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CANCER

Concordance of hydrogen peroxide-induced
8-oxo-guanine patterns with two cancer mutation
signatures of upper Gl tract tumors

Seung-Gi Jin, Yingying Meng, Jennifer Johnson, Piroska E. Szabé, Gerd P. Pfeifer*

Oxidative DNA damage has been linked to inflammation, cancer, and aging. Here, we have mapped two types of
oxidative DNA damage, oxidized guanines produced by hydrogen peroxide and oxidized thymines created by
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potassium permanganate, at a single-base resolution. 8-Oxo-guanine occurs strictly dependent on the G/C se-
quence context and shows a pronounced peak at transcription start sites (TSSs). We determined the trinucleotide
sequence pattern of guanine oxidation. This pattern shows high similarity to the cancer-associated single-base
substitution signatures SBS18 and SBS36. SBS36 is found in colorectal cancers that carry mutations in MUTYH,
encoding a repair enzyme that operates on 8-oxo-guanine mispairs. SBS18 is common in inflammation-associated
upper gastrointestinal tract tumors including esophageal and gastric adenocarcinomas. Oxidized thymines induced
by permanganate occur with a distinct dinucleotide specificity, 5'T-A/C, and are depleted at the TSS. Our data
suggest that two cancer mutational signatures, SBS18 and SBS36, are caused by reactive oxygen species.

INTRODUCTION
Reactive oxygen species (ROS) from internal and external sources
represent a threat to genome integrity. Different types of ROS are
generated during cellular metabolism or from exposure to chemicals,
air pollution, ultraviolet (UV) radiation, or diet (1-6). These ROS
include hydrogen peroxide (H,0,) as a common oxidizing molecule
present in cells and molecules derived from H,0; in the presence of
transition metals, such as hydroxyl radicals (¢«OH). Superoxide anion
(O2") produced by electron leakage from the electron transport
chain or by myeloperoxidase during inflammatory processes is con-
verted to H,O, by superoxide dismutase (7). Another relevant type of
ROS is singlet oxygen (*O,) formed by UVA radiation through exci-
tation of endogenous photosensitizers (2). Reactive nitrogen species
are produced during inflammatory processes (8). These molecules
react with guanine to form 8-oxo-7,8-dihydro-2'-deoxyguanosine
(8-0x0-dG). Guanine has the lowest oxidation potential compared
to the other DNA bases and is therefore oxidized preferentially.
8-Oxoguanine (8-0x0-G) is the most prevalent DNA base oxidation
product, although more than 20 oxidatively damaged DNA bases
have been identified (1-3, 5). In addition to direct oxidation of guanine,
8-0x0-dG in DNA may arise from oxidation of the nucleotide pool,
i.e., by formation of 8-0x0-dGTP, which is then incorporated into
DNA during replication (9). Damage of pyrimidines is a less efficient
reaction produced by ROS. One exception is the oxidizing agent
potassium permanganate (KMnOy), which readily oxidizes thymine
to form mostly thymine glycol (10, 11).

8-0x0-G is repaired primarily by base excision repair initiated by
the 8-oxoguanine DNA glycosylase OGG1 (I). When this lesion is
not repaired and persists during replication, DNA polymerases may
incorporate cytosine or adenine across from 8-oxo-dG. A specialized
repair DNA glycosylase, MUTYH (MYH), is present in mammalian
cells to remove the mis-incorporated adenine from 8-oxo-G/A
mispairs (12). When these repair pathways fail, the most common
mutation induced by 8-o0xo-G is the G to T transversion (13, 14).
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Guanine oxidation may contribute to carcinogenesis. MUTYH
mutations have been associated with inherited colorectal polyposis
and colorectal cancer (15, 16) and possibly other cancers (17). In
mouse models, combined deficiency of Myh (encoding MUTYH)
and Oggl (encoding the OGG1 repair enzyme) predisposes the
animals to lung and ovarian tumors and lymphomas. In these
mice, 75% of the lung tumors carried G to T mutations in the Kras
gene (18).

It has been difficult to unambiguously link ROS and oxidative
DNA damage to human cancer. The production of ROS is a well-
known process occurring in the setting of inflammation. An esti-
mated 25% of all human cancers have been linked to chronic
inflammation, which acts as a tumor-predisposing condition, and
many cancer risk factors have inflammation as a common mode of
action (19). These malignancies include cancers associated with
infections (for example, liver cancers and hepatitis viruses, cer-
vical cancers and head and neck tumors and human papilloma
virus, and gastric cancers and Helicobacter pylori) or inflammatory
conditions [liver cancers and alcoholic and nonalcoholic steato-
hepatitis (fatty liver disease), esophageal cancers and Barret’s esoph-
agus, intestinal tumors linked to inflammatory bowel disease, and
several others].

As part of the Pan-Cancer Analysis of Whole Genomes (PCAWG)
Consortium, more than 84 million mutations from whole cancer
genomes and exomes were used to establish about 50 single-base
substitution (SBS) signatures (20). Some signatures occur in most
cancer types and in most individual tumors analyzed. An example is
SBS1, with typical C to T mutations at CpG dinucleotides. SBSI is
thought to be derived from spontaneous hydrolytic deamination of
5-methylcytosine at methylated CpG sites in the genome (21). On
the other hand, many signatures are quite tumor type specific. For
example, lung cancers show a strong enrichment of SBS4, a signa-
ture in which G to T mutations are most prevalent. SBS4 is typical
for lung cancers in tobacco smokers (22). The patterns of these lung
cancer G to T mutations are best correlated with mutations induced
by polycyclic aromatic hydrocarbons, exemplified by benzo[a]
pyrene (22-26).
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G to T signatures have been extracted from a few other specific can-
cer types, in which they occur along with additional signatures. From
the signature collection of the COSMIC database (20), SBS18 has been
suggested to be potentially caused by ROS. SBS18 is most common in
esophageal adenocarcinomas and in certain stomach and colorectal
cancers. Esophageal adenocarcinomas have a clear preinflammatory
condition, Barrett’s esophagus. Rare colorectal tumors carry germline
or somatic mutations in the oxidative damage repair enzyme MUTYH
(16). These mutations, which show a high frequency of G to T events,
have been characterized as SBS36 in the COSMIC database (27).

One important goal is to have a clear understanding of the extent
and genomic features of the oxidative DNA damage that may cause the
mutations. In most cases, DNA damage cannot be read directly by stan-
dard DNA polymerase-based sequencing methods. There are several
methodologies available for mapping of oxidative DNA damage (28).
Using immunoprecipitation of DNA with antibodies against 8-oxo-dG,
followed by high-throughput sequencing, it is possible to map 8-oxo-dG
in the genome with a resolution of 150 to 250 base pairs (bp) (29, 30),
which is analogous to resolution achieved by chromatin immunopre-
cipitation (ChIP) sequencing. Other affinity-based pulldown methods
are 8-oxo-G-sequencing (OG-seq) (31) and apurinic site-sequencing
(AP-seq) (32), which achieve similar levels of resolution.

However, it is most desirable to achieve single-base specificity
for mapping of oxidized DNA bases. One method developed for this
purpose is based on click chemistry (33). This approach involves
removing the damage with a repair enzyme and filling the gap with
an alkynylated deoxynucleoside, which can then be coupled to a
code sequence oligonucleotide. The resulting triazole-linked DNA
can be traversed and read by a DNA polymerase. This method has
been used to map 8-0x0-dG in the yeast genome (33). Nick-sequencing
(nick-seq) has been used for mapping oxidative DNA damage in
Escherichia coli (34). 8-oxo-G can be further oxidized and chemically
labeled with biotin, which produces a polymerase stop signal (35).
However, to our knowledge, there is currently no straightforward
enzyme-based method to map oxidized DNA bases genome-wide
and at single-base resolution in mammalian cells.

We recently developed the circle-damage-sequencing (CD-seq)
method for base level mapping of UV-induced DNA damage in human
cells (36). This method relies on the efficient conversion of DNA dam-
age into strand breaks and bidirectional sequencing from the break.
Here, we have adopted CD-seq for mapping the sequence distribution
of 8-0x0-G and of oxidized thymine in human cells. These damaged
bases form with unique sequence specificities. The patterns of 8-oxo-dG
resemble two mutational signatures found in cancer genomes.

RESULTS

Mapping of oxidized guanines at base resolution

We used hydrogen peroxide as the ROS with physiological relevance
and incubated human dermal fibroblasts with this oxidizing agent
at concentrations ranging from 5 to 25 mM for 30 min. We isolated
DNA from the treated cells and initially verified the formation of
oxidized guanines by cleavage of the high-molecular weight DNA with
the Fpg DNA glycosylase. Fpg protein efficiently excises 8-oxo-G. It
also releases ring-opened formamidopyrimidine (FAPY) DNA
adducts (37-39), which may form under reducing conditions through
one-electron reduction after free-radical reaction of guanine (1, 40).
After incubation of the DNA with Fpg protein, we produced DNA
double-strand breaks at the incision sites using single-strand-specific
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S1 nuclease. We separated the treated DNA molecules on nondena-
turing agarose gels (fig. S1). Increasing concentrations of H,O,
produced dose-dependently increasing levels of strand breakage,
consistent with formation of 8-0x0-dG in the treated cells at fre-
quencies of about one modification per 10 kb at the highest concen-
tration used and less at the lower concentrations.

Having confirmed the formation of 8-o0xo-dG, we selected the
samples treated with 5 and 10 mM H,0; and processed them for
modified base mapping using CD-seq (Fig. 1A) (36). After DNA
circularization, the 8-oxo-G bases were released with E. coli Fpg
protein, which also has AP lyase activity. We used APEI to remove
the modified sugar residues at the 3’ ends near the single-strand
breaks. Using S1 nuclease, we then produced ligatable DNA double-
strand breaks at the ring-opened molecules. After adapter ligation,
sequencing libraries were prepared and subjected to paired-end se-
quencing on Illumina flow cells (see Methods). In the CD-seq pro-
cedure, the aligned reads show a unique pattern in genome browser
views; they appear as divergent reads (due to opening of the rings)
with a single-nucleotide gap, whereby the gap position represents
the base that was eliminated by the DNA glycosylase enzyme
(Fig. 1, B to D). Considering all divergent gapped bases obtained,
we observed that guanine was the base in the gaps at a frequency of
over 70% of all bases. Adenine or thymine appeared in ~30% of the
divergent reads. The presence of adenine may be caused by adenine
oxidation or, alternatively, by the presence of abasic sites at adenine
positions, which are cleaved by the AP lyase activity inherent to Fpg
protein. However, in terms of the number of total divergent reads
normalized to the total number of all reads obtained, our untreated
control sample had 500 to 700 times fewer divergent reads with
single-base gaps, suggesting that most of the damaged sequence
positions we mapped were due to the treatment with H,O, and
were not due to a background of such modifications in cells or due
to artifactual damage to the DNA during sample processing. The
untreated samples contained 54% A or T and 46% G or C bases in
the gap. The H,0,-treated cell samples had predominantly G or C
in the gap at frequencies of 67 to 77.5%. One technical challenge
with mapping oxidative DNA damage is its potential occurrence as
background, which could be induced in part by the DNA prepara-
tion methods, most notably in the presence of phenol (41). There-
fore, care needs to be taken to minimize background oxidation.

Distribution of oxidized guanines along genes

Using 5 million to 6 million divergent single-base gapped reads from
cells treated with 5 or 10 mM H,0; and much fewer reads from
nontreated cells (n = ~12,000), the reads were mapped to the hgl9
human genome. The oxidized bases were most strongly enriched in
intergenic regions and in introns (Fig. 2A). Using gene-level (meta-
gene) analysis, we profiled the oxidized base signals along all genes
from -3 kb upstream of transcription start sites (TSSs) and then
binned them according to gene length from the TSS to the tran-
scription end sites (TESs) and continuing 3 kb downstream of the
TES (Fig. 2B). The H,0,-treated samples showed similar profiles
between the different concentrations, which were characterized by
strong peaks near the TSS and a dip near the TES (Fig. 2, B to E).
This distribution of signal roughly followed the GC-content of the
human genome as plotted in Fig. 2F. Sequences near the TSS are
generally GC rich and often include CpG islands, and sequences
near the TES are AT rich due to the presence of polyadenylation
signals and their surrounding sequences (42, 43).
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Fig. 1. Mapping of oxidized guanines by CD-seq. (A) Outline of the CD-seq method. (B) Outline of the enzymatic cleavage procedure to map 8-oxo-dG at single-base
resolution. (C) Genome browser view of divergent DNA sequencing read pairs on chromosome 11 at the MICAL2 gene. Orange and lavender segments represent the
divergent read pairs. Red arrows indicate single-base gaps matching the excised DNA base. (D) Genome browser view of divergent DNA sequencing read pairs on

chromosome 17 at the EVPL gene. ds, double strand; DSB, double-strand break.

Relationship of guanine oxidation to gene expression

and chromatin features

Using publicly available gene expression data for human fibroblasts,
we examined whether 8-oxo-dG formation is correlated with gene
expression levels. Figure S2 shows that there is no correlation be-
tween transcript levels (FPKM, fragments per kilo base per million
mapped reads) and the extent of 8-0x0-dG formation in the region
covering 2.5 kb upstream of the TSS.

Using chromatin state descriptions from the ENCODE (The
Encyclopedia of DNA Elements) project (ChromHMM), we deter-
mined whether higher levels of 8-0xo-G bases accumulate in ge-
nomic regions that are associated with specific chromatin features
(fig. S3). The highest levels of oxidized guanines were found in
intragenic enhancer regions, in bivalent enhancers and TSS regions,
and in genomic regions targeted by the Polycomb complex. Regions
of heterochromatin and quiescent regions of the genome showed
the lowest levels of 8-0x0-dG formation (fig. S3). These data are
consistent with higher GC content of specific genomic segments
being associated with higher levels of guanine oxidation, with
limited contribution of gene expression state or specific chroma-
tin features.
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A previous report, using an immunoprecipitation technique,
indicated that DNA in the nuclear periphery is more susceptible to
H,0,-induced guanine oxidation than DNA in the center of the
nucleus (29). The nuclear periphery-located DNA contains lamin-
associated domains (LADs), which are regions of heterochromatin
(44). We used published LAD data from an earlier study of human
fibroblasts (45) and determined the distribution of 8-0x0-dG in LAD
regions and in LAD-flanking regions, up to 100 kb from the border
regions. 5-Ox0-dG was moderately depleted in LADs and enhanced
at the border and flanking regions (fig. S4A). In addition, here, the
distribution of the oxidized bases largely followed the GC content of
the genome, which is lower in LADs (fig. S4B).

Distribution of oxidized guanines along specific

DNA sequences

We next analyzed the trinucleotide sequence contexts of guanine
oxidation in H,O,-treated human cells. Because the strands are
symmetrical, for example, AGC corresponds to GCT on the opposite
strand, we considered 48 combinations because we treated A or T in
the gap separately. The middle base is displayed as either G, A, or T,
and the 5" and 3’ flanking bases can be any of the four bases, which
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Fig. 2. Distribution of 8-oxo-dG along human genes. (A) Distribution of 8-oxo-dG in different compartments of the human genome. (B) Metagene profiles of 8-oxo-dG
distribution along all genes of the hg19 human genome. The signal was plotted from 3 kb upstream of TSSs and then binned over the entire gene length, continuing 3 kb
downstream of TESs. The y-axis scale is 0 to 0.8. (C to E) Heatmaps of 8-oxo-dG coverage are sorted from high (top, blue) to low (bottom, red). The signals were mapped
and binned in 50-bp windows from 3 kb upstream of the TSS and then normalized relative to gene length over the gene bodies to the TES and 3 kb downstream of the
TES. (C) No H,0, treatment. (D) Treatment of cells with 5 mM H,0,. (E) Treatment of cells with 10 mM H,0,. (F) GC content along hg19 genes.

leads to 48 combinations. For the nontreated control, the distri-
bution of the different trinucleotides was relatively flat, with some
enhancement at the sequences 5'TGG, 5'AGG, and 5'GGG (Fig. 3A).
However, for the samples treated with 5 or 10 mM H,0,, trinucleo-
tides with a central guanine were much enhanced (Fig. 3, B to D,
consider y-axis scales compared to Fig. 3A). Here, we also included
asample derived from a 10 mM H,0O, treatment that was run on the
sequencer at 540 million reads (Fig. 3D). The most highly damaged
trinucleotide sequence always was 5" TGG. Additional major damage
sites were found at 5’AGA, 5'AGG, and 5'GGA. Two neighboring
purines with G as the damaged base as well as the sequence 5'TGC
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characterized the most frequent trinucleotides harboring oxidized
guanine in the center. Expanding the analysis to a broader sequence
context, we generated logo plots (Fig. 3E). These sequence plots
show guanine as the preferred base in position 11 (the base in the
gaps of divergent reads). The bases most preferred in the 5" direction
were T, A, and G. Cytosine was clearly underrepresented, largely
because 5'CG sequences are depleted in mammalian genomes. The
bases most preferred in the 3’ direction of the 8-oxo-G were G, A,
and C, with T being strongly underrepresented. Outside of this
trinucleotide context, no further sequence-specific enrichment of
8-ox0-G was apparent.
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of each letter represents the relative frequency of that nucleic acid base.

It is of interest to compare this 8-oxo-dG DNA damage signature
with the set of mutation signatures collected in the COSMIC cancer
mutation database. We used cosine similarity analysis to establish
the relationship between our 8-oxo-dG signature (established from
540 million reads) and the various COSMIC signatures. The highest
similarities between the 8-0xo-dG signature and COSMIC SBS sig-
natures were found for SBS4, SBS18, SBS36, and SBS39 (Fig. 4). SBS4,
which is enriched in G to T mutations, has been explained by tobacco
smoke-associated polycyclic aromatic hydrocarbons (25). SBS39, a
signature of unknown etiology, has predominantly G to C transversions,
in addition to C to A mutations, and would therefore not qualify for
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a specific 8-oxo-dG signature. Those signatures that are dominated
by C to A (or G to T) transversions are of greater relevance.

SBS18 has been proposed to be linked to ROS-induced DNA
damage (COSMIC database). SBS36 is thought to be due to deficiency
of the MUTYH DNA glycosylase known to excise adenines from
8-0x0-G/A mispairs, is enriched in colorectal tumors from patients
with MUTYH mutations, and therefore should reflect a signature
from oxidative DNA damage (27, 46). A similar signature of muta-
tions has been found in Mth1/Oggl/Mutyh triple knockout mice
(47, 48). The cosine similarity between the 8-0x0-dG signature
and SBS18 was highest at 0.91, and the cosine similarity between
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8-0x0-dG and SBS36 was 0.85 (Fig. 4B). Our analysis suggests that
the trinucleotide patterns we established for oxidized guanines are
concordant with two G/C to T/A mutational signatures enriched in
human cancers.

Analysis of oxidized thymines in permanganate-treated cells
Potassium permanganate oxidizes thymine and produces thymine
glycol as the main DNA oxidation product (11). The sequence
specificity and genomic preferences for thymine oxidation have re-
mained unknown due to a lack of available methodology.

To analyze permanganate-oxidized thymines, we treated human
U20S cells with potassium permanganate and isolated the DNA. To
test the global extent of thymine oxidation in the treated cells,
we initially used agarose gel electrophoresis after cleavage of the
DNA with two DNA glycosylases, Endo III and NEIL1. These
enzymes remove oxidized DNA bases from DNA (49, 50). Whereas
Endo III prefers to excise oxidized bases from double-stranded
DNA, NEIL1 preferentially operates on single-stranded regions
(51), although there likely is overlap in their substrate preference
depending on enzyme concentrations and incubation conditions.
The enzyme Endo IV was used as an AP endonuclease to remove
ligation-blocking lesions from the 3’ ends. Double-strand cleavage
was achieved with SI nuclease digestion. The data show that the
combined enzyme treatment produces double-strand breaks in a
KMnOy, concentration-dependent manner (fig. S5) and that the
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treatment with 10 mM KMnOj creates approximately one lesion
per 3 kb of DNA.

Following these initial experiments, we used NEIL1 or Endo III
in the CD-seq procedure (Fig. 5A). We also included samples in
which both enzymes were used in combination. Figure 5B shows
high-resolution genome browser views of the amplified libraries. As
expected, we almost exclusively observed thymines in the single-base
gaps, consistent with the properties of permanganate oxidation and
DNA glycosylase specificity.

Distribution of oxidized thymines along genes

We created several million divergent reads with single-base gaps
and mapped them to the hgl9 genome. We analyzed the damage
detected with the different enzyme combinations along genes from
-3 kb upstream of TSSs and then binned according to gene length
from the TSS to the TES, and 3 kb downstream of the TES (Fig. 5).
These profiles show a pronounced reduction of oxidized thymine
near TSS regions and a relatively flat profile along other parts of the
genes. It is likely that the reduced levels of oxidized Ts near the TSS
are a consequence of the GC richness of these sequences.

The levels of oxidized thymines in regions representing up-
stream gene promoters did not correlate with gene expression levels
(fig. S6). We then derived ChromHMM maps for human U20S
cells using published ChIP-sequencing (ChIP-seq) data for his-
tone modifications (fig. S7). We found the strongest enrichment of
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Fig. 5. Mapping of oxidized thymines. (A) Outline of the CD-seq and enzymatic cleavage methods used to map oxidized thymines at single-base resolution. (B) Base
resolution view of oxidized thymines along the human NOD1 and CFAP77 genes. Orange and lavender segments represent the divergent read pairs. Green arrows indicate
single-base gaps matching the excised oxidized DNA base. (C) Heatmaps and metagene profiles of permanganate-oxidized thymines along human genes. DNA from
untreated cells produced very few divergent read pairs, and the data could not be used in similar displays. Different cleavage enzymes, Endo Ill or NEIL1, or a combination

of the two was used.

oxidized thymines at zinc finger genes and at repeats (fig. S7A). The
enrichment of thymine glycol in zinc finger genes may be explained,
at least in part, by the relative AT richness (GC poorness) of these
genes relative to other hgl9 genes (fig. S7B). However, with regard
to LADs, the distribution of oxidized thymines was uniform along
those regions and flanking sequences and was not negatively cor-
related with GC content of the regions (fig. S8).
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Distribution of oxidized thymines along specific

DNA sequences

We next analyzed the trinucleotide sequence contexts of thymine
oxidation damage in permanganate-treated cells. Because the strands
are symmetrical, for example, ATC corresponds to GAT on the op-
posite strand, we considered 48 combinations. The middle base is
displayed as either T, C, or G, and the 5" and 3’ flanking bases can
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be any of the four bases, which creates 48 combinations. For non-
treated cells, we obtained only 392 divergent reads with single-base
gaps. One reason for this very small number of background reads
is the low frequency of oxidized pyrimidines in untreated cells. The
number of reads was too low to establish a reliable trinucleotide
distribution list or gene profiles for nontreated cells. The different
enzyme treatments with Endo III, NEILI, or the combination of the
two gave very similar trinucleotide sequence patterns. The preferred
sequence contexts of oxidized thymines were 5'CTA and 5'TTA,
followed by 5'GTA, 5'CTC, and 5’ATA (Fig. 6A).

A sequence logo plot analysis (Fig. 6B) revealed T as the over-
whelming base in position 11, the gapped position of divergent reads.

The position 5’ to the damaged T showed a minor preference for
pyrimidines. However, the position 3’ to the oxidized T showed
interesting characteristics, the common presence of A followed by
C and much fewer occurrences of G or T. The data reveal a hereto-
fore unknown DNA sequence specificity of permanganate-induced
thymine oxidation.

DISCUSSION

We applied the CD-seq method for comprehensive mapping of two
types of oxidative DNA damage. CD-seq is applicable for analysis of
any type of DNA damage or DNA modifications for which a specific
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cleavage enzyme is available. In our study, we used DNA glycosylases
of the base excision repair pathway. These enzymes may have a narrow
or broader selectivity for the damaged bases. In this case, Fpg protein
is known to excise 8-0xo-G from DNA but also acts on other oxidized
bases, preferentially purines, such as FAPY-G or oxidized adenines.
The DNA damaging agent we used, H,O, is known to induce
8-0x0-G as a major modified DNA base. Therefore, the signals we
mapped are expected to be mostly 8-0xo-G. For permanganate-
induced DNA damage, we used E. coli Endo III, which preferentially
recognizes oxidized pyrimidines. We also used the NEIL1 protein,
which has a broader specificity and can remove oxidized purines
and oxidized pyrimidines. The DNA damaging agent KMnO, oxi-
dizes thymine, preferentially leading to the formation of thymine
glycol (10, 11). Notably, the sequence patterns we obtained with
Endo IIT and NEIL1 cleavage were almost identical and consisted of
almost 100% thymine, which suggests that the procedure mapped
thymine oxidation products. Our work revealed a previously un-
recognized sequence specificity of permanganate oxidation, 5'TA/C.

Oxidized guanines obtained after treatment of cells with H,0O,
formed with a defined sequence pattern in human cells. This oxidizing
agent is present endogenously in many cell types and tissues. H,O,
is generated as a product of white blood cells that are active during
immune responses and under inflammatory conditions. In the pres-
ence of transition metal ions, hydroxyl radical and other oxidizing
short-lived intermediates are formed, which damage guanine pref-
erentially. We found that guanine oxidation by H,O5 is chiefly re-
lated to the GC content of the genome with GC-rich regions, such
as TSSs, acquiring the highest levels of 8-oxo-dG. This result is par-
tially consistent with previous results using DNA immunoprecipi-
tation, in which the authors observed the highest levels of 8-oxo-dG
just downstream of the TSS (52). However, Poetsch et al. (32) re-
ported a substantially decreased AP and 8-oxo-dG signal using their
AP-seq method near TSS regions. This contrasts with our observa-
tions, but neither one of these two earlier publications used H,O,
for treatment of the cells. The base oxidation patterns were not notice-
ably dependent on gene expression state and chromatin environ-
ments except that such environments have differential GC content.

Oxidative DNA damage has long been suspected to have a causative
role in cancer, aging, and other diseases such as neurodegeneration.
However, definitive proof of this connection has been difficult to
obtain. Regimens of diets rich in antioxidants are thought to prevent
cancer and promote longevity. Studies in mouse models defective
in DNA repair pathways that deal with oxidative DNA damage are
perhaps the best available evidence to support the oxidative damage
and cancer relationship. These studies, for example, with Ogg1l
knockout mice, often do not lead to a major cancer phenotype, pre-
sumably because of effective antioxidant defense systems and redun-
dant DNA repair capacities (53, 54). However, mice double-deficient
in OGG1, which removes 8-o0xo0-G from 8-o0xo-G/C base pairs, and
deficient in MUTYH, which removes adenine from 8-oxo-G/A
mispairs, are clearly cancer prone (18).

For human cancers, a direct relationship between oxidative DNA
damage and cancer has been even more difficult to obtain. Although
inflammation is a cancer-predisposing condition, which has been
suspected to contribute to a large fraction of human tumors, the in-
flammatory process induces many other changes in addition to direct
DNA damage. For example, inflammation is contributing to altered
signaling pathways, altered immune responses, changes in gene ex-
pression, and epigenetic changes such as DNA hypermethylation (55).
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There has been great technical difficulty in precisely measuring
endogenous oxidative DNA damage in tissues. The methods used
are often confounded by artifactual damage introduced during DNA
isolation or sample processing (41, 56, 57). Therefore, it has been
challenging to determine DNA damage in human tissues including
precancerous lesions. With further improvements and effective
precautions to prevent in vitro damage to DNA (such as inclusion
of antioxidants during DNA isolation), the CD-seq method may
eventually achieve high enough sensitivity to measure oxidized DNA
bases in human tissue specimens. In a previous study, Kucab et al.
(25) used cell cloning and mutation sequencing as an end point to
measure mutagenesis induced by H,0, but did not observe clear
mutation patterns. This approach requires DNA replication, which
necessitates using a rather low concentration of hydrogen peroxide.
To produce sufficient DNA damage, in our hands required millimolar
concentrations of H,O,, which may not permit DNA replication
to occur due to cell cycle arrest.

Human cancer genome sequencing efforts have provided cata-
logs of cancer-specific mutational patterns for dozens of human
tumor types. Several of these mutational patterns give an indication
for what the premutagenic DNA damaging processes might be. For
example, sunlight-induced skin cancers carry a clear mutation
signature (referred to as SBS7a and SBS7b in the current COSMIC
database). This signature consists chiefly of C to T mutations at
dipyrimidine sequences, for example, at 5'TC. Using CD-seq, we
recently showed that this signature is highly similar to the distribu-
tion of UVB irradiation-induced cyclobutane pyrimidine dimers
that have undergone cytosine deamination (36). For oxidative DNA
damage, the signatures should be dominated by G to T (or C to A)
transversions, which are known mutations induced by 8-oxo-dG
(13, 14). There are several COSMIC signatures that have these
required features. One is SBS4, which is smoking associated and
has been linked to tobacco-related polycyclic aromatic hydrocarbons
(22, 25, 58). SBS10c, SBS10d, SBS14, and SBS20, all enriched in
G to T mutations, have been linked to DNA polymerase muta-
tions. SBS24 is linked to aflatoxin exposure, and SBS29 is found in
tobacco chewers.

Another G to T mutation signature is SBS18, which is of unproven
etiology. When we compared our 8-oxo-dG signature with SBS18,
we obtained a strong cosine similarity value of 0.91, which was
higher than that with any other signature (Fig. 4). We point out that
mutational signatures are not solely the product of a one-to-one re-
lationship between DNA damage and mutations. The mutations are
shaped by additional factors that are currently unknown such as a
potential sequence-specific repair of 8-oxo-G (46) or a sequence-
dependent bypass of the oxidized guanines by DNA polymerases.
Nonetheless, SBS18 is so similar to the 8-oxo-dG signature that they
are likely directly related. Because repair of 8-0xo0-G follows rapid
kinetics with most damage removed within minutes (59, 60), our
measurements most likely reflect an equilibrium between ongoing
H,0;-induced damage formation and repair of this damage in cells.
We propose that this equilibrium is perhaps the best way of reflecting
mutational patterns because it is the equilibrium (unrepaired) DNA
damage that will translate into mutations. Knockout of OGG1 in
human untreated induced pluripotent stem cells also produced muta-
tions resembling SBS18, albeit at lower similarity levels (46). It is
worth noting that SBS18 is most enriched and prevalent in gastro-
intestinal cancers that have a strong inflammatory component, such
as esophageal adenocarcinoma (linked to Barret’s esophagus),
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gastric adenocarcinoma (linked to gastritis), and a few colorectal
cancers (fig. S9). Colonic crypts from patients with inflammatory
bowel disease show an increase of SBS18 mutations (61). Inflamma-
tion is strongly associated with ROS (5, 6).

SBS36 is also defined by G to T/C to A transversions (Fig. 4A)
and is quantitatively similar to SBS18 (cosine = 0.91 between the
two signatures). This signature is found in colorectal cancers of pa-
tients that have biallelic germline mutations or somatic mutations
inthe MUTYH gene (27). Lack of MUTYH activity will eliminate an
important correction pathway that would otherwise remove mis-
paired adenine opposite 8-0xo-G. When this adenine is not removed,
mutations at 8-0xo-dG will be created and fixed more readily. For
these reasons, SBS36 will be a good indicator of 8-oxo-dG-induced
mutations. Comparison of our 8-0x0-dG trinucleotide distribution
data with SBS36 indicated a cosine similarity value of 0.85, which is
among the highest observed for all available COSMIC signatures.
Another type of tumor in which a ROS-mediated mutagenesis path-
way seems to be at work is neuroblastoma with copy number loss of
OGGI or MUTYH as recently reported (62).

In conclusion, we present a method based on CD-seq, which can
be used to map various types of oxidatively damaged DNA bases at
single-base resolution in the human genome. We define a sequence-
specific pattern for oxidized guanines induced by H,0, and of oxidized
thymine induced by permanganate. The 8-ox0-dG trinucleotide
distribution pattern closely resembled cancer mutation signatures
SBS18 and SBS36, suggesting the involvement of guanine oxidation
in specific types of human cancers of the gastrointestinal tract.

METHODS

Cell culture

Human male skin fibroblast cells [human dermal fibroblast (HDF);
American Type Culture Collection (ATCC), PCS-201-012] with no
genetic modification and human osteosarcoma cells (U20S; ATCC,
HTB-96) were cultured in the Fibroblast Growth Kit (ATCC, catalog
no. PCS-201-041) supplemented with 2% fetal bovine serum (FBS) and
in Dulbecco’s modified Eagle’s medium/high glucose supplemented
with 10% FBS, respectively, at 37°C in a 5% CO, standard incubator.

Oxidative DNA damage and genomic DNA isolation

To induce 8-0x0-dGs, HDF cells at 80 to 90% confluence on 10-cm
culture plates were washed with 1x phosphate-buffered saline (PBS)
and treated in PBS with H,O, solution diluted to final concentra-
tions of 5, 10, and 25 mM for 30 min at 37°C in a 5% CQO, incubator.
After treatment, the cells were immediately trypsinized and pelleted,
and then genomic DNA was isolated using the Quick-DNA Miniprep
Plus Kit (Zymo Research, Irvine, CA) according to the manufacturer’s
instruction manual. To evaluate 8-0xo-dG damage in the isolated
genomic DNAs, the DNAs were treated with Fpg and APE1
[New England Biolabs (NEB), Ipswich, MA] followed by S1 nuclease
(Thermo Fisher Scientific) treatment, and then damage-specific
DNA cleavage events were observed on 1% agarose gels.

To induce oxidized thymines, 1 x 10’ U20S cells were washed
with 1x PBS and treated with 10 or 40 mM KMnQj, for 70 s at 37°C
in a solution with the following components: 15 mM tris-HCl
(pH 7.5), 60 mM KCI, 15 mM NaCl, 5 mM MgCl,, and 300 mM
sucrose. The reaction was quenched by adding B-mercaptoethanol
to a final concentration of 700 mM and EDTA to a final concentra-
tion of 50 mM. SDS was added to 1%, and the DNA was purified by
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proteinase K digestion, phenol-chloroform extraction, and ethanol
precipitation. The quenching reaction and the proteinase K diges-
tion were carried out at 37°C for 30 min and 4 hours, respectively.
DNA base damage was evaluated by treatment with Endo III (NEB)
and/or NEILI (OriGene, Rockville, MD) DNA glycosylases, fol-
lowed by Endo IV and S1 treatment, and then observed on a 1% aga-
rose gel.

CD-seq mapping of 8-oxo-dGs

CD-seq library preparations were performed as previously described
(36) with slight modifications to generate damage-specific DNA
double-strand breaks. Briefly, 2 ug of the genomic DNAs prepared
from H,0,-treated cells was sheared to an average length of 300 bp
by sonication with a Covaris E220 sonicator (Covaris, Woburn, MA)
and end-repaired to prepare blunt-ended DNA with ribonuclease H,
T4 DNA polymerase, and T4 polynucleotide kinase (NEB). To cir-
cularize DNA fragments, 1 pg of the blunt-ended DNA was incu-
bated with T4 DNA ligase (NEB) in a final reaction volume of 200 ul
by overnight incubation at 16°C. Then, to remove noncircularized
linear DNA from the circularized DNA pool, the ligase-treated
DNA was incubated with Plasmid-Safe ATP-Dependent DNase
(Lucigen, Middleton, WT).

To generate DNA double-strand breaks at 8-oxo0-dG sites, the
circularized DNA was incubated in 1x NEBuffer 1 reaction buffer
with 1 pl (8 U/ul) of Fpg protein (NEB) in a final volume of 40 ul for
1 hour at 37°C. The DNA was cleaned up with 72 pl (1.8x) of
AMPure XP beads (Beckman Coulter, Indianapolis, IN) and eluted
in 35 pl of 10 mM tris-HCI (pH 8.0). To remove the modified sugar
residues at the 3’ ends near the single-strand breaks, the DNA from
above was incubated in 1x NEBuffer 4 reaction buffer with 1 ul
(10 U/ul) of APE1 (NEB) for 20 min at 37°C. The DNA was cleaned
up and cleaved on the opposite strand of the nicked positions using
1 ul (5 U/pl) of single strand-specific S1 nuclease (Thermo Fisher
Scientific) for 4 min at room temperature. Then, the reaction was
stopped by adding 2 ul of 0.5 M EDTA and 1 ul of 1 M tris-HCI
(pH 8.0) to the reaction mixture, and DNA was further incubated
for 10 min at 70°C. The DNA sample was cleaned up with 72 ul
(1.8x) of AMPure XP beads and eluted in 48 pl of 10 mM tris-HCI
(pH 8.0).

The double-strand cleaved DNA was A-tailed with Klenow frag-
ment exo- (NEB) and subsequently ligated with 50 nM (final
concentration) of T-overhang NEBNext hairpin adaptors (NEB):
5'-phos-GATCGGAAGAGCACACGTCTGAACTCCAGTCAUA-
CACTCTTTCCTACACGACGCTCTTCCGATC*T-3" and with
50 nM of C-overhang adaptors synthesized by Integrated DNA
Technologies (Coralville, IA): 5'-phos-GATCGGAAGAGCACAC-
GTCTGAACTCCAGTCAUACACTCTTTCCTACACGAC-
GCTCTTCCGATC*C-3" (*; phosphorothioate linkage), and this
reaction was followed by incubation with USER enzyme (NEB).
The polymerase chain reaction (PCR)-amplified CD-seq library
was sequenced as 150-bp paired-end sequencing runs on an
Nlumina Hiseq2500 platform to obtain between 100 million and
540 million reads.

CD-seq mapping of oxidized Ts

To generate double-strand breaks at oxidized thymine sites, the cir-
cularized DNAs prepared from KMnO,-treated cells were initially
incubated in 1x reaction buffer [20 mM tris-HCI (pH 8.0), 1 mM
EDTA, 50 mM NaCl, and bovine serum albumin (0.1 mg/ml)] with
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0.5 pl (10 U/ul) of Endo III (NEB) and/or 1 pl (0.24 pg/pl) of NEIL1
(OriGene) in a final volume of 20 ul for 30 min at 37°C. Then, the
DNAs were cleaned up and treated with Endo IV (NEB) to remove
ligation-blocking lesions from the 3 ends, followed by S1 nuclease
digestion to achieve double-strand cleavage. The cleaved DNAs were
subjected to A-tailing, and this was followed by adaptor ligation
with 50 nM (final concentration) of T-overhang NEBNext hairpin
adaptors (NEB). The adaptor-ligated DNAs were treated with USER
enzyme and amplified by PCR. The CD-seq library was sequenced
as 150-bp paired-end reads on an Illumina Hiseq2500 platform to
obtain 50 million reads.

Data analysis

Identification of oxidized DNA bases

To identify the positions of oxidized DNA bases, fastq files contain-
ing the CD-seq reads were processed using the pipeline as previously
described (36). Briefly, all reads were trimmed from the 3’ end to
2 x 80 nucleotide length after removal of sequencing adapters
and low-quality reads (phred < 20) using Trim_Galore (https://
bioinformatics.babraham.ac.uk/projects/trim_galore/). BWA-MEM
(version 0.7.17) was then used to align the reads to the human ref-
erence genome (hgl9) and to remove duplicate alignments with the
“removeDups” SAMBLASTER (version 0.1.26) option. Only diver-
gently aligned pairs of reads with a single-nucleotide gap between
reads were retained by selecting SAM records with TLEN of 3 and
saved as bam files for downstream analyses. TLEN = 3 represents
divergently aligned reads with one nucleotide between mates. In ad-
dition, chromosome name, start position, stop position, and inferred
strand (+/-) for all damaged base loci were written to a BED file as
processed data, and this information has been deposited into the
Gene Expression Omnibus (GEO) database under accession number
GSE184820.

Visualization of read alignments using the IGV viewer

To view aligned reads on the Integrative Genomics Viewer (IGV)
downloaded from the Broad Institute (http://software.broadinstitute.
org/software/igv/), the TLEN = 3 filtered bam files were sorted by
genomic coordinates and indexed using SAMtools (version 1.11).
The bam files were loaded on IGV viewer (version 2.8.9), and the
tracks were displayed across the hgl9 human genome with a “view
as pairs” option to show pairs together with a line joining the ends.
Metagene profiles and genomic region analysis

To analyze the distribution of oxidized DNA damage along the
hg19 human reference genes, the TLEN = 3 filtered bam files were
processed on the Galaxy web platform (https://usegalaxy.org/). The
bam files were converted to bigwig files using bamCoverage at 20-bp
resolution, and computeMatrix and plotHeatmap programs in
deepTools were then used to assess the oxidized bases over genic
regions that included 3 kb upstream of the TSS and 3 kb down-
stream of the TES with average coverage calculated in nonoverlapping
50-nucleotide bins and normalized to gene length. For analysis of
GC content of the hgl9 human genome, we downloaded the hg19.
gc5Base.wigVarStep.gz file from the UCSC Genome Browser database
and converted it to bigwig file format. Then, the mean GC content
distribution was analyzed using the same process as for metagene
profiles above. The range of GC content was scaled to 35 to 70% GC
content. The TLEN = 3 filtered bam files were also processed using
the “Read Distribution” program in RseQC package provided on the
Galaxy web platform to analyze the distribution of oxidized DNA
bases over genomic features of the hg19 human reference genes.
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Trinucleotide sequence profiles and logo plots

Sequences for the trinucleotides representing the 5" and 3’ flanking
bases and the gapped base in the middle were identified and counted
using BEDtools (63). For 8-0x0-dGs, when there is a cytosine as the
gapped nucleotide, the damage would have occurred on the (-)
strand; thus, reverse complement trinucleotides with G or C in the
middle were combined. For oxidized thymine, an adenine as the
gapped nucleotide would indicate that the damage would have
occurred on the (-) strand; thus, reverse complement trinucleotide
sequences with T or A in the middle were combined, and the 48
possible trinucleotide combinations were used for trinucleotide
sequence profiles. Sequence logo plots for nucleotide frequencies
surrounding damaged bases (—10 to +10 positions relative to the
oxidized base) were drawn using the ggseqlogo package in R (64).
Cosine similarity analysis

SBS mutational signatures with trinucleotide frequencies (version 3.2)
were obtained in numerical form from the COSMIC database
(http://cancer.sanger.ac.uk/cosmic/signatures/SBS/). We excluded
18 of the COSMIC signatures that are thought to be sequencing
artifacts. To directly compare the two datasets, cosine similarity
analyses were performed using the R (v. 4.0.2) package “coop”
(https://R-project.org/). Because the mutated base of SBS signatures
is represented by the pyrimidine of the base pair in the middle position,
reverse complement trinucleotide sequences from CD-seq were com-
bined and represented by the pyrimidine in the middle base. In ad-
dition, we used the sum of all C to N and T to N mutation windows
for comparisons with the CD-seq trinucleotide sequence signature.
Chromatin state analysis

To determine the relative enrichment of oxidative DNA damage along
defined chromatin states, ChromHMM (65) was used to perform
genome annotations and to compute the fold enrichment scores of
each state for oxidized damage mapping data. Genomic segmentation
files for the chromatin states (core 18-state model) based on epig-
enomic data for human dermis fibroblasts were obtained from the
Roadmap Epigenomics Project (http://roadmapepigenomics.org)
(ENCODE accession no. ENCSR071BVW), and the scores show-
ing the relative enrichment of 8-0x0-dG were calculated using
the “OverlapEnrichment” option in ChromHMM with default
parameters.

To establish (“learn”) the chromatin state model for U20S cells,
the “LearnModel” option in ChromHMM with 200-bp bin size was
used using histone modification ChIP-seq data obtained from GEO
database accession no. GSE141081 for H3K4mel, H3K4me3, and
H3K27ac, and from accession no. GSE31755 for H3K9me3 and
H3K36me3. After annotation of 14 chromatin states using the state
emissions data and the TSS neighborhood data generated by the
ChromHMM LearnModel, the fold enrichment scores for oxi-
dized thymine along defined chromatin states were obtained as
described above.

Lamin-associated domains

To determine the distribution of oxidized bases over LAD regions,
previously defined LAD data (n = 1302 LADs) for human fibroblasts
were obtained from published sources (45) and U20S LAD data
(n = 1046 LADs) were downloaded from the GEO database (GES87831)
(66). The ComputeMatrix program in deepTools was used to calcu-
late the coverages of oxidized DNA bases over LADs and 100-kb
regions flanking LADs in nonoverlapping 1-kb bins. The plotProfile
program in deepTools was used to plot the average coverages com-
puted by computeMatrix.
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Distribution of oxidized bases and gene expression profiles
Transcript levels (FPKM, fragments per kilo base per million mapped
reads) determined by RNA-seq for human dermis fibroblasts and for
U20S cells were obtained from the GEO database accession num-
bers GSE78610 and GES139190, respectively. The transcript data
were converted to bed file format and sorted in descending order with
FPKM value for downstream analysis. The datasets were grouped into
detectable (FPKM > 0) and nondetectable (FPKM = 0) transcripts.
To determine the coverages of oxidized bases in extended promoter
regions (within 2.5 kb upstream of the TSS) of detectable tran-
scripts, the ComputeMatrix program in deepTools was used to ob-
tain matrices containing scores for coverage of oxidized bases over
promoter regions of each transcript. Scatter plots showing the cor-
relation between oxidized DNA bases and gene expression levels
were drawn using scores computed by computeMatrix and corre-
sponding FPKM values.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn3815

View/request a protocol for this paper from Bio-protocol.
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