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Abstract

ROS cause multiple forms of DNA damage, and among them, 8-oxoguanine (8-oxoGua), an oxidized product of gua-
nine, is one of the most abundant. If left unrepaired, 8-oxoGua may pair with A instead of C, leading to a mutation

of G: Cto T: A during DNA replication. 8-Oxoguanine DNA glycosylase 1 (OGG1) is a tailored repair enzyme that recog-
nizes 8-oxoGua in DNA duplex and initiates the base excision repair (BER) pathway to remove the lesion and ensure
the fidelity of the genome. The accumulation of genomic 8-oxoGua and the dysfunction of OGG1 is readily linked

to mutagenesis, and subsequently aging-related diseases and tumorigenesis; however, the direct experimental
evidence has long been lacking. Recently, a series of studies have shown that guanine oxidation in the genome

has a conservative bias, with the tendency to occur in the regulatory regions, thus, 8-oxoGua is not only a lesion to be
repaired, but also an epigenetic modification. In this regard, OGG1 is a specific reader of this base modification. Sub-
strate recognition and/or excision by OGG1 can cause DNA conformation changes, affect chromatin modifications,
thereby modulating the transcription of genes involved in a variety of cellular processes, including inflammation, cell
proliferation, differentiation, and apoptosis. Thus, in addition to the potential mutagenicity, 8-oxoGua may contribute
to tumor development and progression through the altered gene expression stemming from its epigenetic effects.

Keywords 8-oxoguanine, OGGT, Epigenetic regulation, Gene expression, Tumorigenesis

*Correspondence:

Istvan Boldogh

sboldogh@UTMB.EDU

Xueqging Ba

baxq755@nenu.edu.cn

! Department of Respiratory Medicine, China-Japan Union Hospital of Jilin
University, Changchun 130031, China

2 Key Laboratory of Molecular Epigenetics of Ministry of Education,
College of Life Sciences, Northeast Normal University, Changchun 130024,
China

3 College of Life Sciences, Shandong Normal University, Jinan 250014,
China

* Department of Microbiology and Immunology, University of Texas
Medical Branch at Galveston, Galveston, TX 77555, USA

® Research Institute of Sport Science, University of Physical Education,
Budapest 1123, Hungary

® Division of Neurofunctional Genomics, Department of Immunobiology
and Neuroscience, Medical Institute of Bioregulation, Kyushu University,
Fukuoka 812-8582, Japan

B BMC

Introduction
Cells of aerobic organisms inevitably encounter insults
from reactive oxygen species (ROS), which arise from
various endogenous physiological processes and environ-
mental exposures. While oxidatively damaged biological
macromolecules, like proteins, lipids, or RNAs are typi-
cally degraded and recycled, oxidatively modified DNA
requires repair to maintain genome integrity [1, 2]. Oxi-
dative DNA lesions encompass base oxidation, deoxy-
ribose oxidation, apurinic/apyrimidinic (AP) sites, and
single-strand breaks, with base oxidation being the most
prevalent [3, 4].

Among the four bases, guanine (Gua) has the lowest
redox potential [5, 6], rendering it highly susceptible to
oxidative modification. Its oxidative radical intermediate
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via a one electron oxidation yields 7,8-dihydro-8-oxo-2’-
guanine (8-oxoGua), or a one electron reduction to gen-
erate  2—6-diamino-4-hydroxy-5-formamidopyrimidine
(FapyGua) products, both of which are regarded as a bio-
marker of oxidative stress [7]. During DNA replication,
8-oxoGua can be paired with adenine (A) in syn confor-
mation, potentially leading to the conversion of G: C to
T: A after two rounds of replication, thereby promoting
mutagenesis [1, 8]. Increases in modified Gua base lesion
level have been associated with a variety of aging-related
diseases, including tissue and organ dysfunctions, neu-
rodegenerative and cardiovascular diseases as well as
cancers [1, 9-12]. Although the etiologic links between
oxidative modification to Gua and these diseases have
been attributed to the mutagenicity of 8-oxoGua, direct
experimental evidence is lacking. However, recent stud-
ies have highlighted the importance of 8-oxoGua along
with its repair enzyme 8-oxoguanine DNA glycosylase
1 (OGG1) in transcriptional regulation [13-17]. These
findings suggest that transcriptional regulation mediated
by OGG1 may serve as a molecular mechanism underly-
ing the pathogenesis of various related diseases.

Generation of 8-oxoGua in genome and the repair
system
In eukaryotic cells, 8-oxoGua and FapyGua in the
genomic and mitochondrial DNA are primarily repaired
by OGG], a functional homologue of E. coli MutM/Fpg
through the DNA base excision repair (BER) pathway
[1, 7, 18-22]. The OGG1-BER pathway involves multi-
ple sequential steps: recognition of damaged sites, inser-
tion of the 8-oxoGua (or FapyGua) base into the OGG1’
base-binding region (active site), and subsequent DNA
structural alterations [20]. OGGL1 excises damaged base,
generating an apurinic/apyrimidinic (AP) site, which
is then processed by the apurinic/apyrimidinic (AP)-
endonuclease 1 (APE1), generating a 3’-OH group for
DNA polymerase extension [22]. The subsequent steps
are divided into two subpathways: short- and long-patch
repair pathways. Typically, short-patch repair entails the
insertion of the correct base by DNA polymerase {3 [23],
followed by sealing the nick by DNA ligase III, recruited
by the scaffold protein X-ray repair cross-complementing
protein 1 (XRCC1); Whereas, long-patch repair involves
DNA polymerase &8/e, which adds multiple nucleo-
tides along the template and replacing the downstream
5’-DNA strand to form a 5’-flap structure. This structure
is subsequently removed by the endonuclease flap endo-
nuclease 1 (FEN1), and the nick is connected by DNA
ligase I[21, 23, 24].

The accumulation of 8-oxoGua in the genome can arise
by direct oxidative modification and also from the incor-
poration of the oxidized deoxynucleoside triphosphate
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(dGTP) during DNA synthesis: DNA polymerases can
incorporate 7,8-dihydro-8-oxo0-2’-deoxyguanosine-
5’-triphosphate (8-0xodGTP) opposite the cytosine (C)
in the template strand. In order to prevent erroneous
base incorporation into DNA, the methylated purine
nucleoside triphosphate hydrolase (MTH1), also known
as nucleoside diphosphate linked moiety X-type motif
1 (NUDT1), hydrolyzes 8-oxodGTP into 8-oxo-dGMP
[25-27]. Additionally, to correct the mispair of 8-oxoGua
with adenine (A) in the DNA duplex, eukaryotic cells are
equipped with the A/G-specific adenine DNA glycosy-
lase MUTYH (homolog of E. coli MutY). Although base
A is unmodified, MUTYH recognizes and excises it, and
subsequently DNA polymerase introduces C opposite
8-oxoGua, which is further repaired by OGG1-BER [28-
30]. This three-tiered protection mechanism to prevent
the accumulation of 8-oxoGua in the genome has evolved
from bacteria to eukaryotic cells (Fig. 1). This prioritiza-
tion has not been observed in the repair of other types
of base damage, which seems to suggest that the DNA
lesion 8-oxoGua is highly detrimental and intolerable to
cells.

Putative mutagenicity and carcinogenicity

of 8-oxoGua

If 8-oxoGua is not removed promptly, it may lead to
a base transversion mutation from G: C to T: A during
DNA replication. The oxidation of Gua within gene cod-
ing regions can result in mutations potentially affect-
ing the functionality of the gene products. Studies have
demonstrated that G to T mutations occur in App and
Ctnnbl genes during colorectal carcinogenesis in Mutyh-
deficient mice exposed to potassium bromate (KBrO,)
[31-33]. Moreover, the G12D mutation in the K-RAS
proto-oncogene supports such interpretation. The RAS
superfamily of proto-oncogenes (K-RAS, N-RAS and
H-RAS) plays an essential role in regulating the RAF-
MEK-ERK signaling pathway, which is involved in a wide
range of biological processes such as cell proliferation,
differentiation, inflammation, and apoptosis [34, 35].
RAS mutations are found in approximately 30% of human
tumors [36], with K-RAS mutations being the most fre-
quent (70-90% of pancreatic cancer, 50% of colon cancer,
25-50% of lung adenocarcinoma) [29, 30, 32]. Among
these mutations, the G12D mutation (K-RAS G12D) is
the most prevalent [37, 38]. The carcinogenic potential of
the K-RAS G12D mutation has been confirmed through
studies using genetically engineered mice. Mice carrying
the K-ras G12D mutation developed morphological fea-
tures consistent with human non-small cell lung cancer.
In addition, these mice showed increased susceptibility to
thymic lymphoma and cutaneous papilloma highlighting
the broad impact of this mutation on oncogenesis [39].
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Fig. 1 The defense mechanisms to prevent the accumulation of 8-oxoGua in DNA involve multiple pathways. (D Guanine in DNA can undergo
to oxidation to form 8-oxoGua, which is subsequently removed through OGG1-initiated base excision repair pathway @ MTH1 hydrolyzes
8-oxo-dGTP, which is generated in the nucleotide pool, thus preventing its incorporation during DNA replication. @) The DNA glycosylase MUTYH
repairs mispaired adenine with 8-oxoGua in the DNA duplex. Upon recognition, it excises adenine, allowing DNA polymerase to insert cytosine
opposite 8-oxoGua. This mispair is then further correctedthrough the OGG1-initiated base excision repair pathway

A study investigating the prevalence of K-RAS oncogene
mutations in lung adenocarcinoma identified 14 K-RAS
G12D mutations. The mutation variants included 5
instances of TGT, 4 of GTT, 4 of GAT, and 1 of AGT
[36]. This suggests that the G12D mutation likely results
from substitution of the base G to T (e.g., TGT and GTT)
within the codon GGT for encoding glycine, which may
be the consequence of the conversion of G: C to T: A due
to the pairing of the adenine with 8-oxoGua.

Due to the proposed mutagenicity of 8-oxoGua, much
attention has been given toward assessing the frequency
of tumorigenesis in mice with genetic deletions of OggI,
MutY and Mthi. The level of 8-oxoGua was found to
be significantly increased in the livers of Oggl knock-
out (KO) mice, with aged mice exhibiting a tissue-spe-
cific accumulation of 8-oxoGua. However, despite this
increase in 8-oxoGua levels, the frequency of gene muta-
tions was only moderately increased [40-42]. Unex-
pectedly, two independent studies [41, 42] revealed that
these mice did not show obvious susceptibility to tumo-
rigenesis even after exposure to KBrO; for 12 weeks
[43]. Moreover, an earlier study reported higher genomic
accumulation of 8-oxoGua in mice with deletion of Mthi
on an Oggl™~ background, yet the anticipated increase
in the frequency of lung tumors in these animals was
inexplicably absent [44]. This might be explained by the
extreme sensitivity of Mthl1/Oggl-double KO cells to
oxidative stress, which renders them unable to survive
increased oxidative stress induced in cancerous tissue.

However, Mth1/Oggl/Mutyh-triple KO mice sponta-
neously develop multiple cancers in various tissues, a
phenomenon not observed in Mthl1/Oggl-double KO
mice [25, 45], which suggests that tumor susceptibility
may be attributed to MUTYH. Additionally, MUTYH-
deficient mice are highly susceptible to KBrOs-induced
colorectal carcinogenesis and are also associated with
hepatocarcinogenesis in a non-alcoholic steatohepati-
tis mouse model [25, 31, 33, 46]. Moreover, studies also
revealed that genetic defects in the human MUTYH gene
are linked to G to T mutations in the adenomatous colon
polyp (APC) gene in somatic cells, leading to the onset
of multiple colorectal tumors [47, 48]. In conclusion, the
association between elevated 8-oxoGua levels and tumo-
rigenesis does not appear to be directly or solely related
to the repair function of OGG1.

Mutations in oncogenes or tumor suppressor genes
typically occur at early stages of carcinogenesis. Subse-
quently, cancer cells may undergo proliferation accom-
panied by inflammatory responses or metabolic stress.
Under such conditions, expression of genes such as
OGGI or MTHI1 is increased to shield cancer cells from
excessive DNA damage. However, over-load of 8-oxo-
Gua in nuclear genome and glycosylase-introduced sin-
gle strand breaks [45, 49-51] constitute a major cause for
tumor cells undergoing death under supra-physiological
level of oxidative stress. Conversely, clinical observations
have revealed a complex relationship between OGG1
expression and cancer development, which seemingly
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contradicts the mutagenic potential of 8-oxoGua. For
example, OGGL1 expression levels in patients with hepa-
tocellular carcinoma (HCC) were higher than healthy
individuals with correlations between OGG1 expression
and both the initiation and progression phases of HCC
[52]. An earlier study also indicated that higher OGG1
expression negatively impacts disease outcomes such
as relapse-free survival in patients with acute myeloid
leukemia (AML) [53]. These finding imply that OGG1
expression might be adversely related to cancer devel-
opment and progression, potentially due to the activa-
tion of oncogenes or inactivation of tumor suppressor
genes, which could be regulated by OGG1 in an epige-
netic-like manner (see Sect. “The potential role of 8-oxo-
Gua in tumorigenesis may arise from its epigenetic-like
properties.).

The potential role of 8-oxoGua in tumorigenesis
may arise from its epigenetic-like properties
Preferential guanine oxidation in the gene regulatory
regions

The base composition of the human genome displays
significant heterogeneity. Approximately 63% of the
genome comprises of GC-poor content; however, genes
tend to be enriched in GC-rich regions, with transcrip-
tional activity of the genes positively correlated with the
GC content of the genome [54, 55]. Generally, genes dis-
tributed in GC-poor regions such as those expressed in
a tissue-specific manner or during specific developmen-
tal periods, are less actively transcribed [54]. In addition,
vertebrate gene promoter regions typically have high GC
content, with genome-wide analysis revealing that 72% of
human gene promoters are rich in GC [51, 56]. In addi-
tion to the association between gene distribution and GC
content, mounting evidence suggests that the occurrence
of Gua oxidation at a genome-wide scale is also not ran-
dom [57-61].

The DNA double helix, with its stacking heterocyclic
bases, serves as a conduit for long-distance migration of
electrons, with Gua capable of carrying positive charge to
facilitate the multi-step “jump” reaction of electrons [62—
64]. According to Gua-Gua stacking principle, the most
susceptible site for single-electron oxidation in duplex
DNA is especially the 5" end of the Gua runs [65], which
is often located in high GC-content regulatory regions
outside the coding sequences. The positive charge can
migrate from the initial base even 200 Angstroms apart,
effectively turning GC-rich regulatory sequences into
a "sink" for positive charges [66-68]. This arrangement
aids in shielding the coding region from attack by ROS
(Fig. 2). Evidently, natural selection has conferred bio-
logical significance to this electron migration on DNA
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Fig. 2 Long-distance electron migration over DNA and its biological
implications. The DNA double helix structure, with its stacked
heterocyclic bases serves as a matrix for the long-distance migration
of electrons. This phenomenon identifies the Gua in the GC-rich
regulatory region as a site for electron loss, effectively shielding

the bases in encoding region from oxidative assaults. Simultaneously,
this phenomenon likely holds an oxidative stress-related biological
significance, such as regulation of transcriptional activity

and the propensity for electron hole formation on the
genome under oxidative stress.

Through various methodologies, genome-wide analy-
ses of 8-oxoGua occurrence have revealed several nota-
ble characteristics regarding regional preferences for Gua
oxidation. For instance, immunofluorescence labeling of
metaphase chromosomes has shown a high correlation
between Gua oxidation and recombination sites [69].
8-OxoGua-containing genomic DNA fragments enriched
by an 8-oxoGua antibody were subjected to microarray
and next-generation sequencing (NGS) analyses [61, 70,
71]. Microarray analysis indicated that the level 8-oxo-
Gua in regions containing genes is lower than that in the
gene desert regions (e.g., lamina-related regions). NGS
provided a more refined resolution of 8-oxoGua location,
revealing that the Gua oxidation tends to occur in gene
promoters and untranslated regions often associated with
the sequence motif 5’-GG-3’ Recently, by utilizing engi-
neered hOGG1 enzyme as a guanine oxidation-profiling
tool, enTRAP-seq was performed and successfully identi-
fied more than 1400 guanine oxidation sites in the mouse
embryonic fibroblast genome. The 8-oxoGua peaks were
enriched in open chromatin regions and regulatory ele-
ments, including promoters, 5’ untranslated regions, and
CpG islands [57]. By using 8-oxodG Ab-based OxiDIP-
seq, the genome-wide distribution of 8-oxoGua in human
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non-tumorigenic epithelial breast cells (MCF10A) was
identified [58]. It turned out that oxidatively-damaged
promoters show characteristic features of genomic insta-
bility (such as CG skewness, G4 structures, R-loops,
bidirectional promoters), and the accumulation of 8-oxo-
Gua correlates with RNAPII occupancy and nascent
transcription [58], revealing the potential role of gua-
nine oxidation in transcription regulation. Additionally,
oxidatively-damaged promoters tend to accumulate both
single-strand breaks (SSBs) and double-strand breaks
(DSBs) and are associated with translocation breakpoints
in breast cancer [58]. Notably, oxidatively-generated
damage in the majority of 8-oxoGua-positive promoters
was significantly reduced upon growth arrest [58], sug-
gesting a possible contribution of guanine oxidation to
the formation of cancer-associated translocation events.

In addition to the sequence preferences, the sites of
Gua oxidation are also associated with DNA epigenetic
modifications. For example, within a CpG dinucleotide
context, Gua paired with methylated cytosine [68] has
a higher reactivity towards oxidants [59, 72]. Gene dis-
tribution is conservatively correlated with GC content
within the genome, and Gua oxidation is closely associ-
ated with sequence characteristics and the epigenetic
modifications of DNA. This suggests that oxidation of
Gua in regulatory sequences not only acts as a protec-
tive mechanism for safeguarding the coding region(s)
from genetic mutations but also as an active regulator of
biological processes such as gene transcription. A series
of studies have proposed that oxidation of Gua bases in
DNA can be regarded as an epigenetic mark, with OGG1
serving as the specific “reader” of this oxidative modifi-
cation and playing roles in gene transcription regulation
[14, 73].

OGG1-driven G-quadruplex formation influences
transcription of tumor-associated genes

Representatives of specialized structures formed by
segments enriched for continuous Gua in the genome
include the telomeres and the G-quadruplex structures
in the promoter regions. It is estimated that approxi-
mately 376,000 motifs across the human genome have
the potential to form G-quadruplex secondary structures
(G4), referred to as potential G-quadruplex-forming
sequences (PQS). Approximately 40% of the promoter
sequences may form G4 structures [74-76]. A bioinfor-
matic analysis revealed 2936 PQS in the promoter and
5-UTR regions of 390 human DNA repair genes [77]. In
a systematic and genome-wide study, it was found that
endogenous G4s are prevalent in transcription factor
binding sites in human chromatin [78]. Mapping the AP
sites, the binding of BER proteins, and the G4 structures
across the genome identified that oxidized base-derived
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AP site and the binding of OGG1 and APE1 are predomi-
nant in G4 sequences [79]. This study demonstrated that
oxidized Gua bases in PQS, along with the subsequent
activation of the BER pathway drive the spatiotemporal
formation of G4 structures in the genome [79]. A recent
study introduced CLAPS-seq (Chemical Labelling and
Polymerase Stalling Sequencing), a method capable of
specifically detecting 8-oxoGua at single-base resolution
[60]. Utilizing this approach, it was observed that the
G4 structure itself hinders the formation of 8-oxoGua;
whereas PQS that do not form a G4 structure become a
hotspot for 8-oxoGua generation. This suggests a possi-
ble link between 8-oxoGua generation and G4 formation:
the inhibition of 8-oxoGua formation by G4 structure
can reduce the risk of mutation, protecting the integrity
of the genome; in contrast, 8-oxoGua on PQS without G4
can be recognized by OGG1, and its repair intermedi-
ate AP site can promote the formation of G4 structures.
Therefore, Gua functions as an oxidative stress sensor,
regulating downstream gene expression [60].

It has been demonstrated that the DNase I hypersensi-
tive element located upstream of the transcription start
site (TSS) in K-Ras promoter region is important for the
regulation of this gene [80]. Through spectroscopy and
enzymatic experiments, Cogoi et al., demonstrated the
presence of PQS in the template strand of this region
[80]. The activity of the mouse K-Ras promoter reduced
to 20% of the control in response to administration of
the ligand that stabilizes the G4 structure, indicating
that the formation of the G4 structure may inhibit tran-
scription. Similarly, previous studies have found that the
nuclease hypersensitive element III, located upstream
of TSS in the promoter of c-Myc, can form a G4 struc-
ture and repress gene transcription. Mutation of the G4
sequence resulted in a threefold increase in the basal
transcriptional activity of the ¢-Myc promoter, while its
transcription was inhibited with the addition of a ligand
that stabilizes the G-quadruplex structure [81]. This
repression of gene transcription imposed by G4 struc-
tures could explain the low level of transcription from the
proto-oncogenes K-ras and ¢-Myc under normal condi-
tions. However, the following studies revealed the molec-
ular mechanism, by which oxidative stress induces the
transcriptional activation of K-Ras. The oxidation of Gua
in the PQS region of the K-Ras promoter was higher than
in other G-rich regions [82, 83]. G4 structures containing
8-oxoGua can be recognized by OGG1, which, in turn,
recruits MYC-associated zinc-finger protein and hnRNP
Al. These proteins recognize continuous Gs, opening the
G4 structure to form a double helix that facilitates tran-
scription initiation (Fig. 3a).
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located upstream of TSS in the promoter of proto-oncogenes (in template strand, indicated in blue) explains the repression of gene transcription
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MYC-associated zinc-finger protein and hnRNP A1.These proteins recognize continuous Gs, opening the G4 structure to form a double helix
that facilitates transcription initiation. b Alternatively, ROS oxidize the PQS region of gene promoter to form 8-oxoGua, and OGG1 recognizes
and excises 8-oxoGua. The generation of AP site leads to the conformational changes of the DNA double helix, prompting the formation of G4
(incoding strand, indicated in red). This allows increased accessibility of the template strand for transacting factors, thereby benefiting gene

transcription

In addition, Dr. Gillespie’s studies have demonstrated
that OGG1 regulates gene transcription of vascu-
lar endothelial growth factor (VEGF), which relies on
its DNA glycosylase activity. ROS produced by mito-
chondria not only promote the expression of hypoxia-
induced factor-1 (HIF-1) under hypoxia [84], but also
cause oxidative modification of specific bases in the
hypoxia response elements (HREs) region of VEGF
[84]. Preventing oxidative modification of Gua bases
or interfering with OGG1 expression using siRNA led
to significant decrease in VEGF mRNA levels [84]. Dr.
Burrows’ laboratory revealed the molecular mechanism
of the process [85], suggesting that the presence of PQS
in the VEGF promoter leads to formation of G4 as well
as increase in gene expression. ROS oxidize Gua in the
guanine-enriched region to form 8-oxoGua, and OGG1
recognizes and excises 8-oxoGua. The generation of
the AP site in the promoter region leads to the confor-
mational changes of the DNA double helix, prompting
the formation of G4 on the coding strand. This allows
increased accessibility of the template strand for trans-
acting factors, thereby benefiting gene transcription
[77]. The association of Gua oxidation with G4 forma-
tion from PQS, as well as the regulatory roles of OGG1
in transcriptional activation via stabilizing or unwind-
ing G4 structure, suggests that Gua oxidation and the
base recognition or excision by OGG1 under chronic
oxidative stress conditions may be involved in the
activation of proto-oncogenes and angiogenic genes,

pivotal for tumorigenesis and metastasis processes
(Fig. 3b).

OGG1 regulates expression of tumor-related genes
through chromatin modifications

Modifications of DNA and histones constitute the
primary modes of epigenetic transcriptional regula-
tion. It has been documented that the generation of
8-oxoGua and the binding of OGG1 to the substrate
led to the recruitment of chromatin remodelers and
modifiers, which regulate gene expression [86]. Chro-
modomain helicase DNA-binding protein 4 (CHD4)
is the component of the nucleosome remodeling
and deacetylase (NuRD), an ATP-dependent remod-
eling complex. CHD4 can be recruited to DNA dam-
age sites by OGG1, where CHD4 further recruits
repressive chromatin-modifying proteins, includ-
ing DNA methyl-transferases (DNMTs) and euchro-
matic histone lysine methyltransferase 2 (EHMT2/
G9a). DNMTs cause de novo methylation of cytosine,
whereas enhancer of zeste 2 polycomb repressive
complex 2 (EZH2) and EHMT2/G9a catalyze inhibi-
tory histone modifications H3k27me3 and H3k9me2,
respectively [86]. These inhibitory chromatin modi-
fications help transcriptional silencing of tumor
suppressor genes (e.g., E-cadherin (CDHI1), WNT
inhibitory factor 1 (WIF1), TIMP metallopeptidase
inhibitor 2 (TIMP2), TIMP metallopeptidase inhibitor
3 (TIMP3), mutL homolog 1 (MLH1), cyclin-depend-
ent kinase inhibitor 2A (CDKN2A), secreted frizzled
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related protein 4 (SFRP4), and secreted frizzled related
protein 5 (SFRP5)) [86], which may explain tumor ini-
tiation by chronic oxidative stress. In OGG1-deficient
cells, CHD4 was unable to bind to the tumor suppres-
sor gene promoter, despite 8-oxoGua accumulation
[86], suggesting an upstream role for OGG1 prior
to CHD4 in cancer initiation (Fig. 4a). In addition,
another chromatin-modifying effect of OGG1 was
documented: OGG1 affects the association of protein
arginine N-methyltransferase 5 (PRMT5) with histone
H4, thereby modulating H4R3me2s modification [87].
The lack of OGGLI significantly reduced H4R3me2s
levels in Oggl™'~ mouse embryonic fibroblasts [87].
PRMT 5 is a type II arginine methyltransferase that
catalyzes the symmetric dimethylation of histone
and non-histone proteins. The inhibitory effect of
PRMT5-mediated H2A and H4 symmetric dimethyla-
tion (H2AR3me2s and H4R3me2s) on gene expression
has previously been elaborated [88, 89]. Moreover, the
role of PRMT5 in multiple tumors is also confirmed by
increasing experimental evidence. PRMT5 functions
as a tumor-promoting factor, affecting biological pro-
cesses such as DNA damage response and gene regu-
lation through the modification of histones [90]. This
suggests that OGG1 may recognize the substrates on
DNA, and through chromatin modification, inhibit
tumor suppressor gene expression, thereby promot-
ing tumor development (Fig. 4b). In contrast to the
inactive effects of OGGL1 in chromatin modifications,
OGG@GL is essential in oxidative stress-induced DNA
demethylation, which involves a direct association of
OGG1 with TET1. However, the physiopathological
significance of this observation, especially regarding
tumor occurrence and progression, needs further elu-
cidation [87].
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0GG1-8-oxoGua platform in promoters facilitates
inflammatory gene expression

Although compared to wild mice, the nuclear and mito-
chondrial 8-oxoGua was threefold and 20-fold higher,
respectively, the mitochondrial respiration rate and ROS
generation in Oggl knockout mice were not significantly
changed, and tumorigenesis was only mildly increased
[41, 42]. Nevertheless, the inflammatory response of
Oggl KO mice was unexpectedly reduced. They showed
lower levels of serum IgG2a in response to bacterial infec-
tion, accompanied by decreased levels of chemokines,
including macrophage inflammatory protein-1 alpha
(MIP-1a), tumor necrosis factor a (TNFa), and Thl
cytokines such as interleukin (IL)-12 [91, 92]. Likewise,
when challenged with ovalbumin, the sensitized Oggl
KO mice exhibited significantly lower expression levels of
IL-4, IL-6, IL-10 and IL-17, as well as inflammatory cell
(neutrophils, eosinophils) infiltration in lungs compared
with wild-type mice [93]. These observations strongly
suggest a role for OGG1 in inflammatory gene expression
in both innate and adaptive immune responses.

OGG1's role in transcriptional activation of inflammatory
genes is independent of its catalytic activity

Intracellular ROS levels increase in response to inflamma-
tory stimuli, leading to oxidation of Gua in GC-rich gene
regulatory regions. For instance, exposure to cytokine
TNFa, challenge with LPS or viral infection leads to
a rapid increase in mRNA levels of TNF, chemokine
(C-X-C motif) ligand CXCL1, CXCL2, CCL20, IL-6 and
IL-1p within 30 min in human HEK293 cells, mouse
MLE-12 cells, and mouse lungs [12, 73, 94-96]. Nota-
bly, the absence of OGG1 significantly decreases the
expression of these pro-inflammatory genes [12, 73, 94,
95, 97]. The temporal kinetic analysis of gene expression
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revealed that the increased expression levels of proin-
flammatory genes coincide with the peak presence of
8-oxoGua content globally and within the promoters of
these genes, suggesting key function(s) OGG1 that may
be independent of the process of base excision [98, 99].
Molecular mechanistic studies have revealed that under
oxidative stress conditions, the cysteine(s) residues of
OGG1 become oxidized, which transiently inactivates
its catalytic activity [95, 98]. Chromatin immunopre-
cipitation (ChIP) and protein interaction analysis have
further shown concurrent and transient accumulation
of 8-oxoGua and OGGL in the promoters of these genes.
Instead of initiating DNA BER, OGG1 facilitates recruit-
ment of sequence-specific transcription factors such as
NF-kB, Spl along with chromatin modifiers and phos-
phorylated RNA polymerase II [12]. In addition, OGG1
interacts with mitogen and stress-activated kinase 1
(MSK1), which promotes phosphorylationof RelA/p65 at
Ser276, thereby increasing expression of ROS-responsive
cytokine/chemokine genes [100]. ChIP-coupled sequence
analysis revealed that the promoter regions bound by
both OGG1 and NF-kB define expressions of numerous
proinflammatory cytokines/chemokines as well as other
oxidative stress-related genes [73, 95, 96]. Interfering with
OGGL expression or administration of active site-spe-
cific small molecule inhibitors that prevent OGG1 from
binding to genomic 8-oxoGua significantly decreased the
enrichment of NF-«xB in the promoter regions [73, 97,
101]. These data and those in Sect. “The potential role of
8-oxoGua in tumorigenesis may arise from its epigenetic-
like properties’, suggest that 8-oxoGua functions as an
epigenetic-like modification with OGGL1 serving as a spe-
cific “reader” of this mark. Furthermore, the timely and
reversible oxidative modification(s) to OGG1’s amino
acid residues can be regarded as a delicate mechanism,
by which the cell responds to ROS, ensuring the integrity
of the G-rich promoters and the preferential transcrip-
tion of immediate-response genes such as proinflam-
matory cytokines/chemokines (Fig. 5). Once the cellular
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redox state is reestablished, OGGL regains its BER activ-
ity, ensuring genome fidelity.

Could the pro-inflammatory effect of 0GG1 be

the etiological link connecting 8-0xoG with tumor
development and progression?

The genomes of aged cells/tissues accumulate 8-oxoGua
due to increased oxidative stress and decreased repair
activity of OGG1. The association between oxidative
guanine damage and tissue/organ dysfunction in degen-
erative diseases and cancers has long been observed.
However, studies using Oggl KO mice suggest that the
increased levels of genomic 8-oxoGua may not directly
lead to malignant transformation of cells. The etiological
implications may stem from the transcriptional activa-
tion or repression of genes by OGGI.

Dysregulations of ROS production are common fea-
tures of cancer cells, and the roles of ROS in cancer
occurrence and metastasis have also been widely recog-
nized [75, 102]. A shared biological basis betweeninflam-
mation and tumor pathological processes is oxidative
stress. Cytokines produced by tumor, immune and stro-
mal cells are considered pivotal in constructing the tumor
microenvironment (TME) and the tumor pre-metastatic
niche where the expression of redox-regulated proinflam-
matory cytokines/chemokines is highly dependent on
ROS levels [103]. Inflammatory mediators play an impor-
tant role in various stages of tumorigenesis, including
transformation of normal cells to a neoplastic state (initi-
ation), cell proliferation, invasion of surrounding tissues,
as well as distal metastasis [104, 105]. A substantial body
of evidence supports a tumor-promoting role of inflam-
matory mediators in the TME. IL-1f, primarily produced
by myeloid cells and fibroblasts, is known to activate the
expression of other inflammatory genes, thereby pro-
moting tumor invasion and immunosuppression [106].
Recent studies have also revealed that tumor cell-derived
CXCL1 and CXCL2 can stimulate the proliferation of
myeloid-derived suppressor cells (MDSCs) by influencing
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Fig.5 OGG1's role in transcriptional activation of inflammatory genes. Transient accumulation of 8-oxoGua and OGG1 in GC-rich regulatory regions
of pro-inflammatory genes in response to oxidative stress facilitates recruitment of sequence-specific transcription factors such as NF-kB, Sp1

along with chromatin modifiers and phosphorylated RNA polymerase Il. In addition, OGG1 interacts with mitogen and stress-activated kinase 1
(MSK1), which promotes phosphorylation of RelA/p65 at Ser276, thereby increasing expression of ROS-responsive cytokine/chemokine genes
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Fig. 6 Potential etiological links between 8-oxoGua and/or OGG1 and tumorigenesis

the differentiation of bone marrow stem cells [107, 108].
On the other hand, ROS signaling can participate in the
differentiation of MDSCs by reprogramming the tran-
scriptional profile of myeloid cells, subsequently increas-
ing the generation of ROS in MDSCs to suppress the
immune function of T cells [109]. Considering the role of
OGG1 in the expression of proinflammatory genes, it is
plausible that OGG]1 plays a role in tumor initiation and
development by regulating the production of proinflam-
matory cytokines/chemokines from tumor, immune, and
stromal cells, reinforcing a feedback regulation between
inflammation and tumorigenesis. Consequently, OGG1
could serve as a node linking oxidative DNA damage to
tumor development. Therefore, inhibitors of OGG1 may
function as gene transcription regulators, particularly by
exerting anti-inflammatory effects [97, 110, 111], in addi-
tion to their intended purpose of blocking DNA damage
repair and DNA replication [110, 112, 113].

Conclusion

The accumulation of genomic 8-oxoGua has long been
implicated in the development and progression of
aging-related diseases and malignancies [114-116].
The role of 8-oxoGua and OGGI1 can be interpreted
through various mechanisms as depicted in Fig. 6. At
the genetic level, the traditional viewpoint suggests
that damage occurring in gene coding regions may lead
to gene mutation(s), expression of abnormal protein
products, and ultimately malignant cell transforma-
tion. However, this may not fully explain the observed
phenomena in patients and experimental animals. At

the epigenetic level, several alternative pathways can
be considered: firstly, damage formed in regulatory
sequences of cytokines/chemokines can be recog-
nized by OGGI, resulting in a significant increase in
gene expression. This creates an inflammatory envi-
ronment conducive to tumor development and TME.
Alternatively, oxidative damage to PQS regulates the
formation G4 structure through OGG1, thereby influ-
encing gene expression including transcriptional acti-
vation of proto-oncogenes. Additionally, OGG1 acting
on 8-oxoGua in the regulatory regions can recruit the
chromatin-modifying enzymes, thereby regulating the
expression of related genes including those involved
in promotion or suppression of tumorigenesis. To
enhance the clarity of this review, we provided a table,
detailing the mechanisms of gene regulation by OGG1
and the target genes (Table 1).

In summary, the oxidized Gua, beyond being a lesion
requiring repair, can also serve as a mechanism for
aerobic metabolic organisms to directly sense ROS
and regulate gene expression. The intrinsic suscepti-
bility of Gua to oxidative stress and the involvement of
OGGL in the regulation of ROS-responding genes may
be explained as that natural selection endows aerobic
cells with backup pathways to repair 8-oxoGua by using
unique glycosylase MUTYH due to the need of a timely
and transient persistence and utilization of 8-oxoGua.
Moreover, it should be considered whether the effects
of 8-oxoGua and OGG1 extend to other biological
processes related to DNA and chromatin structure,
potentially contributing to the onset and progression
of tumors as well as aging-related diseases. Efforts to
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Table 1 Targets associated with tumor occurrence and progression, as well as the effects and the mechanisms of OGGT
Target genes Effect Implicated proteins Mechanisms Ref
Proto-oncogenes (e.g.K-Ras H-Ras, and c-Myc) Promotion ~ MAZ, OGG1 recognizes the KRAS G4 structure [80-83]
hnRNP A1 containing 8-oxoG., which in turn, recruits

MAZ and hnRNP A1 to the KRAS promoter,

opening G4 structure to form a double helix

that facilitates transcription activation
Vascular endothelial growth factor (VEGF) Promotion  HIF-1 8-oxoGua is formed in the presence of PQS [84, 85]

in the VEGF promoter, OGG1 recognizes

and excises 8-oxoGua. The generation

of the AP site in the promoter region leads

to the conformation changes of the DNA

double helix, prompting the formation of G4

on the coding strand
Tumor suppressor genes (e.g., COHT, WIFT, Suppression EZH2/G9a, CHD#4 is recruited by OGG1 that interacts [86]
TIMP2, TIMP3, MLH1, CDKN2A, SFRP4, SFRP5) DNMTs with 8-oxoGua, CHD4 further recruits DNMTs

and EZH2/G9a, causing de novo cytosine

methylation as well as inhibitory histone

modifications H3k27me3 and H3k9me2
Proinflammatory cytokines/chemokines Promotion  NF-kB, OGG1 is recruited to promoter sequences, [12,73,94-96, 100]
(e.g., TNFs CXCLs and ILs) MSKT, which enhances NF-kB/RelA binding

Spl to cis-elements, facilitates the recruitment

of Sp1, transcription initiation factor IID,

and phosphorylated RNA polymerase II; Also,
mitogen and stress-activated kinase 1 (MSK1)
is recruited by OGG1, which promotes phos-
phorylation of RelA/p65 at Ser276

discover and elucidate such effects and mechanisms are
eagerly anticipated in the future.

Acknowledgements
We thank Mr. Genda Zhao (carleton university, Canada) for his help with
language editing.

Author contributions

X.B.and RW. had the idea for the article; JW, C.L, and X. Z. performed the
literature collection; JW,, X.B,, and |.B. drafted the manuscript; C.L. and RW.
produced the figures; ZR. and Y.N. critically revised work.

Funding

This work was supported by grants from the National Natural Science Founda-
tion of China (Grant Number: 31970686 and 32170591 to X.B,, 31900557

to RW.); the Provincial Science Foundation of Jilin, China (Grant Number:
20220203147SF); the NIH National Institute of Allergic and Infectious Diseases
NIAID/AI062885 (1.B).

Availability of data and materials
Data sharing not applicable to this paper.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests

The authors declare no competing interests.

Received: 22 June 2024 Accepted: 8 November 2024
Published online: 01 January 2025

References

1.

Radak Z, Boldogh I. 8-Oxo-7,8-dihydroguanine: links to gene expres-
sion, aging, and defense against oxidative stress. Free Radic Biol Med.
2010;49:587-96.

Friedberg EC. DNA damage and repair. Nature. 2003;421:436-40.
Hegde ML, Hazra TK, Mitra S. Early steps in the DNA base excision/
single-strand interruption repair pathway in mammalian cells. Cell
Res. 2008;18:27-47.

Hegde ML, Izumi T, Mitra S. Oxidized base damage and single-strand
break repair in mammalian genomes: role of disordered regions and
posttranslational modifications in early enzymes. Prog Mol Biol Trans|
Sci.2012;110:123-53.

Burrows CJ, Muller JG. Oxidative nucleobase modifications leading to
strand scission. Chem Rev. 1998;98:1109-52.

Candeias LP, Steenken S. Reaction of HO* with guanine derivatives in
aqueous solution: formation of two different redox-active OH-adduct
radicals and their unimolecular transformation reactions. Properties
of G(-H)*. Chemistry. 2000,6:475-84.

Dizdaroglu M. Formation of an 8-hydroxyguanine moiety in deoxyri-
bonucleic acid on gamma-irradiation in aqueous solution. Biochem-
istry. 1985;24:4476-81.

Grollman AP, Moriya M. Mutagenesis by 8-oxoguanine: an enemy
within. Trends Genet. 1993:9:246-9.

Hart RW, Setlow RB. Correlation between deoxyribonucleic acid
excision-repair and life-span in a number of mammalian species. Proc
Natl Acad Sci USA. 1974;71:2169-73.

Ames BN, Shigenaga MK, Hagen TM. Oxidants, antioxidants,

and the degenerative diseases of aging. Proc Natl Acad Sci USA.
1993;90:7915-22.

Ba X, Aguilera-Aguirre L, Sur S, Boldogh I. 8-Oxoguanine DNA
glycosylase-1-driven DNA base excision repair: role in asthma patho-
genesis. Curr Opin Allergy Clin Immunol. 2015;15:89-97.

Ba X, Bacsi A, Luo J, Aguilera-Aguirre L, Zeng X, Radak Z, Brasier AR,
Boldogh I. 8-oxoguanine DNA glycosylase-1 augments proinflamma-
tory gene expression by facilitating the recruitment of site-specific
transcription factors. J Immunol. 2014;192:2384-94.



Wang et al. Journal of Biomedical Science

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34,

35.

36.

37.

(2025) 32:1

Sampath H, Lloyd RS. Roles of OGG1 in transcriptional regulation and
maintenance of metabolic homeostasis. DNA Repair. 2019;81:102667.
Wang R, Hao W, Pan L, Boldogh |, Ba X. The roles of base exci-

sion repair enzyme OGG1 in gene expression. Cell Mol Life Sci.
2018;75:3741-50.

Ba X, Boldogh I. 8-Oxoguanine DNA glycosylase 1: beyond repair of the
oxidatively modified base lesions. Redox Biol. 2018;14:669-78.

Fleming AM, Burrows CJ. 8-Oxo-7,8-dihydroguanine, friend and foe:
epigenetic-like regulator versus initiator of mutagenesis. DNA Repair.
2017,56:75-83.

Hahm JY, Park J, Jang ES, Chi SW. 8-Oxoguanine: from oxidative dam-
age to epigenetic and epitranscriptional modification. Exp Mol Med.
2022;54:1626-42.

Dizdaroglu M, Kirkali G, Jaruga P. Formamidopyrimidines in DNA:
mechanisms of formation, repair, and biological effects. Free Radic Biol
Med. 2008;45:1610-21.

Lindahl T. An N-glycosidase from Escherichia coli that releases free uracil
from DNA containing deaminated cytosine residues. Proc Natl Acad Sci
USA. 1974;71:3649-53.

Krokan HE, Bjoras M. Base excision repair. Cold Spring Harb Perspect
Biol. 2013;5:a012583.

David SS, O'Shea VL, Kundu S. Base-excision repair of oxidative DNA
damage. Nature. 2007;447:941-50.

Doetsch PW, Cunningham RP. The enzymology of apurinic/apyrimidinic
endonucleases. Mutat Res. 1990;236:173-201.

Matsumoto Y, Kim K. Excision of deoxyribose phosphate residues by
DNA polymerase beta during DNA repair. Science. 1995;269:699-702.
|zumi T, Wiederhold LR, Roy G, Roy R, Jaiswal A, Bhakat KK, Mitra

S, Hazra TK. Mammalian DNA base excision repair proteins: their
interactions and role in repair of oxidative DNA damage. Toxicology.
2003;193:43-65.

Nakabeppu Y. Cellular levels of 8-oxoguanine in either DNA or the
nucleotide pool play pivotal roles in carcinogenesis and survival of
cancer cells. Int J Mol Sci. 2014;15:12543-57.

Yoshimura D, Sakumi K, Ohno M, Sakai Y, Furuichi M, Iwai S, Nakabeppu
Y. An oxidized purine nucleoside triphosphatase, MTH1, suppresses cell
death caused by oxidative stress. J Biol Chem. 2003;278:37965-73.
Nakabeppu Y, Ohta E, Abolhassani N. MTH1 as a nucleotide pool sanitiz-
ing enzyme: friend or foe? Free Radic Biol Med. 2017;107:151-8.
Hashimoto K, Tominaga Y, Nakabeppu Y, Moriya M. Futile short-patch
DNA base excision repair of adenine: 8-oxoguanine mispair. Nucleic
Acids Res. 2004;32:5928-34.

Michaels ML, Miller JH. The GO system protects organisms from

the mutagenic effect of the spontaneous lesion 8-hydroxyguanine
(7,8-dihydro-8-oxoguanine). J Bacteriol. 1992;174:6321-5.

Shinmura K, Yamaguchi S, Saitoh T, Takeuchi-Sasaki M, Kim SR, Nohmi

T, Yokota J. Adenine excisional repair function of MYH protein on the
adenine:8-hydroxyguanine base pair in double-stranded DNA. Nucleic
Acids Res. 2000;28:4912-8.

Sakamoto K, Tominaga Y, Yamauchi K, Nakatsu Y, Sakumi K, Yoshiyama K,
Egashira A, Kura S, Yao T, Tsuneyoshi M, Maki H, Nakabeppu Y, Tsuzuki T.
MUTYH-null mice are susceptible to spontaneous and oxidative stress
induced intestinal tumorigenesis. Cancer Res. 2007;67:6599-604.

Ohno M, Sakumi K, Fukumura R, Furuichi M, Iwasaki Y, Hokama M,
lkemura T, Tsuzuki T, Gondo Y, Nakabeppu Y. 8-oxoguanine causes spon-
taneous de novo germline mutations in mice. Sci Rep. 2014;4:4689.
Isoda T, Nakatsu Y, Yamauchi K, Piao J, Yao T, Honda H, Nakabeppu Y,
Tsuzuki T. Abnormality in Wnt signaling is causatively associated with
oxidative stress-induced intestinal tumorigenesis in MUTYH-null mice.
Int J Biol Sci. 2014;10:940-7.

Bos JL. Ras oncogenes in human cancer: a review. Cancer Res.
1989;49:4682-9.

Roux PP, Blenis J. ERK and p38 MAPK-activated protein kinases: a family
of protein kinases with diverse biological functions. Microbiol Mol Biol
Rev. 2004;68:320-44.

Khosravi-Far R, Der CJ. The Ras signal transduction pathway. Cancer
Metastasis Rev. 1994;13:67-89.

Mills NE, Fishman CL, Rom WN, Dubin N, Jacobson DR. Increased preva-
lence of K-ras oncogene mutations in lung adenocarcinoma. Cancer
Res. 1995,55:1444-7.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

Page 11 of 13

Sugio K, Ishida T, Yokoyama H, Inoue T, Sugimachi K, SasazukiT. ras gene
mutations as a prognostic marker in adenocarcinoma of the human
lung without lymph node metastasis. Cancer Res. 1992,52:2903-6.
Johnson L, Mercer K, Greenbaum D, Bronson RT, Crowley D, Tuveson
DA, Jacks T. Somatic activation of the K-ras oncogene causes early onset
lung cancer in mice. Nature. 2001;410:1111-6.

Osterod M, Hollenbach S, Hengstler JG, Barnes DE, Lindahl T, Epe B.
Age-related and tissue-specific accumulation of oxidative DNA base
damage in 7,8-dihydro-8-oxoguanine-DNA glycosylase (Ogg1) defi-
cient mice. Carcinogenesis. 2001;22:1459-63.

Klungland A, Rosewell |, Hollenbach S, Larsen E, Daly G, Epe B, Seeberg
E, Lindahl T, Barnes DE. Accumulation of premutagenic DNA lesions in
mice defective in removal of oxidative base damage. Proc Natl Acad Sci
USA. 1999,96:13300-5.

Minowa O, Arai T, Hirano M, Monden Y, Nakai S, Fukuda M, Itoh M,
Takano H, Hippou Y, Aburatani H, Masumura K, Nohmi T, Nishimura

S, Noda T. Mmh/Ogg1 gene inactivation results in accumulation of
8-hydroxyguanine in mice. Proc Natl Acad Sci USA. 2000;97:4156-61.
AraiT, Kelly VP, Minowa O, Noda T, Nishimura S. High accumulation of
oxidative DNA damage, 8-hydroxyguanine, in Mmh/Ogg1 deficient
mice by chronic oxidative stress. Carcinogenesis. 2002;23:2005-10.
Sakumi K, Tominaga Y, Furuichi M, Xu P, Tsuzuki T, Sekiguchi M,
Nakabeppu Y. Ogg1 knockout-associated lung tumorigenesis and its
suppression by Mth1 gene disruption. Cancer Res. 2003;63:902-5.

Oka S, Nakabeppu Y. DNA glycosylase encoded by MUTYH functions as
a molecular switch for programmed cell death under oxidative stress to
suppress tumorigenesis. Cancer Sci. 2011;102:677-82.

Sakamoto H, Miyanishi K, Tanaka S, Ito R, Hamaguchi K, Sakurada A, Sato
M, Kubo T, Osuga T, Murase K, Takada K, Nakabeppu Y, Kobune M, Kato
J.MUTYH is associated with hepatocarcinogenesis in a non-alcoholic
steatohepatitis mouse model. Sci Rep. 2021;11:3599.

Al-Tassan N, Chmiel NH, Maynard J, Fleming N, Livingston AL, Williams
GT, Hodges AK, Davies DR, David SS, Sampson JR, Cheadle JP. Inherited
variants of MYH associated with somatic G:C—>T: a mutations in colo-
rectal tumors. Nat Genet. 2002;30:227-32.

Sieber OM, Lipton L, Crabtree M, Heinimann K, Fidalgo P, Phillips RK, Bis-
gaard ML, Orntoft TF, Aaltonen LA, Hodgson SV, Thomas HJ, Tomlinson
IP. Multiple colorectal adenomas, classic adenomatous polyposis, and
germ-line mutations in MYH. N Engl J Med. 2003;348:791-9.

Wang R, Li C, Qiao P, Xue Y, Zheng X, Chen H, Zeng X, Liu W, Boldogh |,
Ba X. OGG1-initiated base excision repair exacerbates oxidative stress-
induced parthanatos. Cell Death Dis. 2018;9:628.

Oka S, Ohno M, Tsuchimoto D, Sakumi K, Furuichi M, Nakabeppu Y.
Two distinct pathways of cell death triggered by oxidative damage to
nuclear and mitochondrial DNAs. EMBO J. 2008;27:421-32.

Li C, XueY,Wu J, Zhang L, Yang T, Ai M, Han J, Zheng X, Wang R,
Boldogh |, Ba X. MTH1 inhibition synergizes with ROS-inducing agents
to trigger cervical cancer cells undergoing parthanatos. Biochim Bio-
phys Acta Mol Basis Dis. 2024;1870:167190.

Zhang H, Jiang PJ, Lv MY, Zhao YH, Cui J, Chen J. OGG1 contributes

to hepatocellular carcinoma by promoting cell cycle-related protein
expression and enhancing DNA oxidative damage repair in tumor cells.
JClin Lab Anal. 2022,36:24561.

Liddiard K, Hills R, Burnett AK, Darley RL, Tonks A. OGGT is a novel
prognostic indicator in acute myeloid leukaemia. Oncogene.
2010;29:2005-12.

D'Onofrio G, Jabbari K, Musto H, Alvarez-Valin F, Cruveiller S, Bernardi

G. Evolutionary genomics of vertebrates and its implications. Ann N'Y
Acad Sci. 1999;870:81-94.

Gautier C. Compositional bias in DNA. Curr Opin Genet Dev.
2000;10:656-61.

Saxonov S, Berg P, Brutlag DL. A genome-wide analysis of CpG dinu-
cleotides in the human genome distinguishes two distinct classes of
promoters. Proc Natl Acad Sci U S A. 2006;103:1412-7.

Fang Y, Zou P. Genome-wide mapping of oxidative DNA damage

via engineering of 8-oxoguanine DNA glycosylase. Biochemistry.
2020;59:85-9.

Gorini F, Scala G, Di Palo G, Dellino Gl, Cocozza S, Pelicci PG, Lania

L, Majello B, Amente S. The genomic landscape of 8-oxodG reveals
enrichment at specific inherently fragile promoters. Nucleic Acids Res.
2020;48:4309-24.



Wang et al. Journal of Biomedical Science

59.

60.

61.

62.

63.

64.

65.

66.
67.
68.

69.

70.

71.

72.

73.

74.

75.
76.

77.

78.

79.

80.

81.

(2025) 32:1

Ming X, Matter B, Song M, Veliath E, Shanley R, Jones R, Tretyakova N.
Mapping structurally defined guanine oxidation products along DNA
duplexes: influence of local sequence context and endogenous cyto-
sine methylation. J Am Chem Soc. 2014;136:4223-35.

An J,Yin M, Yin J,Wu' S, Selby CP,Yang Y, Sancar A, Xu GL, Qian M, Hu

J. Genome-wide analysis of 8-oxo-7,8-dihydro-2"-deoxyguanosine at
single-nucleotide resolution unveils reduced occurrence of oxidative
damage at G-quadruplex sites. Nucleic Acids Res. 2021;49:12252-67.
Ding Y, Fleming AM, Burrows CJ. Sequencing the mouse genome for
the oxidatively modified base 8-oxo-7,8-dihydroguanine by OG-Seq. J
Am Chem Soc. 2017;139:2569-72.

Hall DB, Holmlin RE, Barton JK. Oxidative DNA damage through long-
range electron transfer. Nature. 1996;382:731-5.

Giese B, Amaudrut J, Kohler AK, Spormann M, Wessely S. Direct observa-
tion of hole transfer through DNA by hopping between adenine bases
and by tunnelling. Nature. 2001;412:318-20.

Nunez ME, Hall DB, Barton JK. Long-range oxidative damage to DNA:
effects of distance and sequence. Chem Biol. 1999,6:85-97.

. Saito, M. Takayama, T. Nakamura, H. Sugiyama, Y. Komeda, M. Iwasaki,
The most electron-donating sites in duplex DNA: guanine-guanine
stacking rule. Nucleic Acids Symp Ser. 1995; 191-192.

Genereux JC, Boal AK, Barton JK. DNA-mediated charge transport in
redox sensing and signaling. J Am Chem Soc. 2010;132:891-905.
Merino EJ, Boal AK, Barton JK. Biological contexts for DNA charge trans-
port chemistry. Curr Opin Chem Biol. 2008;12:229-37.

Giese B. Long-distance electron transfer through DNA. Annu Rev
Biochem. 2002;71:51-70.

Ohno M, Miura T, Furuichi M, Tominaga Y, Tsuchimoto D, Sakumi K,
Nakabeppu Y. A genome-wide distribution of 8-oxoguanine correlates
with the preferred regions for recombination and single nucleotide
polymorphism in the human genome. Genome Res. 2006;16:567-75.
Pastukh V, Roberts JT, Clark DW, Bardwell GC, Patel M, Al-Mehdi AB,
Borchert GM, Gillespie MN. An oxidative DNA "damage” and repair
mechanism localized in the VEGF promoter is important for hypoxia-
induced VEGF mRNA expression. Am J Physiol Lung Cell Mol Physiol.
2015;309:L1367-1375.

Yoshihara M, Jiang L, Akatsuka S, Suyama M, Toyokuni S. Genome-wide
profiling of 8-oxoguanine reveals its association with spatial positioning
in nucleus. DNA Res. 2014;21:603-12.

Kawai K, Wata Y, Hara M, Tojo S, Majima T. Regulation of one-electron
oxidation rate of guanine by base pairing with cytosine derivatives. J
Am Chem Soc. 2002;124:3586-90.

Hao W, QiT, Pan L, Wang R, Zhu B, Aguilera-Aguirre L, Radak Z, Hazra
TK, Vlahopoulos SA, Bacsi A, Brasier AR, Ba X, Boldogh I. Effects of the
stimuli-dependent enrichment of 8-oxoguanine DNA glycosylasel on
chromatinized DNA. Redox Biol. 2018;18:43-53.

Hansel-Hertsch R, Di Antonio M, Balasubramanian S. DNA G-quadru-
plexes in the human genome: detection, functions and therapeutic
potential. Nat Rev Mol Cell Biol. 2017;18:279-84.

Chio IIC, Tuveson DA. ROS in cancer: the burning question. Trends Mol
Med. 2017;23:411-29.

Lipps HJ, Rhodes D. G-quadruplex structures: in vivo evidence and
function. Trends Cell Biol. 2009;19:414-22.

Fleming AM, Zhu J, Ding Y, Visser JA, Burrows CJ. Human DNA repair
genes possess potential G-quadruplex sequences in their promoters
and 5-untranslated regions. Biochemistry. 2018;57:991-1002.

Spiegel J, Cuesta SM, Adhikari S, Hansel-Hertsch R, Tannahill D, Balasu-
bramanian S. G-quadruplexes are transcription factor binding hubs in
human chromatin. Genome Biol. 2021;22:117.

Roychoudhury S, Pramanik S, Harris HL, Tarpley M, Sarkar A, Spagnol G,
Sorgen PL, Chowdhury D, Band V, Klinkebiel D, Bhakat KK. Endogenous
oxidized DNA bases and APE1 regulate the formation of G-quadruplex
structures in the genome. Proc Natl Acad Sci USA. 2020;117:11409-20.
Cogoi S, Xodo LE. G-quadruplex formation within the promoter of the
KRAS proto-oncogene and its effect on transcription. Nucleic Acids Res.
2006;34:2536-49.

Siddiqui-Jain A, Grand CL, Bearss DJ, Hurley LH. Direct evidence for

a G-quadruplex in a promoter region and its targeting with a small
molecule to repress c-MYC transcription. Proc Natl Acad Sci USA.
2002;99:11593-8.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Page 12 of 13

Ferino A, Xodo LE. Effect of DNA glycosylases OGG1 and Neil1 on
oxidized G-rich motif in the KRAS promoter. Int J Mol Sci. 2021. https://
doi.org/10.3390/ijms22031137.

Cogoi S, Ferino A, Miglietta G, Pedersen EB, Xodo LE. The regulatory G4
motif of the Kirsten ras (KRAS) gene is sensitive to guanine oxidation:
implications on transcription. Nucleic Acids Res. 2018;46:661-76.
Ruchko MV, Gorodnya OM, Pastukh VM, Swiger BM, Middleton NS,
Wilson GL, Gillespie MN. Hypoxia-induced oxidative base modifica-
tions in the VEGF hypoxia-response element are associated with tran-
scriptionally active nucleosomes. Free Radic Biol Med. 2009;46:352-9.
Fleming AM, Ding Y, Burrows CJ. Oxidative DNA damage is epigenetic
by regulating gene transcription via base excision repair. Proc Natl
Acad Sci USA. 2017;114:2604-9.

Xia L, Huang W, Bellani M, Seidman MM, Wu K, Fan D, Nie Y, Cai Y,
Zhang YW, Yu LR, Li H, Zahnow CA, Xie W, Chiu Yen RW, Rassool FV,
Baylin SB. CHD4 has oncogenic functions in initiating and maintain-
ing epigenetic suppression of multiple tumor suppressor genes.
Cancer Cell. 2017;31:653-68.

Zhou X, Zhuang Z, Wang W, He L, Wu H, Cao Y, Pan F, Zhao J, Hu Z,
Sekhar C, Guo Z. OGG1 is essential in oxidative stress induced DNA
demethylation. Cell Signal. 2016;28:1163-71.

Perillo B, Ombra MN, Bertoni A, Cuozzo C, Sacchetti S, Sasso A, Chiari-
otti L, Malorni A, Abbondanza C, Avvedimento EV. DNA oxidation as
triggered by H3K9me2 demethylation drives estrogen-induced gene
expression. Science. 2008;319:202-6.

Zhu F, Rui L. PRMTS in gene regulation and hematologic malignan-
cies. Genes Dis. 2019;6:247-57.

Motolani A, Martin M, Sun M, Lu T. The structure and functions of
PRMTS in human diseases. Life. 2021. https://doi.org/10.3390/life1
1101074.

Touati E, Michel V, Thiberge JM, Ave P, Huerre M, Bourgade F, Klung-
land A, Labigne A. Deficiency in OGG1 protects against inflammation
and mutagenic effects associated with H. pylori infection in mouse.
Helicobacter. 2006;11:494-505.

Mabley JG, Pacher P, Deb A, Wallace R, Elder RH, Szabo C. Potential
role for 8-oxoguanine DNA glycosylase in regulating inflammation.
FASEB J. 2005;19:290-2.

Li G, Yuan K, Yan C, Fox J 3rd, Gaid M, Breitwieser W, Bansal AK, Zeng
H, Gao H, Wu M. 8-Oxoguanine-DNA glycosylase 1 deficiency modi-
fies allergic airway inflammation by regulating STAT6 and IL-4 in cells
and in mice. Free Radic Biol Med. 2012;52:392-401.

Pan L, Hao W, Zheng X, Zeng X, Ahmed Abbasi A, Boldogh |, Ba X.
OGG1-DNA interactions facilitate NF-kappaB binding to DNA targets.
Sci Rep. 2017,7:43297.

Pan L, Zhu B, Hao W, Zeng X, Vlahopoulos SA, Hazra TK, Hegde ML,
Radak Z, Bacsi A, Brasier AR, Ba X, Boldogh I. Oxidized guanine base
lesions function in 8-oxoguanine DNA glycosylase-1-mediated epi-
genetic regulation of nuclear factor kappaB-driven gene expression.
J Biol Chem. 2016;291:25553-66.

Zheng X, Wang K, Pan L, Hao W, Xue Y, Bacsi A, Vlahopoulos SA,
Radak Z, Hazra TK, Brasier AR, Tanner L, Ba X, Boldogh I. Innate
immune responses to RSV infection facilitated by OGG1, an enzyme
repairing oxidatively modified DNA base lesions. J Innate Immun.
2022;14:593-614.

Visnes T, Cazares-Korner A, Hao W, Wallner O, Masuyer G, Loseva

O, Mortusewicz O, Wiita E, Sarno A, Manoilov A, Astorga-Wells J,
Jemth AS, Pan L, Sanjiv K, Karsten S, Gokturk C, Grube M, Homan EJ,
Hanna BMF, Paulin CBJ, Pham T, Rasti A, Berglund UW, von Nicolai C,
Benitez-Buelga C, Koolmeister T, Ivanic D, lliev P, Scobie M, Krokan
HE, Baranczewski P, Artursson P, Altun M, Jensen AJ, Kalderen C, Ba

X, Zubarev RA, Stenmark P, Boldogh |, Helleday T. Small-molecule
inhibitor of OGG1 suppresses proinflammatory gene expression and
inflammation. Science. 2018;362:834-9.

Hao W, Wang J, Zhang Y, Wang C, Xia L, Zhang W, Zafar M, Kang JY,
Wang R, Ali Bohio A, Pan L, Zeng X, Wei M, Boldogh |, Ba X. Enzymati-
cally inactive OGG1 binds to DNA and steers base excision repair
toward gene transcription. FASEB J. 2020;34:7427-41.

Ba X, Aguilera-Aguirre L, Rashid QT, Bacsi A, Radak Z, Sur S, Hosoki K,
Hegde ML, Boldogh I. The role of 8-oxoguanine DNA glycosylase-1 in
inflammation. Int J Mol Sci. 2014;15:16975-97.


https://doi.org/10.3390/ijms22031137
https://doi.org/10.3390/ijms22031137
https://doi.org/10.3390/life11101074
https://doi.org/10.3390/life11101074

Wang et al. Journal of Biomedical Science (2025) 32:1

100.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111,

114.

XueY, Li C, Deng S, Chen X, Han J, Zheng X, Tian M, Hao W, Pan L,
Boldogh I, Ba X, Wang R. 8-Oxoguanine DNA glycosylase 1 selectively
modulates ROS-responsive NF-kappaB targets through recruitment
of MSK1 and phosphorylation of RelA/p65 at Ser276. J Biol Chem.
2023;299:105308.

. Tahara YK, Auld D, Ji D, Beharry AA, Kietrys AM, Wilson DL, Jimenez M,

King D, Nguyen Z, Kool ET. Potent and selective inhibitors of 8-oxogua-
nine DNA glycosylase. J Am Chem Soc. 2018;140:2105-14.

Cheung EC, Vousden KH. The role of ROS in tumour development

and progression. Nat Rev Cancer. 2022. https://doi.org/10.1038/
s41568-021-00435-0.

Sen CK, Packer L. Antioxidant and redox regulation of gene transcrip-
tion. FASEB J. 1996;10:709-20.

Singh R, Mishra MK, Aggarwal H. Inflammation, immunity, and cancer.
Mediators Inflamm. 2017;2017:6027305.

Zhao H,Wu L, Yan G, Chen Y, Zhou M, Wu Y, Li Y. Inflammation and
tumor progression: signaling pathways and targeted intervention.
Signal Transduct Target Ther. 2021;6:263.

Heath O, Berlato C, Maniati E, Lakhani A, Pegrum C, Kotantaki P, Elorbany
S, Bohm S, Barry ST, Annibaldi A, Barton DP, Balkwill FR. Chemotherapy
induces tumor-associated macrophages that aid adaptive immune
responses in ovarian cancer, cancer. Immunol Res. 2021;9:665-81.
ShiH, Han X, SunY, Shang C, Wei M, Ba X, Zeng X. Chemokine (C-X-C
motif) ligand 1 and CXCL2 produced by tumor promote the gen-
eration of monocytic myeloid-derived suppressor cells. Cancer Sci.
2018;109:3826-39.

Han X, Shi H, Sun', Shang C, Luan T, Wang D, Ba X, Zeng X. CXCR2
expression on granulocyte and macrophage progenitors under tumor
conditions contributes to mo-MDSC generation via SAP18/ERK/STAT3.
Cell Death Dis. 2019;10:598.

Ohl K, Tenbrock K. Reactive oxygen species as regulators of MDSC-
mediated immune suppression. Front Immunol. 2018;9:2499.

Visnes T, Benitez-Buelga C, Cazares-Korner A, Sanjiv K, Hanna BMF,
Mortusewicz O, Rajagopal V, Albers JJ, Hagey DW, Bekkhus T, Eshtad

S, Baquero JM, Masuyer G, Wallner O, Muller S, Pham T, Gokturk C,

Rasti A, Suman S, Torres-Ruiz R, Sarno A, Wiita E, Homan EJ, Karsten S,
Marimuthu K, Michel M, Koolmeister T, Scobie M, Loseva O, Aimlof |,
Unterlass JE, Pettke A, Bostrom J, Pandey M, Gad H, Herr P, Jemth AS,

El Andaloussi S, Kalderen C, Rodriguez-Perales S, Benitez J, Krokan HE,
Altun M, Stenmark P, Berglund UW, Helleday T. Targeting OGG1 arrests
cancer cell proliferation by inducing replication stress. Nucleic Acids
Res. 2020;48:12234-51.

Qin S, Lin P Wu Q, Pu Q, Zhou C,Wang B, Gao P, Wang Z, Gao A,
Overby M, Yang J, Jiang J, Wilson DL, Tahara YK, Kool ET, Xia Z, Wu M.
Small-molecule inhibitor of 8-oxoguanine DNA glycosylase 1 regulates
inflammatory responses during pseudomonas aeruginosa infection. J
Immunol. 2020;205:2231-42.

Muhseen ZT, Ali MH, Jaber NR, Mashrea DS, Alfalki AM, Li G. Determi-
nation of novel anti-cancer agents by targeting OGG1 enzyme using
integrated bioinformatics methods. Int J Environ Res Public Health.
2021. https://doi.org/10.3390/ijerph182413290.

Baquero JM, Benitez-Buelga C, Rajagopal V, Zhenjun Z, Torres-Ruiz R,
Muller S, Hanna BMF, Loseva O, Wallner O, Michel M, Rodriguez-Perales
S, Gad H, Visnes T, Helleday T, Benitez J, Osorio A. Small molecule inhibi-
tor of OGG1 blocks oxidative DNA damage repair at telomeres and
potentiates methotrexate anticancer effects. Sci Rep. 2021;11:3490.
Seifermann M, Epe B. Oxidatively generated base modifications in DNA:
not only carcinogenic risk factor but also regulatory mark? Free Radic
Biol Med. 2017;107:258-65.

Talhaoui I, Matkarimov BT, Tchenio T, Zharkov DO, Saparbaev MK.
Aberrant base excision repair pathway of oxidatively damaged

DNA: implications for degenerative diseases. Free Radic Biol Med.
2017;107:266-77.

Wilson DM 3rd, Bohr VA. The mechanics of base excision repair, and its
relationship to aging and disease. DNA Repair. 2007;6:544-59.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 13 of 13


https://doi.org/10.1038/s41568-021-00435-0
https://doi.org/10.1038/s41568-021-00435-0
https://doi.org/10.3390/ijerph182413290

	Reassessing the roles of oxidative DNA base lesion 8-oxoGua and repair enzyme OGG1 in tumorigenesis
	Abstract 
	Introduction
	Generation of 8-oxoGua in genome and the repair system
	Putative mutagenicity and carcinogenicity of 8-oxoGua
	The potential role of 8-oxoGua in tumorigenesis may arise from its epigenetic-like properties
	Preferential guanine oxidation in the gene regulatory regions
	OGG1-driven G-quadruplex formation influences transcription of tumor-associated genes
	OGG1 regulates expression of tumor-related genes through chromatin modifications

	OGG1-8-oxoGua platform in promoters facilitates inflammatory gene expression
	OGG1’s role in transcriptional activation of inflammatory genes is independent of its catalytic activity
	Could the pro-inflammatory effect of OGG1 be the etiological link connecting 8-oxoG with tumor development and progression?

	Conclusion
	Acknowledgements
	References


