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The excessive production of reactive oxygen species (ROS) can lead to single nucleic acid base damage, DNA strand breakage, inter-
and intra-strand cross-linking of nucleic acids, and protein-DNA cross-linking involved in the pathogenesis of cancer,
neurodegenerative diseases, and aging. G-quadruplex (G4) is a stacked nucleic acid structure that is ubiquitous across regulatory
regions of multiple genes. Abnormal formation and destruction of G4s due to multiple factors, including cations, helicases,
transcription factors (TFs), G4-binding proteins, and epigenetic modifications, affect gene replication, transcription, translation, and
epigenetic regulation. Due to the lower redox potential of G-rich sequences and unique structural characteristics, G4s are highly
susceptible to oxidative damage. Additionally, the formation, stability, and biological regulatory role of G4s are affected by ROS. G4s
are involved in regulating gene transcription, translation, and telomere length maintenance, and are therefore key players in age-
related degeneration. Furthermore, G4s also mediate the antioxidant process by forming stress granules and activating Nrf2, which
is suggestive of their involvement in developing ROS-related diseases. In this review, we have summarized the crosstalk between
ROS and G4s, and the possible regulatory mechanisms through which G4s play roles in aging and age-related diseases.
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FACTS

● ROS can lead to single nucleic acid base damage, DNA strand
breakage, inter- and intra-strand cross-linking of nucleic acids
and protein-DNA cross-linking.

● G4 is a four-stranded nucleic acid structure formed by
guanine-rich DNA and RNA sequences with Hoogsteen
hydrogen bonding.

● The structure and biological regulatory role of G4s can be
affected by cations, helicases, transcription factors, G4-binding
proteins, and epigenetic modifications.

OPEN QUESTIONS

● How do ROS affect the stability of G4 and G4-mediated
biological regulation?

● What are the mechanisms through which G4s regulate the
transcription and translation of ROS-related genes?

● Are G4s potential therapeutic targets in ROS-mediated aging
and related diseases?

INTRODUCTION
The imbalance between the production and clearance of reactive
oxygen species (ROS) triggers extensive damage to cellular
components such as nucleic acids, proteins, and lipids [1]. Low
levels of ROS act as signaling molecules that regulate proliferation,

angiogenesis, and metastasis [2]. However, high levels of ROS can
lead to apoptosis and/or necrosis by inducing oxidative damage
to nucleic acids with single base damage, DNA strand breakage,
inter- and intra-strand cross-linking of nucleic acids, or protein-
DNA cross-linking [3–5]. The DNA bases, especially guanine (G), are
highly susceptible to oxidation due to their low redox potential.
The oxidized base 8-oxoguanine (OG) is recognized and excised
by 8-oxoguanine DNA glycosylase 1 (OGG1) following activation of
the DNA damage response (DDR) pathway [6, 7]. A dispropor-
tionate level of oxidative stress and an aberrant DDR machinery
can lead to accumulated damaged DNA and trigger apoptotic
pathways [8], which is the pathological basis of aging and aging-
related diseases [9, 10].
G-quadruplex (G4) is a four-stranded nucleic acid structure

formed by guanine-rich DNA and RNA sequences with Hoogsteen
hydrogen bonding [11, 12]. Computational predictions indicate
that G4 motifs are prevalent and enriched in human gene
promoters compared to the rest of the genome, which strongly
suggest a role in gene regulation [13, 14]. G4s are likely involved in
multiple biological processes ranging from telomere lengthening
to DNA replication, transcription, and translation due to different
distribution sites [15–19]. However, since G4s consist of G-rich
sequences, the telomeric regions, gene promoters, and 5′UTR
harboring these structures are highly susceptible to ROS-induced
oxidative damage [20–22]. These findings suggest that G4s may
be involved in ROS-mediated DNA damage. And further research
found that H2O2-induced oxidative stress triggers the cytoplasmic
accumulation of G4s, wherein they interact with some proteins to
form “stress particles” that alter mRNA translation [23, 24].
Therefore, it is critical and meaningful to explore the relationship
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between ROS and G4s, which can improve our understanding of
the regulation of DNA damage repair pathways, telomere short-
ening, antioxidant action, epigenetic modification, etc., in
response to oxidative stress.

STRUCTURAL AND FUNCTIONAL CHARACTERISTICS OF G4
The core of the G4 structure is the G-tetrad which consists of four
G-rich chains connected by Hoogsteen hydrogen bonds. The
different arrangements of the four chains lead to considerable
variation in the structure and stability of G4s [11]. The structure,
distribution, and regulatory role of G4 have been elucidated to a
large extent through bioinformatics prediction, physical methods,
sequencing technology, and molecular biology approach [25–27].
G4s are widely distributed in the nuclear, cytoplasmic, and
mitochondrial chromatin, as confirmed using small molecule
fluorescence probes and antibodies targeting BG4 and 1H6
[28–31]. Furthermore, G4s are enriched in the telomeres, promoter
regions, exons, introns, and 3′UTR regions [32, 33], all of which are
involved in the regulation of DNA replication, transcription, and
protection of telomere termini [34]. G4-sequencing has further
revealed that G4s are highly enriched in the promoters and TSSs
of human and mouse genes [35]. Computational tools can help
predict PQSs to gain further insights into the distribution of G4s in
target genes [25, 36, 37]. Furthermore, the regulatory role of G4s
can be validated in vivo and in vitro using G4 stabilizers [38–40].
However, G4s likely exist in a dynamic equilibrium due to external
and internal factors interplay.

Factors affecting G4 formation and stability
Due to the unique negative charge channels, the G4 structure
interacts with cations, including K+, Na+, and Li+ through
electrostatic forces [41] (Fig. 1a). K+ has the strongest stabilizing
effect on G4s, and high intracellular levels of K+ are conducive to
forming G4s [42]. Thus, K+ is routinely used to induce G4 structure
formation in vitro [43], which can be visualized by circular
dichroism and gel mobility shift assay [44]. Low hydration and a
high density of nucleotides are other prerequisites of G4
formation and stability [45]. In addition, small molecule ligands
can also selectively bind to and further stabilize the G4 structure
[46] (Fig. 1b). Examples include PDS, acridine (BRACO-19; AS1410;
RHPS4), quinacridone (BOQ1; NCQ), porphyrin (TMPyP4; NMM),
and alkaloids present in traditional Chinese medicine, such as
berberine, isaindigotone, quinazoline, etc [47–50]. (Table 1).
Especially, PDS, Braco-19, and TMPyP4 have been widely used to
explore potential mechanism associated with G4 in aging-related
diseases, metabolic diseases, and antiviral therapy [39, 44, 51–53].
The unfolding and folding of G4s during replication or

transcription are mainly catalyzed by helicases [54, 55] including
DNA G4 helicases such as Pif1, ATRX, RecQ, FANCJ, BLM and WRN
[54], and RNA G4 helicases such as DHX9, DHX36, and the DDX5/
DDX17/Dbp2 subfamily [56] (Fig. 1c). Mutations in ATRX are
associated with cognitive deficits, developmental abnormalities,
and cancer. Treatment of ATRX-null neuro-progenitor cells with G4
ligand increased DNA damage [57]. DHX36 is an RNA helicase that
binds to and unwinds pri-miR-26a RNA G4 structure and thus
regulates miR-26a biogenesis and function in hepatic lipid
metabolism and insulin sensitivity [44]. Overexpressing Pif1 in
neurons rescued phenotypes associated with PDS treatment and
increased autophagy [39]. Thus, targeted regulation of helicase
function is a potential therapeutic strategy against cancer and
aging-related neurological and metabolic diseases.
The stability of G4 structure is also affected by DNA methylation,

a key epigenetic modification that acts as a transcriptional
repressor [58]. DNA methylation mainly occurs on CpG dinucleo-
tides enriched in G4-forming DNA sequences [14]. Computational
analyses have shown that hypermethylated CpG tends to be
associated with low G4 stability [59]. Furthermore, one study

showed that the protein-binding ability of G4 DNA is significantly
inhibited by CpG methylation [60]. The G4 structure forming in the
human genome is strongly associated with CpG hypomethylation
[61, 62] (Fig. 1d). These findings indicate that G4s may be closely
related to epigenetic regulation, especially DNA methylation.

Factors involved in G4-mediated biological functions
The formation of G4 is strongly related to epigenetics and gene
regulation. The regulatory role of G4s on gene transcription or
translation are influenced by a variety of intracellular factors such
as TFs, binding proteins, and epigenetic modifications (Fig. 2).
Computational predictions indicated that TFs are strongly
enriched in the G4 motifs of promoters across genomes of
multiple species, and dozens of these TFs appear to be conserved
[60, 63]. Genome-wide study showed that endogenous G4s are
prominent binding sites of numerous TFs, particularly at the
promoters of highly expressed genes [61], which is suggestive of
regulatory interactions between TFs and G4 structures at gene
promoters. For example, SP1, a zinc-finger TF, control the
expression of many house-keeping genes by binding to CpG-
rich sites [62]. One study using an SP1-chip showed that 87% of
the SP1 binding sites overlapped with G4-forming sequences [64].
Interestingly, the SP1 binding site at the promoter of the
oncogene c-Kit forms G4 structures and does not harbor the
consensus binding sequence [65]. Similarly, other zinc-finger TFs,
including MAZ and HSUB1, also promote gene transcription
through G4s [66, 67].
G4-binding proteins also play a crucial role in transcriptional

and translational regulation, thus regulating diverse biological
processes. PARP-1 was the first G4-binding protein to be identified
and mediates transcriptional regulation and telomere end
protection in the human genome [68]. Similar to the TFs, G4-
binding proteins affect gene transcription in a bidirectional
manner. For example, nucleoside (NCL) repress c-Myc and LTR
transcription by binding to G4 forming in the gene promoter
region and stabilizing its structure [69, 70]. NM23-H2 is a
regulatory protein that can bidirectionally regulate gene transcrip-
tion and is directly involved in epigenetic modification in a G4-
dependent manner. Luciferase reporter assay and chromatin
immunoprecipitation showed that recombinant purified NM23-H2
interacted with the G4 motif in the c-Myc promoter with high
affinity. Furthermore, overexpression of NM23-H2 in the human
cancer cell lines HeLa S3 and A549 enhanced c-Myc promoter
activity [71]. Another study showed that NM23-H2 is enriched in
the hTERT promoter, which has a relatively high number of G4s
[72]. It binds to the G4 within the hTERT promoter and recruits
epigenetic modifiers such as REST, co-REST, and LSD1 to form an
epigenetic repressor complex, thereby inhibiting hTERT gene
transcription [73]. NM23-H2 silencing, on the other hand, leads to
a marked increase in modified histones, including H3K4me2,
H3K4me1, and H3K9ac [73].Therefore, the distribution character-
istics of G4 in the promoter region and its binding relationship
with TFs or binding proteins may determine its bidirectional
regulation role in gene transcription. However, the specific
regulation mechanism still needs to be further explored.
Methylation of the CpG islands in promoter regions is the main

epigenetic mechanism of gene silencing [74]. The presence of
methylated cytosines in the CpG-rich gene promoters blocks the
binding of TFs, leading to gene silencing [75]. For example, CpG
methylation of G4 oligonucleotides within promoter regions alters
the binding of SP1 [76]. To some extent, the formation of
G4 structures may influence the functions of TFs when hypomethy-
lated. However, the specific mechanisms connecting G4-related TFs
and epigenetic regulation need further exploration. Bioinformatics
analyses have shown that G4s are also enriched in the CpG islands in
genomic DNA[77, 78]. CpG nucleotides present within the PQS
motifs are hypomethylated, and low methylation levels within
promoters are closely associated with PQS [79]. There are reports
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that recombinant human DNMTs can bind to G4 DNA with high
affinity in vitro, which could be the conduit through which DNMTs
recognize DNA [80]. In addition, G4 binding inhibits the activity of
DNMT1, and DNMT1 binding sites enriched in G4 structures are
strongly hypomethylated in human leukemia cells, suggesting that
DNMT1 may be sequestered at G4 sites to inhibit the methylation of
proximal CpG island promoters [81].
The m6A modification regulates various aspects of RNA

metabolism, including splicing, translation efficiency, nuclear export,
stability, and translation [82]. Bioinformatics analyses have revealed
significant overlap and functional synergy between G4 structures
and m6A-modified sites [83, 84]. Although G4s can provide a
framework for m6A modification, the latter can destabilize the
G4 structure [85]. This suggests that m6A modifications likely

regulate gene expression by controlling G4 formation. In fact, the
presence of G4s can also affect m6A modification. For example, as a
core component of the m6A methyltransferase complex, WTAP has
an inhibitory effect at splice sites with potential G4 formation [86].
However, G4-forming regions in many DRACH sequences can
directly recruit METTL3/METTL14 to specific methylation sites in their
vicinity [87]. Taken together, the G4s at m6A-modified sites recruit
m6A methyltransferase complex, and m6A destabilizes G4, which
may affect RNA metabolism.

ROS AND G4S
As mentioned, G4s are highly susceptible to ROS-mediated
oxidative damage due to their G-rich sequences. The roles of

Fig. 1 Factors affecting G4 structure formation and stability. a Due to the unique negative charge channels in the G4 structure, it is
stabilized upon interacting with cations such as K+, Na+, and Li+ through electrostatic forces. b Small molecules and ligands enhance
G4 structural stability. c Helicase is involved in regulating the transcription and translation of genes by unwinding G4s. DNA helicases
accelerate the unwinding of promoter region G4s and promote the transcription of genes by RNA polymerase (Pol II). RNA G4s are unstable
and can be easily unwound by RNA helicases, thereby facilitating the translation process. d Interaction of DNA methylation and G4s: although
CpG methylation can block the formation of G4 structures in the region harboring CpG islands, it can recruit TFs to the G4 motifs formed in
hypomethylated regions, thereby promoting gene replication and transcription. In addition, the G4s can also reverse CpG methylation and
maintain the hypomethylated state.
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ROS in the formation, stabilization, and regulatory role of G4s will
be discussed in the following sections.

Role of ROS in G4 Formation and Stability
ROS or free radicals such as O2

•−, H2O2, and
•OH are generated in

both hypoxic and hyperoxic conditions [88]. H2O2 decomposes in
the presence of Fe2+ into CO3•− and HO•, of which the former is a
highly potent oxidizer [89]. The G tracks of G4 structures are highly
susceptible to one-electron oxidation by the CO3•−ions [90].
However, it is unclear whether ROS triggers the dissociation of
G4s. ROS can reduce the thermal stability of G4 motifs by oxidizing
guanine into OG, a common biomarker of oxidative stress [91, 92].
Oxidation of guanine prevents the formation of Hoogsteen
hydrogen bonds, which obstructs G4 formation [93] (Fig. 3a, b).
However, other studies have reported a stabilizing effect of OG on
the G4s. For example, the OG in a G-quartet can be substituted for
guanine in the outer G quartets of tetramolecular G4s, thereby
increasing its stability [94] (Fig. 3a). Furthermore, recent models of
the human telomere indicate a fifth G track, which could be
exchanged with the OG-bearing track to maintain the stability of
the fold [95]. Finally, the oxidation of some guanine bases can be
compensated by surrounding guanine bases to maintain the
stability of G4 [96]. Another study showed that OG could enhance
the stability of the G4 structure located in the promoter region of
the BCL2, which suggests a potential novel regulatory role of
oxidative stress in general, and specifically in BCL2 gene
transcription [97]. Thus, the native plasticity of G4s can
accommodate structurally perturbing oxidative modifications
(Fig. 3c).
On the other hand, ROS can also trigger the formation of G4s at

transcriptionally active sites containing R-loops [98, 99] (Fig. 3d).
Previous reports have demonstrated that ROS induces R-loop
formation and facilitate recruitment of R-loop sensors such as
RAD52 to the damaged sites [100]. In one study, oxidative damage
triggered the formation of R-loop and G4 structures in a BLM
helicase-dependent manner [98]. D-loops are located at the 3′
overhang of telomeres where G4 motifs are prevalent, and those
harboring OG are the preferred substrate for Werner helicase
(WRN) compared to the undamaged D-loops [101]. Thus,Ta
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Fig. 2 Factors involved in G4-regulated biological functions. The
biological regulation functions of G4s can be affected by transcrip-
tion factors (TFs), binding proteins(BP), DNA methylation modifica-
tion, and m6A RNA modification.
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G4 structures may form more frequently in damaged R-loop or
D-loops due to guanine oxidation.
ROS is generated in response to various environmental stimuli,

including UV light, ionizing radiation, and chemicals such as
hydrogen peroxide [102]. Recent studies show that G4s can
directly produce guanine radicals induced by UV irradiation,
leading to DNA damage [103, 104]. The mechanisms underlying
G4-mediated ROS production in response to UV irradiation need
further investigation. Interestingly, H2O2 can enhance TMPyP4-
induced DNA damage and provoke stronger DDR in cancer cells
but not in the normal cells [105]. TMPyP4 inhibits tumor
proliferation by directly targeting G4 [106]. These results suggest
that ROS induced by mild to moderate levels of H2O2 may
accelerate DNA damage and transcriptional inhibition by facilitat-
ing the formation of G4s. Thus, targeting G4s in cancer cells may
be more likely to inhibit the transcription of oncogenes with H2O2

stimuli.
To summarize, the equilibrium between the formation and

distribution of G4s maintains normal cellular functions and also
allows the G4s to adapt structurally in response to ROS.

ROS regulates G4-mediated biological process
ROS and telomeric G4s. Telomeres, the terminal parts of chromo-
somes, are special structural regions that play an important role in
the structure and stability of linear chromosomes [107]. Telomere
length is a marker of cellular age, and aberrant telomere length is
associated with carcinogenesis, aging, and age-related diseases
[108–110]. The length of telomeres is controlled by genetic as well
as environmental factors, including lifestyle factors, physiological
stress, inflammation, oxidative stress, and carcinogens [111, 112],
of which oxidative stress is the most potent endogenous driver of
telomere shortening [111, 113].
Telomeres are particularly susceptible to oxidative damage due

to the presence of their G-rich sequence [114]. High levels of ROS
also induce single-strand breaks (SSBs) at the telomeres, leading

to telomere loss [115]. Secondly, the DDR is not activated at the
telomeres, and the shelterin proteins TRF1 and TRF2 bind to ROS-
damaged telomere DNA with low affinity [116, 117]. On the other
hand, ROS can also promote telomere lengthening by increasing
telomerase activity. For example, mild ROS elevation in tumor cells
activates telomerase, accelerates telomere elongation, and pro-
motes tumor cell proliferation [118]. However, the specific
mechanisms through which ROS regulates telomeres length and
function are not well understood. A new study found that G4 is
beneficial to ROS-induced telomere lengthening [119] (Fig. 4).
Oxidative DNA damage can increase telomerase activity by
destabilizing DNA G4 structures [120]. Moreover, thymine glycol
(Tg), one of the most common oxidative DNA damage bases,
enhances telomerase activity and extension by disrupting the
folding of telomeric G4s [120–122]. On the other hand, OG sites
generated in the telomeric G4s under oxidative stress can
significantly reduce their structural instability and induce unfold-
ing, stabilizing the protection of telomeres 1 (POT1) at the G4s and
maintaining telomeric integrity [120]. These findings also explain
why uncleared OG causes telomere lengthening in OGG1-deficient
mice and yeast [123].
Though ROS can repress telomeric G4 formation, human

telomeric G4 is characterized by remarkable structural stability that
confers resistance to oxidative stress. Telomeric G4 can produce one
or even clustered OG lesions that can still form non-Hoogsteen
hydrogen bonds with neighboring guanines [21]. This suggests that
increasing G4 stability may increase the antioxidant capacity of
telomeres and delay cellular senescence. However, although G-rich
telomeric DNA is susceptible to oxidation, only a few specific repair
enzyme for telomeric G4s have been identified so far. For example,
Zhou et al. reported that while mNEIL3 can excise Tg from G4 DNA,
none of the glycosylases (NEIL1, NEIL2, mNEIL3, NTH1, and OGG1)
can repair OG residues in quadruplex DNA [124]. Hence, the role of
G4 in regulating telomere function and repairing oxidative stress-
induced telomere damage need further exploration.

Fig. 3 Role of ROS in G4 formation and stability. ROS oxidizes guanine in G4s and blocks the Hoogsteen hydrogen bonds, which disrupts
the thermal stability of the G4 structure (a, b). The guanine bases in the surrounding G-rich region can compensate for the missing guanine
and stabilize the G4 structure (a). In addition, G4 can also be modified into other structural forms by altering the G4-forming mode (c).
Oxidation of the guanine base in the DNA template chain can also form OG. With the help of RNA polymerase, the RNA chain can form R-loop
with the original DNA chain and stabilize the G4 structure (d).
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ROS regulates transcription in a promoter G4-dependent manner.
Low levels of ROS function as redox-signaling molecules in
multiple pathways and promote protein expression by phosphor-
ylating tyrosine residues, inhibiting phosphatases, and activating
transcription factors. In fact, ROS-generating metabolic processes
can directly oxidize guanine to OG, thereby affecting gene
regulation [125]. A recent study demonstrated that guanine
oxidation to OG is 3-fold higher in the PQS of gene promoters
[126], and some of these regions have the propensity to form G4s
[90]. For example, OG formation in the G4s of the PCNA promoter
increased gene expression [127, 128]. The G4s of NTHL1
promoters show similar functions [126]. In addition, oxidative
damage in a promoter G4 can also upregulate gene expression by
guiding the DNA repair process to the regulatory region
depending on the position of the PQS in the promoter [126].
Established G4s occur naturally in a similar location relative to the
TSS for possible oxidation-induced gene activation [129].
The mechanisms through which ROS regulates gene transcription

via G4 motifs of promoters are summarized (Fig. 5). The ROS-
induced OG in the PQS is removed by OGG1, which yields a duplex-
destabilizing AP that allows a structural switch to the G4 fold. The
apurinic/apyrimidinic endonuclease 1 (APE1) binds to AP when it is
looped out in the G4 fold to activate transcription factors such as
HIF-1α and AP-1, resulting in gene transcription when the
modifications are close to the TSS [127, 130]. This hypothesis was
made based on a previous study on the mechanics of VEGF
activation [126]. Activation of NEIL3 expression through this
proposed mechanism allows cells to respond to mutagenic DNA
damage induced by oxidative or inflammatory stress [131].
In addition, Chip-qPCR experiments have shown that OG is more

abundant in G4 than in the non-G4 regions in the KRAS promoter.
OGG1 is recruited to the KRAS promoter following H2O2-induced
guanine oxidation, removing OG from the G4s. Especially, Further-
more, the OG favors recruitment of the G4s to the promoter of MAZ
and hnRNP A1 [132]. The same team also found that H2O2 recruits

poly [ADP-ribose] polymerase 1 (PARP-1) to KRAS promoter region,
wherein it binds to local G4 structures, undergoes auto PARylation
and activates KRAS transcription by recruiting MAZ and hnRNPA1
[132, 133] (Fig. 5). In fact, the G4 forming sequence in the promoter
of the proto-oncogene c-kit stimulates the enzymatic activity of
PARP-1, which is dependent on the loop features and oxidative
damage [134]. However, it remains to be verified whether PARP-1
binding to the c-Kit promoter G4s recruits other binding proteins to
activate gene transcription. Taken together, although G4 has been
shown to regulate gene transcription bidirectionally in previous
studies, it can also indirectly activate transcription by promoting
base repair and recruiting transcriptional activator proteins in a ROS-
dependent manner.

G4S REGULATE THE ANTIOXIDANT SYSTEM
G4 and stress granules
Stress granules (SGs) are dense granules formed in the cytoplasm
of eukaryotic cells in response to oxidative stress, heat shock,
hypoglycemia, and hypoxia [24]. It consists of mRNA in the
translation initiation stage, RNA-binding proteins, and non-RNA-
binding proteins, although the exact composition depends on the
stress mode [24]. In fact, its constituent structure involves multiple
TFs and other binding proteins such as eIF protein family (eIF2,
eIF4G), T-cell intracellular antigen1 (TIA1), Y-box binding protein 1
(YB-1), USP10 and G3BP1 [135–138]. Therefore, SGs are crucial to
the antioxidant response, enhance mRNA stability and translation.
Increasing evidences have shown that G4s play important roles in

the formation and functional regulation of SGs following different
stress stimuli (Fig. 6). For example, Cells treated with a mild dose of
H2O2 show a significant increase in cytosolic G4s, which co-localize
SH-related marker proteins [23]. H2O2-induced ROS not only causes
DNA damage, but also produces single-stranded DNA that is more
likely to form G4s. The latter then binds to YB-1, the major
component of SGs, and promotes SGs assembly in the presence of

Fig. 4 The role of G4 in ROS-mediated regulation of telomere function. OG can activate telomerase by destabilizing DNA G4 structures and
inducing Tg structure at thymine (T), which alters the conformation of original G4 to enhance telomerase binding. Meanwhile, mNeil3 can
inhibit the formation of Tg, thereby maintaining the stability of the original G4 structure. On the other hand, OG can reduce telomere
G4 stability, unfold their structure, and reduce the rejection of POT1, thereby maintaining the integrity and function of DNA telomeres.
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DHX36 [23, 139]. YB-1 is a translation-regulating protein that can
promote the formation of SGs [140]. Knocking down YB-1 expression
in tumor cells inhibited G3BP1 translation, which prevented the
formation of SGs and sensitized the cells to oxidative stress, thereby
inhibiting their proliferation and invasion [140, 141]. Thus, endo-
genous G4s link oxidative stress-induced DNA damage to translation
via the formation of SGs. In addition to stabilizing SGs, G4s can also
transiently inhibit translation under stress. One study showed that
tRNA-derived RNA fragments (tiRNA) are formed along with G4s
during stress-induced angiogenin(ANG), promoting SGs assembly
and inhibiting translation [142]. In addition, eIF4G, a protein that
plays an important role in the initiation of eukaryotic translation,
directly binds to the G4s and represses tiRNA-mediated translation.
The HEAT1 region of the eIF4G protein is the main binding region of
the G4-tiRNA complex [143]. These findings provide a new
perspective for us to further explore the regulatory mechanism of
translation under stress.
The formation of SGs are associated with neurological diseases,

myopathies, and tumors [144–146]. Thus, developing targeted
drugs stabilizing SGs have been a new promising direction in
cancer therapeutics [147]. With an increased understanding of the
regulatory role of G4s in the process of SGs forming, drugs
targeting G4s also have a new potential clinical value.

G4 and Nrf2
Low to moderate levels of oxidative stress activate antioxidant and
detoxification genes that contain the antioxidant response
element (ARE) in their promoters, which is the binding site of

the Nrf2 transcription factor [148, 149]. The Nrf2/ARE signaling
pathway is the major cellular defense against exogenous oxidative
damage. Without any stimulus, Nrf2 binds to the cytoplasmic
chaperone kelch-like Ech-associated protein 1 (Keap1) and is
sequestered in the cytoplasm relatively inhibited. When exposed
to oxidative stress, Nrf2 uncouples from Keap1. It is translocated to
the nucleus, wherein it binds to the AREs along with the Maf
protein, and initiates the transcription of phase II detoxification
enzymes and antioxidant genes, such as heme oxygenase-1 (HO-
1), CAT, SOD, GSTs, NADP (H) quinone oxidoreductase 1 (NQO1),
etc [150, 151].
A recent study revealed a potential parallel intramolecular G4

forming sequence in the promoter region of Nrf2 in the presence
of K+, which is close to several putative TF-binding sites. This
suggests the presence of a natural G4 structure in the promoter
region of Nrf2 [152], which raises the possibility for targeted
inhibition of Nrf2 transcription through G4 ligands. In addition to
DNA G4s, RNA G4s are also involved in several biological
processes, such as telomere homeostasis, mRNA localization,
3-terminal processing, alternative splicing, and translation regula-
tion [153]. For instance, the G4 structure in the 5′UTR plays a
regulatory role in translation [154]. The 5′UTR of Nrf2 mRNA can
form G4, which interacts with EF1a and promotes de novo Nrf2
protein translation under H2O2 stress [155]. These results suggest
that the G4s of Nrf2 mRNA may assist Nrf2 protein translation
under oxidative stress by recruiting related binding proteins,
which thus activate the cellular antioxidant response (Fig. 6).
Multiple genes such as P62, PI3K, KRAS, B-Raf, and c-Myc regulate

Fig. 5 The possible mechanisms of ROS-regulated gene transcription depending on promoter G4s. Under oxidative stress, ROS can lead to
OG formation in the G-rich region of promoters, which recruits OGG1 to clear OG and form the AP site. APE1 then binds to AP when looped
out in the G4 fold to recruit TFs. On the other hand, ROS can also directly attack the G4 structure of the promoter region and form OG, which
facilitates the recruitment of PARP1 and the binding of other transcriptional activating proteins to promote gene expression.
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Nrf2 expression in different cells [156–159]. Although
G4 structures have been confirmed in these genes’ promoter
regions or mRNAs, it is unclear whether they also affect the
transcription or translation of Nrf2 [40, 160, 161]. An in-depth
exploration of the distribution and function of G4s in the oxidation
and antioxidant genes and the development of small molecules
targeting G4s will allow the precise regulation of the antioxidant
system in cancer and other pathological states.

POTENTIAL INVOLVEMENT OF G4 IN ROS-RELATED DISEASES
Cancer
ROS activate oncogenic signaling pathways, enhance cancer cell
survival and proliferation, drive DNA damage and genetic
instability, and induce chemoresistance [162–164]. Recent studies
have shown that G4s upstream of the promoter regions of proto-
oncogenes can regulate their transcription [32, 164], and c-Myc, c-
Kit, KRAS, Bcl-2, VEGF, and PDGF are some of the proto-oncogenes
harboring G4 structures in their promoters [17, 132, 165–167].
Furthermore, under oxidative stress, G4s transcriptionally activate
several oncogenes, such as VEGF, KRAS, and HIF1α. VEGF is
overexpressed in various human cancers and is associated with
poor prognosis. In an in vitro study, ROS increased the
transcriptional activity of VEGF via its promoter G4, which was
blocked in the presence of a G4 ligand [168]. HIF1α is a cancer-
associated TF frequently activated in multiple cancers and has
been implicated in ROS-induced carcinogenesis [169].
G4 structures are present in the HIF1α promoter and the 5′UTR
[170, 171] and inhibit HIF1α transcription by blocking AP2 binding
[172]. ROS also promotes the transcription of proto-oncogenes,

such as BCL2, KRAS, and c-Kit, via G4s (Fig. 7). Although G4s seem
indispensable to ROS-induced oncogene expression, the functions
of oxidized G4s in stress response regulation in cancers are not
entirely clear.
Photodynamic therapy (PDT) is a minimally invasive cancer

treatment compared to surgery, chemotherapy, and radiotherapy
[173]. Double-stranded DNA (dsDNA) is one of the potential
targets of PDT [174]. During PDT, photosensitizer molecules
accumulate in diseased tissues. They are activated by light or laser
irradiation at a specific wavelength, producing ROS that triggers
tumor cell death via apoptosis or necrosis [175]. Therefore, the
characteristics of photosensitizers significantly affect the out-
comes of PDT. A recent study showed that poly-G4-TMPyP4
complexes generate high levels of singlet oxygen at cancer lesions
in response to UV irradiation and promote apoptosis of tumor cells
[176]. TMPyP4 also induced photo-induced toxicity in HeLa cells
and was shown to bind to the 3′-end of the KRAS G4s [177]. The
promoters and 5′UTRs of HRAS and NRAS may also bind to
TMPyP4 [178]. Other study showed that TMPipEOPP selectively
binds to telomeric DNA G4 and helps to cleave the DNA chain
upon photo-irradiation through ROS production, resulting in
cancer cell death [179]. Since TMPipEOPP has little to no
cytotoxicity in the absence of light, it could be an efficient
photosensitizer for PDT. ZnP1 is a cationic porphyrin derivative
that binds to the DNA groove [180]. It also binds selectively to the
telomeric DNA G4 and generates singlet oxygen post-irradiation,
which then oxidizes and cleaves guanine residues in the G4 and
region. ZnAPC and TMPyP4-C14 have shown similar effects
[181, 182] (Table 2). Thus, G4 ligands are promising photosensi-
tizers for targeted PDT.

Fig. 6 Crosstalk between Nrf2, stress particles, and G4. H2O2-induced ROS promotes Nrf2 protein translation via EF1a interaction with the
G4 in Nrf2 5′UTR. Activating downstream antioxidant genes enhances antioxidant capacity and protects normal cells from oxidative damage.
Stress-induced DNA damage promotes the formation of DNA-G4 and tiRNA-G4 complex, which trigger SGs assembly by recruiting cytosolic
proteins, which involved in antioxidant response and mRNA translation.
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Neurodegenerative diseases
G4s are involved in various neurodegenerative diseases such as
Alzheimer’s disease (AD) and Parkinson’s disease (PD) (Fig. 8). The
G4s located in the promoter region of neuronal genes like
C9orf72, glutamic decarboxylase 1 (Gad1) and tyrosine hydro-
xylase (Th) play a key regulatory role in their transcription
[183–185]. In addition, the presence of G4s in the 3′UTR and 5′
UTR regions of the mRNAs of Aβ precursor protein (APP), ADAM10,
and α-synuclein (SNCA) is negatively correlated with the progres-
sion of AD and PD [186–188].
Oxidative stress is a regulatory element in aging and various

neurological disorders [189], associated with excessive ROS
production [190]. Interestingly, brain tissue samples from aged
mice are enriched in G4-DNA structures absent in the brain tissues
of young mice [39]. The guanines are frequently oxidized in aged
cells and stabilize the G4 structure, making these non-canonical

structures an attractive therapeutic target for neurodegenerative
disorders [94].
The presence of G4s in the G-rich regions of the C9orf72 gene

may recruit cellular hemin to form G4/hemin DNAzyme, which is
associated with oxidative damage during neuronal degeneration
[191] (Fig. 8). In the presence of hemin, telomeres can fold into
G4 structures with catalytic oxidation properties in vivo [192].
Although there is no direct evidence that telomeric G4s enhance the
peroxidase activity of hemin, the G4 ligand PhenDC3 displaces G4-
bound heme in vitro. It induces HO-1 transcription, which indirectly
supports the hypothesis that G4s sequester heme in the cell [193].

CONCLUSIONS AND PERSPECTIVES
G4s are involved in regulating telomere length, gene transcription,
translation, and epigenetic changes in the chromatin. The

Fig. 7 ROS regulates oncogene expression depend on G4. The ROS in cancer cells oxidizes guanine residues in the oncogene promoter
region or mRNA G4s to OG, which activates the G4-mediated DDR pathway and translation. The transcription and translation of oncogenes
promot cancer development.

Table 2. G4-targeting photosensitizers.

G4 ligand Target G4 Gene Cell type

Porphyrin derivatives TMPyP4 [105, 177, 182, 231] DNA KRAS MCF-7 human breast cancer cells、HeLa cells

TMPipEOPP [179] DNA human colon carcinoma cells (HCT-8)

ZnP1 [180] DNA

TMPyP4-C14 [106] RNA KRAS, NRAS pancreatic cancer cells

Phthalocyanine derivatives ZnAPC [181] RNA NRAS MCF-7 human breast cancer cells
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formation, stability and regulatory role of G4 structure are affected
by various intracellular factors and epigenetic modifications. The
unique structure and distribution of G4s provide new insights into
the role of oxidative stress in regulating gene expression. ROS can
affect the formation or dissociation of G4 motifs by reducing their
thermal stability, altering the original G4 structural pattern, and
influencing other chromatin structures at transcriptionally active
sites such as R-loops and D-loops. G4s located at transcriptionally
active sites are involved in base repair after ROS-induced DNA
damage and thus promote gene transcription by recruiting
associated proteins and TFs. Furthermore, G4s located in the 5′
UTR or 3′UTR regions of mRNA are also involved in regulating
translation under oxidative stress. These findings suggest that G4s
are critical to ROS-mediated gene transcription and translation. In
addition, G4s can improve ROS clearance and protect DNA from
unwanted ROS by promoting the formation of SGs in the
cytoplasm or activating Nrf2 translation. Thus, G4s may also be
involved in cancer, aging, and degenerative disorders that are
closely related to excessive ROS production and are promising
therapeutic targets for these disorders.
Nevertheless, the current research on G4s are mainly descrip-

tive, and the mechanisms underlying the regulation of G4s in
response to ROS are largely unknown and need to be elucidated.
For example, the optimal levels of intracellular ROS that regulate
G4 formation and stability need further exploration. Following
physical or chemical stimulation, whether ROS enhances G4-
mediated tumor killing is not yet known. In additional, as
mentioned above, G4s are involved in the formation of SGs,
However, the specific role of G4 in regulating the biological
function of SGs needs further experimental verification. In sum,
the further exploration of these questions will contribute to
understand the relationship between ROS and G4, and then
provide some ideas for finding the new mechanism of G4-
mediated biological regulation.
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