and DDR activa-
tion is not circumscribed at oxidized enhancer-promoter
pairs only, but it spreads along the CTCF-mCLs while being
insulated by CTCFs. Notably, these fragile chromatin do-
mains, as well as the associated oxidized enhancers and pro-
moters, accumulate specifically XRCC4 and not RADSI,
thus suggesting that the DSBs are repaired by the NHEJ
pathway. Finally, the recruitment of XRCC4 at the damaged
regions is sensitive to transcription inhibition, thus suggest-
ing that the fragility of the identified chromatin domains is
linked to a transcription-dependent mechanism.

Comparing OxiDIP-Seq experiments performed in un-
treated, UV-irradiated and NAC-treated cells, we found
that enhancers, gene loci and their containing CTCF-mCLs
constitute hot-spots of endogenous- and/or exogenous-
generated 8-oxodG. This suggests that the identified 8-
oxodG-enriched regions may represent intrinsically fragile
loci or, alternatively, that transcription-associated mecha-
nisms or structures (i.e. G4 and R-loops) make these re-
gions more sensitive to damage events. Notably, similar re-
sults were obtained by analyzing the 8-oxodG signals de-
rived from CLAPS-Seq.

Collectively, we propose a model in which 8-0xodG drives
the transcription process by promoting, at CTCF-insulated
domains, chromatin looping and crosstalk between protein
complexes recruited to enhancers and promoter regions.
However, 8-oxodG also makes these regions more prone
to accumulate DSBs, that are in turn repaired via NHEJ
pathway. Under oxidative or oncogenic stress, the rate of
8-0x0dG incomplete repair events may increase within the
identified intrinsically fragile chromatin regions, thus gen-
erating accumulation of NHEJ-repaired DSBs, genome in-
stability and eventually tumorigenesis. This model might be
particularly relevant in breast cancer whereby we found that
8-0x0dG associates with enrichment of fusion breakpoints



and chromosomal translocation events (known byproduct
of NHEJ) at oxidized CTCF-mCLs. Intriguingly, a recent
study demonstrated that the removal of SmC (a well-known
epigenetic marker), via an oxidative demethylation process,
within neuronal enhancer regions causes SSBs formation
leading to the hypothesis that failure of the BER-mediated
SSB repair at enhancers sites could lead to aberrant pheno-
types (47).

Overall, our work identified oxidized enhancers marking
specific fragile chromatin domains and provides mechanis-
tic insights on the fragility of these genomic regions and the
functional implications of §-0xodG in genome instability.
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