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ABSTRACT 

G4-quadruplexes (G4s) are non-canonical structures of nucleic acids that develop in guanine rich regions of DNA 

and RNA. Due to their presence in oncogenic promoters and telomeres, G4s represent attractive targets in anti-

cancer drug designs. G4s have also been the subject of recent research regarding their role as epigenetic modula-

tors, supporting their participation in epigenetic processes that control gene expression. The development of small 

compounds that preferentially target G4s have led to a better understanding of how G4s control these mechanisms. 

Natural products have greatly contributed to the development of many successful examples of compounds with 

excellent anticancer activities. Therefore, it is important to investigate ligands targeting G4-quadruplexes in natural 
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products such as dietary polyphenols and their derivatives. In this review, we provide an overview of the latest 

research on natural compounds, with especial emphasis on dietary polyphenols, as G4-quadruplex targeted ligands. 

We also discuss dietary polyphenols’ structural chemistry that could facilitate their characterization as G4 ligands, 

highlighting their potential in the development of anticancer drugs. Finally, we explore polyphenols’ potential 

mechanisms of action in regulating epigenetic machinery through G4 binding, thereby providing insights for the 

development of safe and effective therapeutical tools against cancer. 

 

Keywords: G4 quadruplex, G4 ligands, dietary polyphenols, epigenetic regulation, gene expression, anti-cancer 

molecules 

 

INTRODUCTION 

The human genome's sequencing revealed that over 50 % of its sequence consists of repet-

itive sequences that were once believed to be merely the results of genetic evolutionary forces 

but are now understood to have crucial roles in biology, including the regulation of chromatin 

structure, gene expression, DNA replication, and genomic organization. Repeating sequences 

can fold into alternative DNA structures other than the right-handed DNA double helix, or B-

DNA form (Wang and Vasquez, 2014). Most genomic DNA is structured in B-DNA, the most 

thermodynamically stable configuration. However, at least 15 non-canonical DNA configura-

tions have been described, and up to 13 % of the human genome may be organized into these 

alternative structures (Guiblet et al., 2018). G4 quadruplexes (G4s) belong to these non-canon-

ical structures which are formed in a dynamic process depending on the cellular context (Mar-

shall et al., 2020). G4 quadruplexes are DNA and RNA secondary structures formed by self-

association of guanine bases forming stacked G-tetrads that are stabilized by Hoogsteen hydro-

gen bonding and connected by stretches of nucleotides, or loops, that vary in length and com-

position (Varshney et al., 2020). Recent scientific interest in G4s has increased due to their 

importance in biological processes such as DNA replication, gene expression, telomere mainte-

nance, and cell death (Bochman et al., 2012; Awadasseid et al., 2021). Epigenetic modifications 

are reversible alterations of nucleic acids that do not change their chromosomal DNA sequence, 

and are connected to many disorders, including cancer (Esteller, 2008). Thus, chemical agents 

that revert aberrant epigenetic alterations are potentially promising therapeutic tools. These 

compounds have been called epigenetic drugs or “epidrugs” (Montalvo-Casimiro et al., 2020). 

G4 structures are connected to several epigenetic mechanisms and have been identified as struc-

tural targets of small aromatic compounds or ligands (Mukherjee et al., 2019). In fact, many G4 

binding ligands with the ability to regulate gene expression have been obtained from natural 

sources (Sengupta et al., 2019). These G4 stabilizing agents have been shown to drastically 

reduce oncogene expression levels both in vitro and in vivo (Awadasseid et al., 2021). There-

fore, G4 ligands ought to be considered in the future development of therapeutic interventions, 

especially in cancer treatment. Dietary polyphenols are widely recognized for their numerous 

beneficial effects on human health (Tsao, 2010). Polyphenols regulate epigenetic pathways and 

have potent anti-cancer activities by modulating genes involved in cell transformation, tumor 

growth, angiogenesis, and metastasis (Cháirez-Ramírez et al., 2021). These aromatic com-

pounds chemically interact with and stabilize G4 quadruplexes; therefore, understanding the 

relationship between dietary polyphenols and G4s can further expand the molecular mecha-

nisms by which polyphenols exert their anti-cancer effects (Bag et al., 2023). In this review, we 

will discuss novel key regulatory elements of the genome, G4 quadruplexes, their role in cancer 

biology, gene expression control, and the interaction of different dietary polyphenols with these 

structures. This will highlight the importance of studying polyphenols as novel stabilizing lig-

ands of G4 quadruplexes from an epigenetic perspective. We emphasize on chemical nature, 

composition, and regulatory functions of polyphenols and their derivatives to promote G4 quad-

ruplex-targeted anti-cancer drug development. 
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Structural characteristics of G4 quadruplexes and their presence in biological environ-

ments 

The idea that G4 structures form in the context of genomic DNA was first considered when 

the crystal structure of a telomeric G4 was reported for the first time two decades ago (Parkinson 

et al., 2002). Since then, biophysical experiments have shown that many guanine rich DNA and 

RNA sequences fold into G4 and have laid the foundations for predicting G4 structure for-

mation (Burge et al., 2006). G4s have been recognized as true cell features through a variety of 

computational sequence analyses and studies that have identified G4s in cellular genomes using 

chemical, molecular, and imaging techniques (Varshney et al., 2020). G4 quadruplexes (G4s) 

develop under conditions of physiological activity in single-stranded DNA and RNA G-rich 

sequences (Lipps and Rhodes, 2009). To form a G4 quadruplex (G4), G-quartets must first be 

formed with four guanines (G) binding via Hoogsteen base pairing to create a G-quartet. Each 

guanine in a G-quartet serves as both donor and acceptor of two hydrogen bonds, which hold 

the four guanines together (Figure 1). By stacking at least two G-quartets together, aromatic G-

quartet interactions produce the formation of a G4 quadruplex (G4) (Choi and Majima, 2011). 

The G4 quadruplex DNA's architecture is impacted by the negatively charged core channel in 

the quadruplex, which chelates cations such as K+, Na+, and Li+. Potassium cations (K+) es-

pecially aid in the development and stability of G4 by reducing the repulsion between the oxy-

gen atoms in the central cavity due to its bigger size compared to Na+ and Li+ (Sen and Gilbert, 

1990). Potassium is a better coordinator atom due to its lower dehydration energy and a higher 

intracellular concentration (~140 mM) compared to Na+ (5-15 mM) (Harrell, 2006a) (Figure 

1). The formula GxNyGxNyGxNyGx generally describes the nucleic acid sequence that has the 

capacity to generate G4 structures, where x = 2 guanosine residues (or more) and y = 1–7 nu-

cleotides (N). G4s can form intramolecularly from a single strand of nucleic acid or intermo-

lecularly from several strands both in the context of DNA and RNA (Meier-Stephenson, 2022). 

While basic sequence relationships exist between G4s, their true nature is a wide family of 

structures where the length and orientation of the intervening loops between G tracts directly 

control their folded geometry and thermodynamic stability (Burge et al., 2006). DNA G4s can 

exhibit several different configurations, but RNA structures often take a predominantly parallel 

form (Joachimi et al., 2009). The ribose sugar's 2′-hydroxyl group in RNA creates steric limi-

tations, restricting the topology of RNA G4s exclusively to the parallel conformation. In fact, 

it’s been hypothesized that G-rich RNA sequences are more likely to form quadruplex struc-

tures than DNA since RNA molecules lack a complementary strand. Nonetheless, most of the 

thousands of mammalian RNA sequences that could fold into G4s in vitro are unfolded in cells, 

most likely due to cellular machinery that unfolds RNA G4s globally (Guo and Bartel, 2016). 

Over 700,000 G4s have been biophysically mapped in purified human genomic DNA by high-

throughput sequencing, but the presence of a G4 motif in the genome alone does not guarantee 

that G4 structures exist at these locations in vivo; rather, it only suggests that a G4 may form 

there and that their presence require experimental demonstration with the use of techniques 

such as immunofluorescence and chromatin immunoprecipitation sequencing with a G4-spe-

cific antibody. G4 structures have been found to be particularly abundant in certain parts of the 

genome, including promoters, telomeres, and transcription factor binding sites, rather than be-

ing randomly distributed across the genome (Chambers et al., 2015) (Figure 1). The first G4 

structure was found in the single-stranded DNA overhangs of repeating human telomeric motifs 

(Bochman et al., 2012). Cellular senescence regulation, abnormal telomere processing, and the 

initiation and progression of cancer have all been linked to telomeric G4s. Therefore, molecules 

that interact with telomeric intramolecular G4s have been proposed as potentially effective an-

ticancer agents (Kosiol et al., 2021). Computer simulations have shown that over 40 % of gene 

promoter regions can form G4 quadruplexes, particularly those controlling genes related to cell 
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proliferation, survival, and differentiation (Li et al., 2024a). The existence of G4 quadruplexes 

in the promoter regions of MYC, KRAS, BCL2, and other oncogenes has been demonstrated 

to hinder their expression and have an inhibitory effect on cell proliferation and in the develop-

ment of tumors. These oncogenic promoter G-quadruplex structures may serve as regulatory 

points in the development of cancer, making G4 quadruplex structures promising therapeutic 

targets in the field of cancer research (Li et al., 2024a). Finally, RNA G4s are most frequently 

found in UTRs, but they can also appear in coding sequences. G4s can be also found in mi-

croRNAs (miRNAs) and long noncoding RNAs (lncRNAs), as well as in their target locations, 

suggesting that G4s may influence the interaction of miRNAs and lncRNAs with their target 

mRNAs (Kwok et al., 2016). Human ribosomal RNA has also been reported to form exposed 

G4s on the ribosomal surface, implying that G4s may also have a role in the recruitment of non-

ribosomal proteins and/or polysome assembly (Mestre-Fos et al., 2019). 

 

Figure 1: Structure of G-quadruplex (G4). (A) Hoogsteen base pairing and a central cation (M+) stabilize 
a guanine tetrad; monovalent cations are preferred in the following order: potassium (K+) > sodium 
(Na+) > lithium (Li+). (B) Genomic distribution of G4 quadruplex 

 

G4 QUADRUPLEXES AND THEIR ROLE IN CANCER 

Cancer is a large group of diseases characterized by uncontrolled cell proliferation, driven 

by transformed cells that undergo evolution through natural selection (Brown et al., 2023). The 

prevalence of cancer as a fatal disease is evident in its annual global mortality rate of 10 million 

individuals with a worldwide economic burden surpassing 1 trillion dollars annually. For cancer 

to initiate, an extended number of cell divisions, an accumulation of oncogenic genetic and 

epigenetic mutations, and a permissive tissue environment unable to prevent the division and 

persistence of increasingly abnormal cells are required (Brown et al., 2023). The genetic and 
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epigenetic changes that occur in cancer have been described as Hanahan and Weinberg's "Hall-

marks of Cancer" (Hanahan, 2022). These hallmarks include sustaining proliferation, evasion 

of growth suppressors, resistance to cell death, induction of angiogenesis, activation of invasion 

and metastasis, deregulation of cellular energetics, evasion of immune destruction and genomic 

instability (Hanahan, 2022). Cancer is largely driven by the accumulation of genetic abnormal-

ities and genomic instability. G4s, through their potential impact on genomic stability, may play 

a role in promoting cancer development (Richl et al., 2024). As tumors progress, the intracel-

lular chemical conditions are considerably altered. Indeed, tumors possess different dielectric 

properties in comparison to normal cells. Such changes can be recognized in aggressive cancer 

cells, which have been found to overexpress potassium channels. Changes in intracellular K+ 

ion concentration heavily affect G4 quadruplex stabilities, which in turn can modulate gene 

expression during tumor progression (Tateishi-Karimata et al., 2018). Due to their prevalence 

in many cancer-related genes, G4 structures have become attractive targets for cancer therapy 

(Figueiredo et al., 2023). Notably, there is a global enrichment of G4s in tumors compared to 

non-cancerous tissues. This increased prevalence of G4 structures may contribute to the activa-

tion of transcriptional programs that promote cell proliferation during cancer development. Im-

portantly, cancer cells do not remain epigenetically static, but rather undergo continuous evo-

lution, resulting in dynamic changes in gene expression, as well as modifications in DNA struc-

tures like G4s. This epigenetic plasticity in cancer results in the development of drug resistance, 

which is lethal for patients (Robinson et al., 2025). 

 

Oncogene promoter regions and G4s 

Cancer arises from mutations in proto-oncogenes, tumor-suppressor, and DNA-repair genes 

(Dakal et al., 2024). Oncogenes can be described as a modified version of proto-oncogenes, 

genes involved in normal cell division and growth, with deleterious mutations (Dakal et al., 

2024). Therefore, an oncogene is formed when a proto-oncogene is altered to produce an ex-

cessive amount of its copies or to increase its activity levels. Consequently, cell growth control 

is lost due to defects in different regulatory systems, which translates into altered cell behavior 

and uncontrolled proliferation of cancer cells (Dakal et al., 2024). Over 20,000 genes feature 

G4 quadruplex motifs in their promoter sequences. Interestingly, these have been found to be 

especially over-represented in cancer-promoting genes such as c-Myc, c-KIT, hTERT, K-RAS, 

BCL2 and VEGF (Burger et al., 2005; Cogoi and Xodo, 2006, 2016; Palumbo et al., 2008, 2009; 

Ramsay and Gonda, 2008; Bell et al., 2011; Biffi et al., 2014; Salvati et al., 2014; Zorzan et al., 

2016; Jana et al., 2017; Cheng et al., 2019; Ducani et al., 2019; Hänsel-Hertsch et al., 2020; 

Prasad et al., 2020; Sheikh et al., 2022; Bokhari and Hamar, 2023; Kaloni et al., 2023; Ash et 

al., 2024; Mondal et al., 2024; Table 1). These oncogenes share in their promoter region a nu-

clease hypersensitive element (NHE). These regions are guanine rich, thus allowing the for-

mation of non-B-DNA conformation such as G4. Interestingly, it has been shown that G4s 

formed by promoter sequences are involved in the regulation of gene expression and are crucial 

for cancer development. Directing our focus towards G4s located in oncogene promoter regions 

has the potential to be an efficient strategy for fighting cancer, but further investigation is 

needed to fully understand its vast possibilities (Monsen, 2023). 

 

G4 quadruplexes in tumors 

The variation in response and resistance to anticancer therapy is attributed to the presence 

of heterogeneity within and between tumors. Thus, the variations in the presence and abundance 

of G4 structures in tumors are now being explored as potential biomarkers for cancer prognosis. 

G4 quadruplex maps generated from patient-derived tumors have shown that G4s are differen-

tially enriched between tumors and associated with highly expressed gene promoters. Depend- 
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Table 1: Reported oncogenes with G4 structures 

Oncogene Description Role in cancer 
Gene region contain-

ing G4s 
G4 configura-

tion 
G4 genomic 

output 
Localiza-

tion 
Reference 

c-MYC 
Transcription factor crucial in cell 
cycle progression, apoptosis, and 

cellular transformation 

Overexpressed in up to 
70 % of all human cancers 

Promoter (NHEIII1 el-
ement) 

Parallel 
Transcriptional 

repression 
8q24 

Simonsson et al., 1998; 
González et al., 2009; Dang, 

2012; Fekete et al., 2012; 
Chaudhuri et al., 2021; 

Dhanasekaran et al., 2023 

KRAS 

Molecular GTPase switches that 
regulate proliferation, metabolic re-
programming, evasion of immune 
response, cell migration and me-

tastasis 

Mutations occur in 11–14 % 
of all human cancers 

Promoter (NHE ele-
ment) 

Parallel 
Transcriptional 

repression 
12p11.1–
12p12.1 

Cogoi and Xodo, 2006, 2016; 
Ash et al., 2024; Mondal et al., 

2024 

c-KIT 
Receptor tirosine kinase involved 
in proliferation, migration, survival 

and differentiation 

Activation enhances tumor 
proliferation and confers re-

sistance to therapy 

Promoter (KIT1, KIT2, 
KIT* elements) 

Parallel, anti-
parallel 

Transcriptional 
repression 

4q12 
Zorzan et al., 2016; Sheikh et 

al., 2022 

VEGF 
Endothelial growth factor able to 
create new blood vessels from a 

pre-existing vasculature 

Important in tumor angio-
genesis and cancer progres-

sion 
Promoter (VEGFA) Parallel 

Transcriptional 
repression 

6p21.1 
Salvati et al., 2014; Bokhari and 

Hamar, 2023 

hTERT 

Catalytic subunit of telomerase, an 
enzyme complex that plays a cru-
cial role in preserving the length of 

telomeres 

Its reactivation plays a cru-
cial role in the immortaliza-
tion of cancer cells in 90 % 

of all human cancers 

The hTERT template 
comprises twelve G-
tracts that fold into 

three consecutive G4s 

Parallel 
Transcriptional 

repression 
telomeres 

Burger et al., 2005; Prasad et 
al., 2020 

c-MYB 
Transcription factor involved in dif-
ferentiation, maturation and prolif-

eration 

Overexpressed in several 
cancers, including colorectal 
tumors, T-cell leukemia, and 
most estrogen receptor-posi-

tive breast tumors 

Promoter contains a 
purine-rich region with 

GGA repeats 

Intramolecular 
guanine tetrad 
stacked onto a 
guanine-ade-
nine heptad 

Transcriptional 
repression 

6q22–24 
Palumbo et al., 2008; Ramsay 
and Gonda, 2008; Bell et al., 

2011 

BCL2 
Mitochondrial membrane protein, 

which plays an essential role in the 
inhibition of apoptosis in cells 

Overexpression of BCL-2 is 
closely related to many can-

cers such as lymphomas, 
leukemias, brain, breast and 

lung cancer 

GC-rich BCL2 promot-
ers P1 and P2 

Parallel, hybrid 
Transcriptional 

repression 
18q21 

Cheng et al., 2019; Kaloni et al., 
2023 
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ing on the G4 landscape, tumors can be stratified into G4-based subtypes, suggesting the coex-

istence of multiple G4 states within tumors. Tumor cells with greater G4 levels are more sus-

ceptible to treatment by molecules that specifically target G4s, which highlights G4s as genomic 

features with potential for future diagnostics and therapeutics (Hänsel-Hertsch et al., 2020) 

(Figure 2). Antibodies and fluorescent probes that selectively target G4 structures have also 

been employed to visually identify G4s in cancers. Samples from hepatocellular carcinoma and 

intrahepatic cholangiocarcinoma exhibited a significantly higher number of BG4-positive nu-

clei, compared to non-neoplastic tissue with an increase in BG4-positive staining in metastases. 

Additionally, an increase of BG4-positive nuclei in stomach adenocarcinoma and signet ring 

cell carcinoma compared to non-neoplastic tissue sampled from the same patient was reported. 

These results suggest that G4 differences might be dependent on alterations of cellular pro-

cesses that regulate genome stability or changes in the chromatin state at G4 quadruplex sites 

in situ (Biffi et al., 2014). The difference in G4 content could be a key factor in distinguishing 

between normal and tumor cells. G4 fluorescent detection performed on serum samples ob-

tained from patients diagnosed with colorectal cancer also revealed a significant increase in G4 

levels among individuals with colorectal cancer in comparison with healthy individuals. There-

fore, G4 serum detection could be considered as a novel biomarker for colorectal cancer diag-

nosis (Zhang et al., 2024). 

 

 
Figure 2: Tumor progression and G4. During tumor progression, genetic and epigenetic changes in 
tumor cell increase G4 quadruplex abundance, creating genomic instability in tumors. 

 

 

ROLE OF G4 QUADRUPLEX STRUCTURES IN EPIGENETIC MECHANISMS 

Epigenetics, reversible chemical modifications of DNA, RNA and histone proteins, regulate 

chromatin functions without changing the DNA sequence and allow an organism to develop 

and adapt to environmental changes (Montalvo-Casimiro et al., 2020). Gene expression 

changes depending on cellular phenotype or function in response to different stimuli, such as 

developmental stages, cellular differentiation, or tissue-specific cell lineages. Epigenetics cre-

ate a regulatory complex layer that links genomic sequences to actionable mutations 
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highlighting the importance of this regulatory system and revealing that epigenetic alterations 

are some of the main mechanisms underlying many human diseases, such as cancer, which 

arises from aberrant genetic and epigenetic alterations, which play a key role in malignant trans-

formation, tumor progression, and prognosis. Thus, epigenetics’ complex mechanisms and their 

significance in disease development must be understood for cancer treatment (Montalvo-Casi-

miro et al., 2020). The epigenetic machinery consists primarily of three interrelated components 

that operate together in the organization of chromatin and gene expression at the molecular 

level. These components include DNA methylation, histone post-translational modifications, 

and regulatory non-coding RNAs (ncRNAs) (Roberti et al., 2019; Zhang et al., 2024). The dif-

ferent patterns of histones and DNA chemical modifications form “the epigenetic code”—a 

complex interaction of epigenetic components with positive and negative feedback mechanisms 

that control gene expression (Reina and Cavalieri, 2020). G4s definitively fall into these crite-

ria, as distinctive genomic regions that dynamically adopt interconverting structural confor-

mations that can affect gene expression favorably or negatively, causing transcriptomic altera-

tions due to their genomic localization (Reina and Cavalieri, 2020). G4 quadruplex structures 

and DNA epigenetic alterations often coexist, establishing a connection between G4s and epi-

genetic processes which have been observed to be dysregulated in cancer (Montalvo-Casimiro 

et al., 2020). 

 

DNA epigenetic modifications and G4 quadruplexes 

DNA methylation of cytosine's carbon 5 (5-methylcytosine) is an important epigenetic mark 

for development and illness. In mammals, the development-essential DNA methyltransferases 

DNMT1, DNMT3A, and DNMT3B install and maintain CpG dinucleotide cytosine methyla-

tion (Deaton and Bird, 2011). Most tissues have stable methylation patterns, however during 

crucial cellular events, methylation can be dynamic at certain loci to affect gene expression 

(Reik et al., 2001). Tumor cells are characterized by global DNA demethylation and local hy-

permethylation (Kisseljova and Kisseljov, 2005). Tumor-specific DNA hypermethylation pat-

terns of gene regulatory elements of tumor suppressor genes cause transcriptional inactivation 

and are a hallmark of cancer (Hanahan, 2022). Alterations of hypermethylated patterns in re-

petitive sequences activate transposable elements and cause chromosomal instability, which are 

also linked to carcinogenesis and metastasis (Miranda Furtado et al., 2019). Conversely, gene 

body demethylation allows transcriptional activation at numerous erroneous locations and con-

sequently stimulating proto-oncogene gene expression (Portela and Esteller, 2010). G4 quad-

ruplexes and DNA methylation coexist since both G4s and hypomethylated CGIs are linked 

with actively transcribed genes (Mao et al., 2018). DNMT1 installs methylation and has a high 

binding affinity and selectivity for G4 DNA structures; therefore, its abundance at G4 regions 

without methylation was surprising. G4 DNA prevents DNA methylation by recruiting and in-

hibiting DNMT1, uncovering a novel and unexpected feature of G4 structures as epigenomic 

features that promote an unmethylated state and have a role in the epigenome formation (Mao 

et al., 2018) (Figure 3).  

 

Histone post-translational modifications and G4 quadruplexes 

Covalent post-translational modifications of histones are another epigenetic machinery axis 

linked to DNA accessibility and gene expression. Incorporating reversible chemical modifica-

tions to the amino- or carboxy-terminal domains of histone proteins have various effects on 

genomic structure and output (Peterson and Laniel, 2004). The main modifications of histone 

proteins include: sumoylation, ribosylation, phosphorylation, acetylation, ubiquitylation, and 

methylation; of these, acetylation and methylation are the most prevalent and well-studied, and 

they typically take place close to enhancer and promoter genomic regions (Wang et al., 2009). 
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Each covalent modification is added and removed by specialized enzymes. While histone me-

thyltransferases (HMTs) and demethylases (HDMs) coordinate histone methylation, histone 

acetyltransferases (HATs) and deacetylases (HDACs) regulate histone acetylation (Portela and 

Esteller, 2010). Abnormal histone post-translational modifications alter gene expression and 

cause human diseases due to their role in gene regulation and cellular function. Understanding 

the reversibility of these marks is crucial for treating disorders characterized by epigenome 

dysregulation such as cancer (Montalvo-Casimiro et al., 2020). G4 structures serve as binding 

locations for effector protein complexes that modify histones. The histone methyltransferase 

KMT5C can attach to both RNA and DNA G4 structures found in telomeric chromatin. Specif-

ically, KMT5C modifies the lysine 20 residue of nucleosomal histone H4 by adding three me-

thyl groups (H4K20me3), which promotes the condensation of chromatin (Takahama et al., 

2013). In contrast, the histone demethylase PHF8, which specifically targets H4K20, has been 

linked to promoters with G4 structures of highly expressed genes that are found in open chro-

matin regions (Hou et al., 2019). Another important example is the REST/coREST repressor 

complex, which transports the histone H3K4-specific demethylase LSD1 to certain chromatin 

sites that contain G4 structures, such as the p21 and hTERT gene promoters (Hussain et al., 

2017; Saha et al., 2017). In the RNA context, mammalian PRC2 binds thousands of RNA tran-

scripts in vivo, but prefers G4 RNA quadruplexes. This enrichment at Polycomb target genes 

allows RNA-mediated gene control in cis. G4 structures evict PRC2 from the nucleosome and 

restrict its methyltransferase activity, regulating its occupancy at target genes temporarily 

(Wang et al., 2017; Beltran et al., 2019) (Figure 3).  

 

 

Figure 3: Epigenetic functions of G4 quadruplexes. G4 quadruplexes exert their epigenetic regulation 
through interaction with epigenetic machinery. (A) Recruitment and inhibition of DNMT1, (B) G4-YY1 
mediated DNA looping, (C) G4-mediated histone post-translational modifications, and (D) PRC2-G4 
mediated RNA silencing. 
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Nuclear architecture and G4 quadruplexes 

Chromatin is hierarchically folded in larger chromosomal loop structures called topologi-

cally associated domains, or TADs. TADs are the genomic structure and function units that 

define the regulatory expression patterns (Du et al., 2021). Dysfunction of TADs and aberrant 

TAD border fusion can lead to many developmental disorders and illnesses. Numerous studies 

suggest that TAD boundary disintegration in cancer cells leads to aberrant oncogene activation, 

indicating a link between TAD folding and transcriptional aberrations in cancer (Du et al., 

2021). G4s engage with architectural proteins that affect nucleosome placement and three-di-

mensional chromatin organization. In humans, non-nucleosomal DNA carries G4-forming se-

quences which often correspond with TAD borders (Reina and Cavalieri, 2020). Loop anchors 

at the borders of TADs are linked by the protein CTCF, a highly conserved protein and critical 

regulator of genome architecture and gene expression. CTCF, together with cohesin, insulate 

large chromatin loop domains from each other (Du et al., 2021). Within TADs, Yin Yang 1 

(YY1), a key mediator in cell proliferation and death, mediates enhancer-promoter interactions, 

analogous to CTCF-mediated DNA looping (Verheul et al., 2020). Depletion of YY1 binding 

sites abolishes enhancer-promoter interactions and gene expression (Weintraub et al., 2017). 

G4s colocalize with CTCF at multiple genomic locations and increase CTCF binding to its 

DNA consensus sequence in vitro (Lyu et al., 2022). Moreover, G4 stabilization increases 

CTCF binding and chromatin loop formation, showing that G4 structures are important for 

CTCF-mediated long-range genomic interactions (Wulfridge et al., 2023). YY1 was also dis-

covered to be a protein that interacts with G4 structures, with a significant overlap between 

YY1-binding sites and G4 structures (Li et al., 2021). In contrast to CTCF, YY1 directly binds 

to G4 quadruplexes. The dimerization of YY1 and its interaction with G4 structures participate 

in YY1-induced DNA looping as YY1 displacement from G4 sites significantly impairs intra-

domain interactions. Furthermore, the administration of G4-stabilizing ligands not only affects 

the expression of genes that have G4 structures at their promoters but also impacts the expres-

sion of genes that are linked with distal G4 structures and brought closer together through YY1-

mediated DNA looping (Li et al., 2021) (Figure 3). 

 

G4 QUADRUPLEX STABILIZING LIGANDS 

G4 quadruplexes exist in living cells and play a critical role in controlling gene expression 

and other processes making these structures novel targets for drug design (Tian et al., 2018). 

The development of ligands that are capable of binding and stabilizing G4 structures may not 

only facilitate the characterization of these structures in vivo but also contribute to the develop-

ment of new therapeutic and diagnostic strategies (Summers et al., 2021). Many G4 ligands 

interact in a relatively indiscriminate manner, recognizing G4s of diverse topologies, thereby 

demonstrating their potential as multi-targeting agents (Figueiredo et al., 2024). These mole-

cules influence cancer cell growth by interacting with G4s and their effects include interference 

with telomere function, stabilization of G4 in the promoters of oncogenes, post-translational 

gene regulation by targeting mRNA 5′-untranslated regions, impeding helicase unwinding, in-

duction of genomic instability, and the modulation of the epigenetic machinery to control gene 

expression. G4 polymorphism provides the opportunity to search and develop compounds that 

can identify a single G4 topology (Figueiredo et al., 2024). Telomerase is a reverse transcriptase 

that adds repeated segments to the 3’-end of telomeric DNA and is abundantly expressed in 

most cancers (Hanahan, 2022). In fact, the initial motivation behind the creation of these inno-

vative therapeutic approaches was the notion that these molecules would bind to telomeric ends 

and form persistent, liganded G4 structures preventing telomeric ends from being accessed by 

telomerase for extension (Sun et al., 1997). Nevertheless, studies revealed rapid antitumoral 

effects that were not consistent with telomerase suppression, which typically requires a 
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prolonged period and multiple cell divisions before inducing cell death (Iachettini et al., 2024). 

Thus, the antitumoral potential of G4 ligands was further expanded to include G4s found in 

gene promoters. Ever since, numerous G4-targeted ligands have been identified that can regu-

late the activity of genes containing a sequence capable of generating a G4 structure in their 

promoters (Kim, 2019). Stabilized G4s located in promoter regions could impede the movement 

of RNA polymerases, thus preventing gene transcription, or serve as sites for the recruitment 

of transcription factors, thereby facilitating gene transcription (Kim, 2019). Currently, there 

have been limited research investigations that have examined alterations in gene expression on 

a comprehensive scale across the entire genome (Marchetti et al., 2009). This could be achieved 

by utilizing techniques that allow the comprehensive identification of ligand binding sites in 

the natural chromatin environment (Spiegel et al., 2020). Currently, the G-Quadruplex Ligands 

Database (http://www.g4ldb.com) has over 3200 compounds that specifically target G4 struc-

tures (Wang et al., 2022). Targeting G-quadruplex DNA poses a significant scientific challenge 

due to its great polymorphism and relatively low abundance compared to canonical duplex 

DNA. G4 quadruplex-stabilization involves π-π stacking and electrostatic interactions, which 

leads to the binding of a ligand to the G-quartet found on the outer surface of the quadruplex 

(Hud and Plavec, 2006). In contrast, both the groove and the backbone phosphates can interact 

with G4 ligands without the need for a flat aromatic structure. Hence, molecules that exhibit 

decreased planarity and establish interactions with the grooves and/or backbone phosphates 

may be advantageous for selectively targeting G4s.  

The primary challenge in designing compounds that specifically interact with G4 DNA is 

to create big, planar aromatic structures that can effectively stack with a G quartet platform, 

while still maintaining sufficient solubility in water. They must display both hydrophobic and 

hydrophilic properties (Monchaud and Teulade-Fichou, 2008). One way to achieve this duality 

is by including protonable sidearms, such as amine groups, surrounding the aromatic core that 

make the molecule water-soluble, with the charges located far from the hydrophobic center 

(Sun et al., 1997). G4 ligands have a higher aromatic ring count, positive charges, and number 

of hydrogen bond donors than what would be considered optimal for favorable pharmacokinetic 

qualities (Spiegel et al., 2020). In fact, no G4 ligand has progressed past Phase II trials due to 

low pharmacological qualities (Santos et al., 2021). Thus far, the only ligand that has progressed 

to this stage is the fluoroquinolone derivative, quarfloxin (CX-3543) which specifically binds 

to G4s found in ribosomal DNA and interferes with the binding of nucleolin (Drygin et al., 

2009). CX-5461 is another G4 ligand that is now undergoing advanced phase I clinical studies 

for patients with BRCA1/2 defective malignancies (Xu et al., 2017). Nevertheless, some G4 

ligands have demonstrated their effectiveness in human cancer tumor xenografts (Marchetti et 

al., 2009). Performing structure-activity relationship studies on G4 ligands, focusing on physi-

cochemical qualities such as planarity, polarity, lipophilicity, and rotatable bonds, would allow 

for achieving balance between G4 binding, solubility, and permeability (Spiegel et al., 2020). 

The main challenge is to balance selectivity and affinity, even if multiple or genome wide G4 

targeting strategies might work (Santos et al., 2021). The small molecule BRACO-19 has been 

found to downregulate the expression of hTERT, leading to the inhibition of telomerase activity 

and resulting in the shortening of telomere length (Burger et al., 2005). Additionally, the cati-

onic porphyrin TMPyP4 has been shown to downregulate the expression of c-Myc, an oncogene 

that is over-expressed in many tumor cells (Thumpati et al., 2025). Studies into the structure of 

G4 complexes with natural macrocyclic molecules, such as telomestatin and its derivatives, 

which completely cover the outer G4 quartet in the telomeric G4, revealed significant p-stack-

ing and electrostatic interactions (Wang et al., 2024). Indeed, large macrocyclic molecules often 

exhibit strong attraction to most G4 DNA configurations, making it difficult to selectively bind 

to a single G4. Contrary to macrocyclic molecules, small crescent-shaped G4 ligands can stack 



EXCLI Journal 2025;24:957-991 – ISSN 1611-2156 

Received: May 03, 2025, accepted: June 12, 2025, published: August 01, 2025 

 

 

 

968 

over the outer G-tetrad by recruiting neighboring residues and forming significant π-π and elec-

trostatic interactions (Wang et al., 2024). The primary obstacle in the pursuit of developing 

drugs that target G4 structures is achieving G4 selectivity. G4 quadruplexes share a compacted 

G quartet core surrounded by multiple loops. Consequently, these compounds face challenges 

in differentiating between various G4 structures, particularly those with similar topologies 

(Wang et al., 2024). The lack of selectivity of G4 ligands, which are both found in normal and 

malignant cells, is the main obstacle in the clinical implementation of these compounds as an-

ticancer treatments (Iachettini et al., 2024). Conducting structure-activity relationship studies 

could greatly enhance the physicochemical properties of ligands and facilitate the process of 

ligand design and development to achieve specificity and selectivity while maintaining high 

affinity (Asamitsu et al., 2019). 

 

G4 quadruplex destabilizing ligands 

Molecular interactions and stabilization of G4s in cells have been studied for over two dec-

ades in order to understand their mechanisms. These discoveries have led to rethought G4-

targeting strategies to find molecular tools to unfold G4s due to their prevalence in the human 

genome and transcriptome (now referred to as the G4ome) and their involvement in human 

disorders. This has been hindered by the lack of standard assays and techniques to consistently 

assess G4 destabilization, unlike G4 stabilization. Only a few number of compounds have ex-

hibited such a feature, some of which are disputed. These chemicals' unwinding capacities have 

been tested in vitro with assays designed for single studies. Therefore, there is still no consensus 

on their cellular relevance (Lejault et al., 2021). 

 

DIETARY POLYPHENOLS AND THEIR BIOLOGICAL ACTIVITIES 

The polyphenols´ structure comprises multiple hydroxyl groups (–OH) attached to a carbon 

atom within an aromatic ring, allowing to combine with various functional groups to form es-

ters, ethers, and carbon-carbon bonds, leading to a vast number of different structural arrange-

ments (Liu et al., 2024), including phenolic acids (hydroxybenzoic and hydroxycinnamic ac-

ids), stilbenes, lignans, flavonoids (flavanols, isoflavones, anthocyanins, flavanones, flavones, 

and flavonols), and tannins (condensed and hydrolyzable). More than 50,000 identified poly-

phenols (Tsao, 2010) and ~8000 compounds have been found and characterized in food and 

medicinal plants (flavonoids represent ~75 % of total polyphenols in dietary sources). Cancer 

is influenced by complex physiological and environmental factors, with diet playing a crucial 

role. Western diets (high in unhealthy fats and refined carbohydrates) are associated with an 

increased cancer risk. In contrast, diets rich in fruits and vegetables (~1,193 ± 510 mg/day pol-

yphenols intake) have been linked to cancer prevention (Li et al., 2023; Adolph and Tilg, 2024). 

Polyphenols exert their protective effects through various mechanisms, including epigenetic 

modulation, which has gained significant attention for its potential in cancer prevention (Silva 

et al., 2019). Despite the increase in cancer cure rate in recent times (~67 % in adults), the use 

of synthetic drugs faces significant challenges, including financial burdens and potential side 

effects in patients, which can affect life quality or even lead to death (van den Boogaard et al., 

2022). Numerous studies have suggested that polyphenols are linked to a lower risk of cancer 

with fewer side effects (Sharma et al., 2022). 

 

Therapeutic potential of polyphenols in cancer treatment 

Polyphenols are key players involved in the prevention and treatment of cancer due to their 

versatility for modulating multiple biological processes, including, but not limited to antioxi-

dant properties, signaling pathways modulation, promotion of programmed cell death, cell cycle 

arrest prevention angiogenesis, and regulation of epigenetic mechanisms. These mechanisms 
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Figure 4: The Complex Pathway of Dietary Polyphenols: From the Diet to Target Cells. A) Functional 
foods and nutraceuticals are polyphenols-rich sources. B) Polyphenols are ingested and subjected to 
different processes in the gastrointestinal tract, including absorption, metabolism, and systemic bioa-
vailability. C) Polyphenols reach target tissues and accumulate within the cells, modifying the G4s at 
oncogenes, leading to epigenetic regulation and anticancer effects. 

 

 

are related to tumor development and progression (Figure 4). One key process through which 

polyphenols exhibit their anticancer properties is prompting apoptosis. Compounds like quer-

cetin and epicatechin have been found to trigger the release of cytochrome c, activate caspases, 

and elevate the expression of death receptors D4/D5; thereby increasing the vulnerability of 

cancer cells to apoptosis via the extrinsic pathway (Srivastava et al., 2016; Pereyra-Vergara et 

al., 2020). Kaempferol has been shown to arrest the cell cycle at the G2/M phase through the 

ATM/CHEK2/KNL1 pathway in hepatocellular cancer (Li et al., 2024b). Polyphenols can also 

modulate cell growth. Resveratrol has shown noteworthy anti-cancer properties against gastric 

cancer by promoting programmed cell death and inhibiting cancer cell growth via the 

PI3K/Akt/p53 signaling pathway (Dong et al., 2024). Curcumin in turn has been found to sup-

press the proliferation of HeLa cells by influencing both the NF-κB and Wnt/β-catenin path-

ways and arrest of the cell cycle at G2/M, leading to sub-G1 apoptosis when used in conjunction 

with 5-Fluorouracil (Ghasemi et al., 2019). Polyphenols neutralize free radicals and reactive 

oxygen species (ROS), which may cause DNA damage, mutations, and tumor progression. 

EGCG decreases the production of ROS triggered by miR483-3p in a dose-dependent manner, 

thereby reducing the metastatic capabilities in liver cancer (Kang et al., 2021). Despite the ex-

tensive examples of the anti-proliferative, anti-tumor, and anti-apoptotic effects of polyphenols, 

the precise cellular and molecular mechanisms that underlie their activity remain unclear. The 

flavonoid structure satisfies the molecular structure of G4 ligands with a flat chromophore back-

bone with an additional carboxyl group that facilitates charge transfer. This structure may 



EXCLI Journal 2025;24:957-991 – ISSN 1611-2156 

Received: May 03, 2025, accepted: June 12, 2025, published: August 01, 2025 

 

 

 

970 

effectively insert itself into the planar scaffold formed by G-tetrads. Therefore, the flavonoid 

structure has been explored for its potential role as an anticancer therapy by affecting the sta-

bility of G4-quadruplexes found on oncogene promoters. Additionally, dietary polyphenols that 

have been shown to bind to G4-quadruplexes using spectroscopic and biophysical methods in 

vitro including circular dichroism spectroscopy, UV fluorescence titration, computational stud-

ies like molecular docking, chemical structural analysis, and NMR.  
 

POLYPHENOLS AS G4 QUADRUPLEX STABILIZERS 

Polyphenols have been related to multiple anticancer benefits such as tumor growth reduc-

tion, fewer side effects, and efficacy enhancement of therapies like chemotherapy and radiation. 

However, to date, their full potential has not been fully explored. Polyphenols are increasingly 

being recognized as an alternative for concomitant therapies and as chemosensitizers because 

of their diversity and accessibility, with higher biocompatibility and lower systemic toxicity 

when used in moderate doses (Duda-Chodak and Tarko, 2023; Jakobušić Brala et al., 2023). A 

promising objective is to incorporate them into current cancer therapies, as they enhance the 

sensitivity of cancer cells. G4-quadruplexes (G4s) promote recombination events and mutations 

essential for cancer progression. Polyphenols can inhibit transcription and telomere elongation 

in cancerous cells, making them crucial targets for research focused on therapeutic applications. 

Investigating the binding properties of naturally occurring compounds that interact with G4s, 

like dietary polyphenols, is highly beneficial for drug discovery, particularly regarding their 

selectivity for polymorphic G4 configurations (Bag et al., 2023). When compared to most G4 

ligands, polyphenols have fewer aromatic cores, and their configuration (phenolic rings con-

nected through a styrene double bond and many –OH groups) promotes hydrogen bonding with 

G4 loops and grooves instead of stacking, as demonstrated in laboratory studies and simulations 

(Platella et al., 2020). This interaction with G4 grooves and loops could increase selectivity and 

lower toxicity in vivo compared to stacker ligands (Platella et al., 2020) (Figure 5). Polyphenols 

are also well-suited for further modification to enhance targeting via chemical analysis and the 

custom design of G4 ligands (Ye et al., 2024). Polyphenols must penetrate the cellular mem-

brane to reach the nucleus and bind with promoter G4 quadruplexes to modulate gene expres-

sion. Complexation assays have demonstrated nuclear fluorescence of four flavonoids—azalea-

tin, quercetin, fisetin, and morin—in neuroblastoma cells, suggesting effective cellular uptake 

(De et al., 2022). Curcumin exhibited strong nuclear fluorescence in SF-767 glioma cells 

(Ghosh and Ryan, 2014) while galangin and kaempferol displayed higher nuclear autofluores-

cence in mouse hepatocellular carcinoma Hepa-1c1c7 cells (Mukai et al., 2009). Quercetin ac-

cumulates in the nucleus and mitochondria of HepG2 cells through an active mechanism inde-

pendent of nuclear pore transport, thereby affecting transcription (Notas et al., 2012). Curcu-

min, extracted from the rhizome of Curcuma longa, is a prominent polyphenol with notable G-

quadruplex (G4) binding capabilities, as demonstrated in Table 2. Studies have demonstrated 

its ability to stabilize G4 structures in the promoters of KRAS and c-Myc, leading to a reduction 

in oncogene expression and promoting cytotoxicity in metastatic breast cancer cells. At the 

same time, synthetic derivatives such as Cur-4 and dimethylcurcumin enhance these effects by 

increasing binding affinity and targeting mechanisms, promoting the degradation of the andro-

gen receptor in prostate cancer (Jha et al., 2016; Pattanayak et al., 2016; Dwivedi et al., 2021; 

Pandya et al., 2021; Roy et al., 2022). Quercetin, a flavonoid present in citrus fruits, onions, 

and several other foods, can decrease c-Myc expression by as much as 50 % in cancer cell lines, 

while rutin, the glycosylated form of quercetin, enhances the stability of the G4-polyphenol 

complex, offering an additional benefit (Sun et al., 2006; Lakhanpal and Rai, 2007; Tawani and 

Kumar, 2015; Anand David et al., 2016; Bhattacharjee et al., 2017; Tawani et al., 2017; Tyagi 

et al., 2020; Zenkov et al., 2022; Bag et al., 2023). Indeed, rutin, which is derived from 
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Styphnolobium japonicum, exhibits selective binding to c-Myc and telomeric G4s (see Table 2) 

(Sun et al., 2007; Ribaudo et al., 2022; Stężycka and Frańska, 2023). Likewise, kaempferol, 

which is abundant in green leafy vegetables and herbs, is more effective than its isomer morin, 

present in mulberries, figs, and other plants, in stabilizing c-Myc and VEGF G4s, achieving 

reductions in c-Myc expression of up to 77 % in malignant cells, due to their differing molecular 

structures (Calderon-Montano et al., 2011; Bhattacharjee et al., 2018; Dabeek and Marra, 2019; 

Paul et al., 2019; Rajput et al., 2021; Zenkov et al., 2022; Balaga et al., 2023). Resveratrol, 

derived from grapes and red wine, along with its derivatives, polydatin and viniferin, engage 

with c-Myc and telomeric G4s, demonstrating effects that hinder the proliferation of melanoma 

cells, with the dimeric form of viniferin exhibiting a greater G4 affinity (see Table 2) (Tian and 

Liu, 2020; Platella et al., 2021). In contrast, naringenin, commonly found in citrus fruits, tends 

to bind to duplex DNA over G4, whereas fisetin, which is found in strawberries and nuts, prefers 

G4 binding, highlighting how structural differences affect their interactions (Touil et al., 2011; 

Bhattacharjee et al., 2016). A wider range of polyphenols—including rosmarinic acid from 

rosemary, luteolin from celery, genistein and daidzein from legumes, gallic acid from tea and 

fruits, myricetin from berries, EGCG from green tea, and xanthones from tricyclic structures—

also interact with G4s, often reducing oncogene activity or hindering tumor growth, as indicated 

in Table 2 (Zhang et al., 2009; Mikutis et al., 2013; Franceschin et al., 2014; Tawani and Kumar, 

2015; Mondal et al., 2016; Dwivedi et al., 2021; Sanchez-Martin et al., 2022).  

 
Figure 5: Chemical interactions between polyphenols and G4 quadruplexes. Polyphenols interact with 
G4 quadruplexes through their aromatic rings and their substituents. Aromatic rings interact with G4 

quadruplexes through - stacking and electrostatic interactions. In contrast, substituents interact with 
the loops and grooves of the structure through different mechanisms, such as hydrogen bonding and 
preferential stacking with the 5' or 3' end. These interactions make polyphenols G4 binders with high 
selectivity for specific G4 (parallel, antiparallel, or hybrid) configurations. 
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Table 2: Chemical, physical, and biological properties of polyphenols 

Polyphenol Chemical group Main source Gene regulation, interac-
tions 

Structural interaction- 
stabilization 

Spectral & general 
properties 

References 

Curcumin Diarylheptanoids, cur-
cuminoids 

Rhizomes of Curcuma 
longa (turmeric) 

Efficient KRAS promoter G4 
ligand 
Targets the c-Myc promoter 
G4, located in the nuclear hy-
per-sensitive III1 element 
(NHEIII1) 

Binds/stabilizes G4, raising signifi-
cantly melting point. Keto form 
shows more affinity than its enol 
form for G4. Different groups (CH3O-
) and chemical properties affect in-
teraction with G4-quadruplex. Add-
ing L-cysteine to aromatic groups 
enhances targeting of telomeric G-
quadruplex DNA due to interaction 
and robust binding through both 
DNA minor and major grooves. 

Intense yellow-orange 
phenolic pigment (natu-
ral yellow 3), λmax 420-
425 nm 

Mukai et al., 
2009; Notas et 
al., 2012; Jha 
et al., 2016; 
Pattanayak et 
al., 2016; Roy 
et al., 2022 

Quercetin (sophoretin) Flavonoids (flavonol) Plant derived, many 
fruits and vegetables 

c-Myc G4 
VEGF G-quadruplex-DNA 
G4 RNA quadruplexes 

Binds grooves of telomeric parallel, 
anti-parallel, and mixed G-quadru-
plexes. 
Monomeric G4s prefer stacking 
mode; and dimeric G4s, stacking via 
groove binding. A and C rings forms 
π-π stacking interactions at the 
3'end and on top of the G-tetrad at 
the 5′ end 

Unique fluorescence 
properties, λmax 369 nm 

Lakhanpal and 
Rai, 2007; Ta-
wani and Ku-
mar, 2015; 
Anand David 
et al., 2016; 
Bhattacharjee 
et al., 2017; 
Tawani et al., 
2017; Tyagi et 
al., 2020; 
Dwivedi et al., 
2021; Pandya 
et al., 2021; 
Zenkov et al., 
2022 

Rutin 
(quercetin-3-O-rutino-
side or sophorin) 

Flavonoids (flavonol 
glycoside)  
 

Styphnolobium japoni-
cum flower buds, Car-
pobrotus edulis, peels 
of citrus fruits and 
their leaves 

More stable G4-quadruplex 
than quercetin. Glycosylation 
enhances the effect. Adverse 
effect in complexing with Na+ 

Planar aromatic rings and non-pla-
nar substituents resembles and axe, 
favoring G4 recognition. CID assays 
show rutin in more stabilizing G4 ar-
rangements. Stacking is preferred in-
teraction pattern by molecular dock-
ing. 

λmax 257, 359 nm Sun et al., 
2006, 2007; 
Mukai et al., 
2009; Notas et 
al., 2012; 
Ghosh and 
Ryan, 2014; 
Tawani and 
Kumar, 2015; 
Pattanayak et 
al., 2016; 
Bhattacharjee 
et al., 2017; 
Tawani et al., 
2017; Tyagi et 
al., 2020; De et 
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al., 2022; Rib-
audo et al., 
2022; Roy et 
al., 2022; 
Stężycka and 
Frańska, 2023 

Kaempferol  Flavonoids (Flavonol) Green leafy 
vegetables, Ginkgo 
biloba, Moringa 
oleifera 

More chemically stable and 
less reactive than quercetin. 
Greater affinity for VEGF G4 
than morin. Exhibits low affin-
ity for duplex DNA. Improves 
the stability of VEGF G4 with 
temperature. 

Binds grooves on VEGF G4 with 
their (A + C) ring packed inside. Its 
B-ring accommodates into the 
groove and binds through van der 
Waals forces. It binds strongly to G4 
in promoter regions of c-Myc, 
VEGFA, c-KIT, BCL2, KRAS, and 
the telomeric sequence at different 
binding efficiencies depending on G4 
topology. It stacks near the 3′ end of 
c-Myc G4, forming >6 hydrogen 
bonds hiding from water, allowing 5-
OH group to interact with hydrogens 
in G4. 

Exhibits high autofluo-
rescence. Yellow nee-
dles from alcohol and 
water. λmax 265, 365 nm 
 

Lakhanpal and 
Rai, 2007; Sun 
et al., 2007; 
Calderon-
Montano et al., 
2011; Dabeek 
and Marra, 
2019; Rajput et 
al., 2021; 
Ribaudo et al., 
2022; Balaga 
et al., 2023 

Morin Flavonoids (flavonol), 
quercetin isomer 

Several plants from 
Rosaceae, Moraceae, 
and Fagaceae fami-
lies 

Interacts with both VEGF G4 
and duplex DNA as 
kaempferol with no selectivity. 
Exhibits low affinity for duplex 
DNA. It has a weaker stabiliz-
ing effect on the VEGF G4. 
structure than kaempferol 

Binds grooves on VEGF G4 with 
their (A + C) ring packed inside. The 
2-OH in B-ring of morin tilts out of 
the groove, creating a weaker bind-
ing site. 

Yellow color and bitter 
taste 

Rajput et al., 
2021 

Resveratrol (cis & 
trans) 

Stilbenes Red wine, grapes, 
groundnuts, and 
many berry species. 
Roots of Veratum 
grandiflorum 

Low bioavailability and low 
solubility in water. Exhibits 
dose/time dependent antipro-
liferative efficacy, decrease in 
telomerase activity, and re-
duction of c-Myc oncogene 
expression with no cytotoxi-
city to normal cells. It targets 
other promoter-located G4s 
as PITPNB, impacting directly 
gene expression. 
 

The trans configuration is more bio-
active and stable. Exhibits higher af-
finity for telomeric G4 than duplex 
structures. Higher affinity for c-Myc 
G4 structure. 

 Bhattacharjee 
et al., 2018; 
Paul et al., 
2019; Tian and 
Liu, 2020; 
Jakobušić 
Brala et al., 
2023; Rocca et 
al., 2024 

Polydatin (piceid, 
resveratrol 3-O-β-glu-
copyrano-side) 

Stilbenoids (resveratrol 
glucoside) 

Most prevalent deriva-
tive of resveratrol in 
nature 

Greater water solubility and 
metabolic stability than 
resveratrol. Up to 3-4 times 
greater in bloodstream. Ex-
hibits dose/time dependent 
antiproliferative action, less 
telomerase activity, and c-
Myc oncogene expression 

Exhibits comparable affinity for telo-
meric G4 and duplex structures. 
Greater affinity for hTERT G4 struc-
ture. 

 Delmas et al., 
2011; Francio-
soa et al., 
2014; Jako-
bušić Brala et 
al., 2023 
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with no cytotoxicity to normal 
cells. 
 

ε-viniferin Stilbenoids (resveratrol 
dimer) 

Vitis vinífera and 
products 

Binds the c-Myc promoter G4 
more preferentially than 
resveratrol 

It stacks on outer quartets of the G4 
with no disruption to its parallel fold-
ing. 
Can be valuable biological selective 
scaffolds because of their longer sur-
face and more functional moieties. 

λmax 204 nm Garcia-Canton 
et al., 2012; Du 
et al., 2013; 
Wang et al., 
2015; Paul et 
al., 2019; 
Obeng et al., 
2020; Chen et 
al., 2021; 
Platella et al., 
2021; Zhao et 
al., 2023; 
Soriano-Lerma 
et al., 2024 

Naringenin Flavonoids (fla-
vanones)  

Grapes and citrus 
fruits (grapefruit). 

Exhibits higher affinity for du-
plex DNA compared to G4 

Attaches to G4 DNA by externally 
stacking itself within the structure 
due to its C-ring relative planarity. 
G4 interaction is poor due to lack of 
coplanarity of A and C-rings 

λmax 288 nm Touil et al., 
2011; Bhatta-
charjee et al., 
2016; Zenkov 
et al., 2022 

Fisetin Flavonoids (flavonols) Ubiquitous in vegeta-
bles, fruits, herbs, and 
Anacardiaceae plants. 

Reported with anticancer, 
neuroprotective, and other re-
lated medicinal properties 

Coplanar A and C-rings favor G4 
binding. Prefers G4 DNA over the 
duplex DNA, creating more H-bonds 

yellow/ochre dye, λmax 
360-368 

Touil et al., 
2011; Wright et 
al., 2013; Kra-
sieva et al., 
2015; 
Bhattacharjee 
et al., 2016 

Rosmarinic acid Phenolic acids Culinary herbs (rose-
mary, basil, sage, 
mint) 

Anti-inflammatory, antimicro-
bial, antioxidant, anticancer, 
antiallergic, and anti-muta-
genic effects 

Forms weak binding to telomeric G4 
at the minor groove unlike curcumin, 
which binds G4 through interactions 
with minor and major grooves 

Red-orange powder, 
λmax 328 nm 

Khojasteh et 
al., 2014; 
Dwivedi et al., 
2021 

Luteolin Flavonoids (Flavone) Many fruits and vege-
tables (celery, chry-
santhemum flowers, 
carrots, and onion 
leaves), Lamiaceae 
and Asteraceae flow-
ering plants  

Anticancer action by reducing 
angiogenesis, metastasis, 
and cell proliferation, inducing 
apoptosis and cell cycle ar-
rest 

Forms complexes with telomeric 
G4s. Luteolin protons are likely in-
volved in binding with telomeric G4 
quadruplex DNA 

yellow crystalline dye, 
λmax 550-560 

Tawani and 
Kumar, 2015; 
Ashrafizadeh 
et al., 2020 

Genistein Flavonoids (Isoflavone) From Dyer's broom 
(Genista tinctoria). 
Present in clover and 
soy (Legumes and 
others in Fabaceae) 

Exhibits strong phytoestrogen 
like properties. Agonist of G 
protein-coupled estrogen re-
ceptor 

Glycosylated genistein (genistin) 
prefers binding to G quartet plane 
and G4 grooves of the G4 quadru-
plex 

λmax 262 nm Zhang et al., 
2009; Sarao et 
al., 2021; Goh 
et al., 2022 
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Daidzein Flavonoids (Isoflavone) Soybeans and other 
legumes 

Genistein’s inactive analogue 
due to the lack of tyrosine ki-
nase inhibitor activity. 
Anti-cancer, cardioprotective, 
anti-inflammatory effects 

Glycosylated daidzein (daidzin) 
forms a more stable complex by π- 
π conjugations and H-bonding of G4 
loop and G-quartet plane. Daidzin 
showed higher affinity to antiparallel 
telomeric G4 quadruplex than genis-
tin 

λmax 250 nm Zhang et al., 
2009; Sarao et 
al., 2021; Goh 
et al., 2022 

Gallic acid Phenolic acids Ubiquitous in fruits, 
vegetables, nuts and 
herbal medicines 

Anti-inflammatory, antiangio-
genic, antimutagenic, antioxi-
dative, and anticarcinogenic 
effects. Gallic acid treatment 
downregulates 5′ETS and c-
Myc in vivo 

More effective G4 ligand vs other 
phenolics. Captures G4 structures, 
increasing nuclear BG4 signal. Sta-
bilizes G4, blocking oncogene tran-
scription, and DNA damage (in vivo 
& in vitro colorectal model).  

λmax 271 nm Neveu et al., 
2010; AL 
Zahrani et al., 
2020; Bai et 
al., 2021; 
Sanchez-
Martin et al., 
2022; Bag et 
al., 2023 

Myricetin Flavonoids (flavonol) Common in dietary 
sources (fruits, vege-
table, nuts and herbs) 
mostly in glycoside 
form  

Hinders growth, triggers pro-
grammed cell death, and re-
strains formation of blood 
vessels in many cancer cells. 
MCF7 cells showed dose-de-
pendent downregulation of 
hTERT mRNA expression 
with transcriptional repression 
(90 %) 

Binds 1:1 to G-quadruplex, but not 
duplex DNA and triplex DNA. Stabi-
lizes telomeric sequence of G4 
structure at the 3' end by π-π stack-
ing, but not at the 5' end (flanking 
bases' dynamicity buries the G-face 
and makes it less accessible for lig-
and binding). Multiple H-bonds with 
loop bases and phosphate backbone 
and at the 5' end 

λmax 255, 376 nm Mondal et al., 
2016; Imran et 
al., 2021 

EGCG (epigallocate-
chin-3-O-gallate) 

Flavonoids (flavan-3-
ols) 

Green tea (Camellia 
sinensis), many other 
fruits, nuts and plants 

Along with catechins widely 
recognized with anticancer 
activity.  

Bind telomeric G4 through π-π 
stacking with clear selectivity over 
double-stranded DNA. Chemically 
altered (e.g. aminosugars) may en-
hance ability to bind G4s even better 
than quercetin 

λmax 274 nm Bai et al., 
2013; Mikutis 
et al., 2013; 
Kong et al., 
2021 

Xanthones (dibenzo-g-
pirones) 

Xanthonoids  Drug candidates as antimicro-
bial, anti-inflammatory, antivi-
ral, anti-cancer, antimalarial, 
antioxidant, anticonvulsant, 
and anti-HIV 

xanthone central core and side 
chains can be modified, being more 
effective, enhancing specific G4 sta-
bilization and cancer cell toxicity. 
Functionalized xanthone derivatives 
interact well with G4 DNA, especially 
genomic c-Myc DNA by phosphate 
binding, and stacking interactions, 
inserting in G4’ grooves. 

White solid 
λmax 350, 287, 247 nm 

Franceschin et 
al., 2014; Shen 
et al., 2022; 
Roy et al., 
2023 
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In summary, these polyphenolic compounds exemplify the diverse therapeutic possibilities 

of polyphenols derived from natural sources. Considering the significant evidence of their G4-

mediated actions, polyphenols offer a compelling chance to utilize these readily available plant 

compounds for cancer therapy. However, challenges remain in enhancing their specificity, sta-

bility, and practical application in clinical environments, necessitating additional research to 

fully realize their potential as effective therapeutic agents. 

 

Dietary polyphenols and their potential role in epigenetic regulation through G4 binding 

Omics approaches, including genomics, transcriptomics, proteomics, and metabolomics, 

have uncovered the molecular mechanisms underlying diseases. Epigenetic mechanisms mod-

ify gene expression without altering the genetic sequence, involving changes in chromatin such 

as DNA methylation, histone modifications, nuclear structure, and the expression of non-coding 

RNAs (Yu et al., 2024).G4s are epigenetic features responsive to stimuli, influencing tran-

scriptomic changes by modulating gene expression in regulatory regions like enhancers and 

promoters (Halder et al., 2012). Environmental signals, including food chemicals, affect G4 

folding and stability, directly or indirectly, and G4s interact with other epigenetic alterations, 

shaping transcriptional outputs (François et al., 2015; Reina and Cavalieri, 2020). Epidrugs aim 

to restore the activity of silenced tumor suppressor genes by targeting enzymes such as DNMTs 

and HDACs to revert the abnormal epigenetic profiles found in cancer cells, and they hold 

potential as both biomarkers and personalized therapy options (Miranda Furtado et al., 2019). 

Polyphenols represent promising candidates for epigenetic interventions, especially in cancer 

prevention and treatment, by influencing DNA methylation, histone changes, and the expres-

sion of non-coding RNAs. However, their specific mechanisms of action are not fully under-

stood (Link et al., 2010; Jayasinghe et al., 2016). Bioactive compounds such as curcumin, 

resveratrol, EGCG, quercetin, genistein, and kaempferol influence epigenetic processes by re-

activating tumor suppressor genes that have been silenced through hypermethylation. In mye-

loma cells, curcumin reduces mTOR levels via hypermethylation at the promoter region, which 

increases the expression of DNMT3a and DNMT3b (Chen et al., 2019). In head and neck squa-

mous cell carcinoma (HNSCC), EGCG lowers DNA hypermethylation, reduces DNMT activ-

ity, and increases tumor suppressor genes, suppressing tumor growth (Agarwal et al., 2023). In 

colorectal cancer, kaempferol interacts with DNMT1 to reactivate DACT2, which hinders the 

Wnt/β-catenin signaling pathway and decreases tumor burden (Lu et al., 2018). When combined 

with TSA, quercetin increases the p300 levels and promotes histone acetylation, thereby en-

hancing apoptosis in lung cancer cells (Chuang et al., 2019). The combination of genistein and 

sulforaphane inhibits HDACs and histone methyltransferases, reducing the viability of breast 

cancer cells and decreasing tumor size (Paul et al., 2018). Resveratrol enhances HDACi lethal-

ity in AML cells by inhibiting NF-κB via SIRT1 and stabilizing G4-related processes (Yaseen 

et al., 2012). EGCG influences lncRNAs and mRNAs in lung cancer cells, affecting cell cycle 

regulation (Hu et al., 2019). Curcumin alters miRNAs in ovarian cancer cells, enhancing sensi-

tivity to cisplatin and hindering oncogenesis (Ravindran et al., 2023). Resveratrol enhances the 

stability of TERRA G4 and markers of telomeric heterochromatin, promoting apoptosis in my-

eloma cells (Cusanelli and Chartrand, 2015). Although the epigenetic modulation of polyphe-

nols is evident, their involvement in G4 stabilization necessitates further investigation. The 

ability of resveratrol to stabilize TERRA G4s in conjunction with epigenetic regulation implies 

a connection, and additional studies are required to examine how polyphenols might restore 

gene expression in cancer through G4 stabilization and epigenetic effects (Figure 6). 

Therefore, polyphenols are becoming recognized as promising compounds in the battle 

against cancer, affecting epigenetic processes and possibly interacting with G4 structures. Alt-

hough the exact relationship between polyphenols and G4s requires further investigation, their 
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therapeutic promise is becoming more evident, presenting a natural and innovative alternative 

for cancer therapy. Additional research will certainly yield a more profound understanding of 

these fascinating substances and their role in restoring proper gene expression. 

 

 

Figure 6: Role of Polyphenols in G-quadruplex (G4) Stabilization in Cancer. This schematic illustrates 
the role of G4 structures in cancer cells and the modulatory effects of polyphenols. G4 structures are 
elevated in tumor cells, contributing to tumor growth. Polyphenols stabilize G4 structures, which reduce 
tumor progression. The inset panels highlight specific effects of polyphenol-induced G4 stabilization, 
including inhibition of telomere elongation, induction of genomic instability, suppression of oncogene 
expression (e.g., c-Myc, KRAS, c-KIT), and epigenetic modifications such as promoter methylation al-
terations and regulation of non-coding RNA (TERRA). 

 
CLINICAL RELEVANCE AND FUTURE DIRECTIONS 

Natural products and their related drugs compose approximately 35 % of the worldwide 

pharmaceutical industry, with 85 % of the global population depending on traditional medicine 

and 60 % of drugs in developed countries being natural or derived from natural sources (Mathur 

and Hoskins, 2017; Najmi et al., 2022; Nasim et al., 2022). Despite promising bioactivities 

reported for polyphenols, they require safety and efficacy evaluations to minimize possible tox-

icity. Detailed preclinical and clinical research, including those listed on ClinicalTrials.gov, 

examining their safety, bioavailability, and effectiveness in preventing and treating cancer is 

presented in Table 3. Curcumin has been shown to be safe and exhibit modest effects in colo-

rectal cancer (Kanai et al., 2011). Nevertheless, a Phase II trial on endometrial carcinoma did 

not reveal significant anti-inflammatory or immunomodulatory effects, although there was a 

noted improvement in quality of life (Tuyaerts et al., 2019). The results concerning resveratrol 

in prostate cancer are mixed: one study suggested it delayed recurrence by extending the pros-

tate-specific antigen (PSA) doubling time by 5.3 months (Paller et al., 2015), while another 

study found no effect on prostate volume or PSA levels, raising doubts about its efficacy (Kjær 

et al., 2015). The instability of polyphenols in various physiological conditions and the interin-

dividual variability—arising from variations in metabolism, absorption, and interactions with 
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Table 3: Overview of clinical trials registered in clinicaltrials.gov database using polyphenols for cancer therapies 

Polyphenol 
Clinical Phases 

Cancer Type Terminated Trials Primary Purpose 
Dose Findings 

EI I II III IV NA Total g/day  

Curcumin 4 21 42 7 0 22 96 

Cervical, Pancreatic, Ad-
vanced/Metastasis, Breast, Col-

orectal, Prostate, Myeloma, 
Head and Neck, Leukemia, 

Bladder, Lung, Gastric, Osteo-
sarcoma, T-cell Lymphoma, 

Non-Small Cell Lung, Glioblas-
toma, Polycystic Ovary 

NCT00094445 Treatment 8 
Decreased expression 
of NF-κB, COX-2, and 

STAT3 

NCT01740323 Treatment 1 N.D. 

NCT01246973 Prevention 6 

Curcumin did not sig-
nificantly reduce radi-
ation dermatitis sever-

ity 

NCT00113841 Treatment 2 Well-tolerated 

NCT01042938 Treatment 6 
Reduced the severity 
of radiation dermatitis 

in patients. 

NCT02300727 Treatment N.D. 
Terminated by insuffi-

cient enrollment 

NCT00641147 Treatment 3 

No difference in the 
number or size of 

lower intestinal tract 
adenomas 

NCT02556632 Supportive Care Topical gel Well-tolerated 

NCT00365209 Prevention 2-4 Well-tolerated 

NCT02100423 Treatment N.D. 
Adverse effects 

showed 

NCT00745134 Treatment 8 
Unpredictable bioa-

vailability 

EGCG 2 10 23 3 0 8 46 

Colorectal Esophageal, Lung, 
Breast 

Hepatocarcinoma, Prostate, 
Cervical, Head and Neck, Mye-
loma, Bladder, Small Cell Lung, 

Bladder, Gastric 

NCT04177693 
 

N.D. 0.8 
Well-tolerated and not 
associated with liver 

toxicity 

NCT00596011 
 

Prevention 0.4 
Well-tolerated but not 

anti-cancer effect 
found 

NCT00917735 
 

Prevention 0.843 
Non-significant de-

crease in plasma F2-
isoprostanes 

NCT00666562 
 

Prevention N.D. N.D. 

NCT00303823 
 

Prevention 0.8 

Treatment did not pro-
mote the clearance of 

persistent high-risk 
HPV 

NCT00253643 Prevention 0.6 No effect found 
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Genistein 1 11 20 1 0 4 37 

Colorectal, Prostate, Pancreatic, 
Endometrial, Bladder, Breast, 

Melanoma 
Kidney, Non-Small Cell Lung, 

Leukemia 

NCT01985763 Treatment 0.06 Safe and tolerable 

NCT00290758 Prevention N.D. No significant effect 

NCT01126879 Treatment N.D. 
Not sufficient recruit-

ment 

NCT00244933 Treatment 0.2 Slight adverse effects 

NCT00376948 Treatment 0.396 N.D. 

NCT00118040 Treatment 0.3-0.6 
No significant differ-
ences in urinary sur-

vivin or BLCA-4 levels 

NCT02567799 Treatment 0.5-1 

Low toxicity, dose-de-
pendent decrease in 
serum transforming 

growth factor β1 

Resveratrol 0 8 5 0 1 3 17 

Colorectal 
Gastrointestinal 

Myeloma 
Polycystic Ovarian Syndrome 

Breast 
Lymphoma 

NCT00920556 Treatment 5 
No significant effects 

reported 

NCT03253913 Treatment 1 
Well tolerated, in-

creased quality of life 

Quercetin 2 3 9 1 0 2 17 

Breast 
Squamous Cell Carcinoma 

Tongue Squamous Cell Carci-
noma 

Prostate 
HNSCC 
Colon 

Lymphoma 

NCT02195232 Treatment 1 

Quercetin targets ex-
tracellular Protein di-

sulfide isomerase and 
improves markers of 

coagulation in ad-
vanced cancer pa-

tients. 

Fisetin 0 0 3 0 0 0 3 Breast N.D. N.D. N.D. N.D. 

Daidzein 0 0 1 0 0 1 2 
Breast 

Prostate 
NCT00669656 Treatment 20 mg 

Some PSA levels de-
cline in men with BCR 
prostate cancer, with-
out reducing serum 

androgens. 

Rutin 0 0 0 0 0 1 1 Colon NCT00003365 Prevention N.D. N.D. 

Luteolin 1 0 0 0 0 0 1 Tongue Squamous Cell N.D. Treatment N.D. N.D. 

*The U.S. Food and Drug Administration (FDA) defines clinical trial phases for a drug or biological product based on the study's objectives, participant numbers, and other characteristics. There are 
five phases: Early Phase 1 (formerly Phase 0), Phase 1, Phase 2, Phase 3, and Phase 4. NA "Not Applicable" is used for trials that do not fit the FDA-defined phases, such as those involving devices 
or behavioral interventions. N.D. implies no data available.  
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dietary constituents—make their application and use complex. Only 5–10 % of the polyphenols 

consumed are absorbed in the small intestine; the remainder is metabolized by gut microbiota 

in the large intestine into more easily absorbable low-molecular-weight compounds that then 

undergo phase I and II metabolism (Farhan, 2023; Li et al., 2023). Nanotechnology can poten-

tially enhance polyphenols' therapeutic effects by improving bioavailability and facilitating tar-

geted delivery (Kim et al., 2023). Nonetheless, polyphenols might interfere with drug metabo-

lism by inhibiting cytochrome P450 enzymes and interacting with transporters like P-glycopro-

tein, which could lead to adverse effects (Duda-Chodak and Tarko, 2023). Unlike epidrugs such 

as DNMT inhibitors (like 5-azacytidine) and HDAC inhibitors (such as vorinostat), which re-

liably reverse epigenetic alterations (Umehara, 2022), the multitarget nature of polyphenols 

enables them to influence various pathways, potentially reducing resistance and toxicity when 

combined with chemotherapy (Herranz-López et al., 2018). These complex factors are chal-

lenging for drug screening yet simultaneously provide prospects for synergistic effects in com-

bination therapies. While there are challenges concerning stability, absorption, and drug inter-

actions, the potential of polyphenols to affect various pathways, particularly in epigenetic reg-

ulation, presents a hopeful opportunity for innovation. As clinical trials progress, the transition 

from conventional remedies to effective treatments appears very encouraging, with polyphenols 

poised to be integral in the future of cancer treatment. 

 

CONCLUDING REMARKS 

G-quadruplexes (G4s) are attractive targets in anticancer drug design. The presence of G4 

structures in oncogenic promoters and telomeres indicates their potential role in regulating gene 

expression, making them critical in cancer biology. G4s structures play a crucial role in epige-

netic regulatory mechanisms, influencing DNA methylation, histone modifications, and nuclear 

architecture. Their dysregulation is directly linked to various diseases, particularly cancer, 

where they drive gene expression changes that facilitate malignant transformation. The study 

of G4s deepens our understanding of gene regulation complexity and unveils new potential 

targets for therapeutic intervention, especially in cancer treatment. Natural products such as 

dietary polyphenols and their derivatives are invaluable resources for finding and developing 

new drugs. They could lead to safer anticancer medicines with strong selectivity for G-quadru-

plexes over duplex DNA, potentially leading to lower toxicity in vivo and minimizing side 

effects associated with traditional treatments. Polyphenols have significant potential as anti-

cancer agents due to their ability to regulate epigenetic pathways and modulate gene expression 

involved in cancer progression; therefore, they could be developed into effective therapeutic 

interventions for cancer treatment. Although there is limited research on regulating G4s by pol-

yphenols through an epigenetic mechanism, ample evidence shows that polyphenols regulate 

the epigenetic machinery. For example, it has been reported that compounds such as Curcumin, 

resveratrol, EGCG, quercetin, genistein, and kaempferol can regulate distinct epigenetic mech-

anisms, including DNMTs and HDAC enzymes. This can lead to the reactivation of tumor 

suppressor genes silenced by hypermethylation. Notably, studies have demonstrated that 

resveratrol can increase TERRA transcript expression and telomeric heterochromatin markers 

(H3K27me3 and H4K20me3), decreasing the proliferation of multiple myeloma cells. How-

ever, more studies are needed to fully harness polyphenols' therapeutic potential and better un-

derstand the molecular mechanisms by which they interact with G4 structures and their overall 

impact on cancer biology. Meanwhile, promoting a diet rich in polyphenols as a healthy eating 

habit may be linked to a lower cancer risk, highlighting the importance of dietary choices in 

cancer prevention strategies.  

 



EXCLI Journal 2025;24:957-991 – ISSN 1611-2156 

Received: May 03, 2025, accepted: June 12, 2025, published: August 01, 2025 

 

 

 

981 

Authors contributions 

MAMR, MHCR, and KGCL wrote and designed the original draft. AGC. and RFGL super-

vised, wrote, supervised, and validated the manuscript. All authors conceptualized the review 

and elaborated on the figures. All authors contributed to the article and approved the submitted 

version. 

 

Conflict of interest 

The authors have no conflict of interest to declare. 

 

Acknowledgments 

Author Marco Antonio Meraz-Rodriguez is grateful to UNAM “Programa de Maestría y 

Doctorado en Ciencias Bioquímicas” and SECIHTI (CVU:825532, no. 801922). Author Ma-

nuel Humberto Cháirez‐Ramírez is very thankful to the UNAM Postdoctoral Program 

(POSDOC). 

 

REFERENCES 

Adolph TE, Tilg H. Western diets and chronic diseases. Nature Medicine 2024;30:2133–47.  

Agarwal A, Kansal V, Farooqi H, Prasad R, Singh VK. Epigallocatechin Gallate (EGCG), an Active Phenolic 

Compound of Green Tea, Inhibits Tumor Growth of Head and Neck Cancer Cells by Targeting DNA Hypermeth-

ylation. Biomedicines. 2023;11(3):789. doi: 10.3390/biomedicines11030789.  

Al Zahrani NA, El-Shishtawy RM, Asiri AM. Recent developments of gallic acid derivatives and their hybrids in 

medicinal chemistry: A review. Eur J Med Chem. 2020;204:112609. doi: 10.1016/j.ejmech.2020.112609.  

Anand David AV, Arulmoli R, Parasuraman S. Overviews of Biological Importance of Quercetin: A Bioactive 

Flavonoid. Pharmacogn Rev. 2016;10:84.  

Asamitsu S, Obata S, Yu Z, Bando T, Sugiyama H. Recent Progress of Targeted G-Quadruplex-Preferred Ligands 

Toward Cancer Therapy. Molecules. 2019;24(3):429. doi: 10.3390/molecules24030429.  

Ash LJ, Busia-Bourdain O, Okpattah D, Kamel A, Liberchuk A, Wolfe AL. KRAS: Biology, Inhibition, and 

Mechanisms of Inhibitor Resistance. Current Oncology 2024;31:2024–46.  

Ashrafizadeh M, Ahmadi Z, Farkhondeh T, Samarghandian S. Autophagy regulation using luteolin: new insight 

into its anti-tumor activity. Cancer Cell Int. 2020;20:1–9.  

Awadasseid A, Ma X, Wu Y, Zhang W. G-quadruplex stabilization via small-molecules as a potential anti-cancer 

strategy. Biomed Pharmacother. 2021;139:111550. doi: 10.1016/j.biopha.2021.111550.  

Bag S, Burman MD, Bhowmik S. Structural insights and shedding light on preferential interactions of dietary 

flavonoids with G-quadruplex DNA structures: A new horizon. Heliyon. 2023;9:e13959.  

Bai J, Zhang Y, Tang C, Hou Y, Ai X, Chen X, et al. Gallic acid: Pharmacological activities and molecular mech-

anisms involved in inflammation-related diseases. Biomed Pharmacother. 2021;133:110985. doi: 10.1016/j.bio-

pha.2020.110985.  

Bai LP, Ho HM, Ma DL, Yang H, Fu WC, Jiang ZH. Aminoglycosylation can enhance the G-quadruplex binding 

activity of epigallocatechin. PLoS One. 2013;8(1):e53962. doi: 10.1371/journal.pone.0053962.  

Balaga VKR, Pradhan A, Thapa R, Patel N, Mishra R, Singla N. Morin: A Comprehensive Review on Its Versatile 

Biological Activity and Associated Therapeutic Potential in Treating Cancers. Pharmacological Research - Mod-

ern Chinese Medicine. 2023;7:100264.  

Bell D, Roberts D, Karpowicz M, Hanna EY, Weber RS, El-Naggar AK. Clinical significance of Myb protein and 

downstream target genes in salivary adenoid cystic carcinoma. Cancer Biol Ther. 2011;12:569.  



EXCLI Journal 2025;24:957-991 – ISSN 1611-2156 

Received: May 03, 2025, accepted: June 12, 2025, published: August 01, 2025 

 

 

 

982 

Beltran M, Tavares M, Justin N, Khandelwal G, Ambrose J, Foster BM, et al. G-tract RNA removes Polycomb 

repressive complex 2 from genes. Nat Struct Mol Biol. 2019;26:899–909.  

Bhattacharjee S, Chakraborty S, Sengupta PK, Bhowmik S. Exploring the Interactions of the Dietary Plant Flavo-

noids Fisetin and Naringenin with G-Quadruplex and Duplex DNA, Showing Contrasting Binding Behavior: Spec-

troscopic and Molecular Modeling Approaches. Journal of Physical Chemistry B. 2016;120:8942–52.  

Bhattacharjee S, Sengupta PK, Bhowmik S. Exploring the preferential interaction of quercetin with VEGF pro-

moter G-quadruplex DNA and construction of a pH-dependent DNA-based logic gate. RSC Adv. 2017;7:37230–

40.  

Bhattacharjee S, Chakraborty S, Chorell E, Sengupta PK, Bhowmik S. Importance of the hydroxyl substituents in 

the B–ring of plant flavonols on their preferential binding interactions with VEGF G–quadruplex DNA: Multi-

spectroscopic and molecular modeling studies. Int J Biol Macromol. 2018;118:629–39.  

Biffi G, Tannahill D, Miller J, Howat WJ, Balasubramanian S. Elevated levels of G-quadruplex formation in hu-

man stomach and liver cancer tissues. PLoS One. 2014;9(7):e102711. doi: 10.1371/journal.pone.0102711.  

Bochman ML, Paeschke K, Zakian VA. DNA secondary structures: stability and function of G-quadruplex struc-

tures. Nature Reviews Genetics. 2012;13:770–80.  

Bokhari SMZ, Hamar P. Vascular Endothelial Growth Factor-D (VEGF-D): An Angiogenesis Bypass in Malig-

nant Tumors. Int J Mol Sci. 2023;24(17):13317. doi: 10.3390/ijms241713317.  

Brown JS, Amend SR, Austin RH, Gatenby RA, Hammarlund EU, Pienta KJ. Updating the Definition of Cancer. 

Molecular Cancer Research. 2023;21:1142.  

Burge S, Parkinson GN, Hazel P, Todd AK, Neidle S. Quadruplex DNA: sequence, pmc/articles/PMC1636468/. 

accessed 30 September 2024 

Burger AM, Dai F, Schultes CM, Reszka AP, Moore MJ, Double JA, et al. The G-quadruplex-interactive molecule 

BRACO-19 inhibits tumor growth, consistent with telomere targeting and interference with telomerase function. 

Cancer Res. 2005;65:1489–96.  

Calderón-Montaño JM, Burgos-Morón E, Pérez-Guerrero C, López-Lázaro M. A review on the dietary flavonoid 

kaempferol. Mini Rev Med Chem. 2011;11:298-344. doi: 10.2174/138955711795305335.  

Cháirez-Ramírez MH, de la Cruz-López KG, García-Carrancá A. Polyphenols as Antitumor Agents Targeting Key 

Players in Cancer-Driving Signaling Pathways. Front Pharmacol. 2021;12:710304. doi: 

10.3389/fphar.2021.710304.  

Chambers VS, Marsico G, Boutell JM, Di Antonio M, Smith GP, Balasubramanian S. High-throughput sequencing 

of DNA G-quadruplex structures in the human genome. Nat Biotechnol. 2015;33:877–81.  

Chaudhuri R, Bhattacharya S, Dash J, Bhattacharya S. Recent Update on Targeting c-MYC G-Quadruplexes by 

Small Molecules for Anticancer Therapeutics. J Med Chem. 2021;64:42–70.  

Chen J, Ying Y, Zhu H, Zhu T, Qu C, Jiang J, et al. Curcumin-induced promoter hypermethylation of the mam-

malian target of rapamycin gene in multiple myeloma cells. Oncol Lett. 2019;17:1108.  

Chen M, Chen Q, Li Y, Yang Z, Taylor EW, Zhao L. A G-quadruplex nanoswitch in the SGK1 promoter regulates 

isoform expression by K+/Na+ balance and resveratrol binding. Biochim Biophys Acta Gen Subj. 2021;1865 

(2):129778. doi: 10.1016/j.bbagen.2020.129778.  

Cheng Y, Tang Q, Li Y, Zhang Y, Zhao C, Yan J, et al. Folding/unfolding kinetics of G-quadruplexes upstream 

of the P1 promoter of the human BCL-2 oncogene. J Biol Chem. 2019;294:5890–5.  

Choi J, Majima T. Conformational changes of non-B DNA. Chem Soc Rev. 2011;40:5893–909.  

Chuang CH, Chan ST, Chen CH, Yeh SL. Quercetin enhances the antitumor activity of trichostatin A through up-

regulation of p300 protein expression in p53 null cancer cells. Chem Biol Interact. 2019;306:54–61.  



EXCLI Journal 2025;24:957-991 – ISSN 1611-2156 

Received: May 03, 2025, accepted: June 12, 2025, published: August 01, 2025 

 

 

 

983 

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.  

Cogoi S, Xodo LE. G4 DNA in ras genes and its potential in cancer therapy. Biochimica et Biophysica Acta (BBA) 

- Gene Regulatory Mechanisms. 2016;1859:663–74.  

Cusanelli E, Chartrand P. Telomeric repeat-containing RNA TERRA: A noncoding RNA connecting telomere 

biology to genome integrity. Front Genet. 2015;6:137906. 

Dabeek WM, Marra MV. Dietary Quercetin and Kaempferol: Bioavailability and Potential Cardiovascular-Re-

lated Bioactivity in Humans. Nutrients. 2019;11(10):2288. doi: 10.3390/nu11102288.  

Dakal TC, Dhabhai B, Pant A, Moar K, Chaudhary K, Yadav V, et al. Oncogenes and tumor suppressor genes: 

functions and roles in cancers. MedComm (2020). 2024;5(6):e582. doi: 10.1002/mco2.582.  

Dang C V. MYC on the path to cancer. Cell. 2012;149:22–35.  

De R, Jo KW, Kim KT. Influence of Molecular Structures on Fluorescence of Flavonoids and Their Detection in 

Mammalian Cells. Biomedicines. 2022;10(6):1265. doi: 10.3390/biomedicines10061265.  

Deaton AM, Bird A. CpG islands and the regulation of transcription. Genes Dev. 2011;25:1010.  

Delmas D, Aires V, Limagne E, Dutartre P, Mazué F, Ghiringhelli F, et al. Transport, stability, and biological 

activity of resveratrol. Ann N Y Acad Sci. 2011;1215:48–59.  

Dhanasekaran R, Hansen AS, Park J, Lemaitre L, Lai I, Adeniji N, et al. MYC Overexpression Drives Immune 

Evasion in Hepatocellular Carcinoma That Is Reversible through Restoration of Proinflammatory Macrophages. 

Cancer Res. 2023;83:626–40.  

Dong Q, Zheng A, Zhai H, Zhang T. Resveratrol mediated the proliferation and apoptosis of gastric cancer cells 

by modulating the PI3K/Akt/P53 signaling pathway. Biochem Biophys Res Commun. 2024;723:150186.  

Drygin D, Siddiqui-Jain A, O’Brien S, Schwaebe M, Lin A, Bliesath J, et al. Anticancer activity of CX-3543: a 

direct inhibitor of rRNA biogenesis. Cancer Res. 2009;69:7653–61.  

Du G, Li H, Ding Y, Jiang S, Hong H, Gan J, et al. The hierarchical folding dynamics of topologically associating 

domains are closely related to transcriptional abnormalities in cancers. Comput Struct Biotechnol J. 2021;19:1684–

93.  

Du QH, Peng C, Zhang H. Polydatin: a review of pharmacology and pharmacokinetics. Pharm Biol. 2013;51: 

1347–54. 

Ducani C, Bernardinelli G, Högberg B, Keppler BK, Terenzi A. Interplay of Three G-Quadruplex Units in the 

KIT Promoter. J Am Chem Soc. 2019;141:10205–13.  

Duda-Chodak A, Tarko T. Possible Side Effects of Polyphenols and Their Interactions with Medicines. Molecules. 

2023;28(6):2536. doi: 10.3390/molecules28062536. 

Dwivedi A, Kumari A, Aarthy M, Singh SK, Ojha M, Jha S, et al. Spectroscopic and molecular docking studies 

for the binding and interaction aspects of curcumin-cysteine conjugate and rosmarinic acid with human telomeric 

G-quadruplex DNA. Int J Biol Macromol. 2021;182:1463–72.  

Esteller M. Epigenetics in cancer. N Engl J Med. 2008;358:1148–59 

Farhan M. Insights on the Role of Polyphenols in Combating Cancer Drug Resistance. Biomedicines. 

2023;11(6):1709. doi: 10.3390/biomedicines11061709. 

Fekete A, Kenesi E, Hunyadi-Gulyas E, Durgo H, Berko B, Dunai ZA, et al. The guanine-quadruplex structure in 

the human c-myc gene's promoter is converted into B-DNA form by the human poly(ADP-ribose)polymerase-1. 

PLoS One. 2012;7(8):e42690. doi: 10.1371/journal.pone.0042690.  



EXCLI Journal 2025;24:957-991 – ISSN 1611-2156 

Received: May 03, 2025, accepted: June 12, 2025, published: August 01, 2025 

 

 

 

984 

Figueiredo J, Djavaheri-Mergny M, Ferret L, Mergny JL, Cruz C. Harnessing G-quadruplex ligands for lung can-

cer treatment: A comprehensive overview. Drug Discov Today. 2023;28(12):103808. doi: 10.1016/j.dru-

dis.2023.103808. 

Figueiredo J, Mergny JL, Cruz C. G-quadruplex ligands in cancer therapy: Progress, challenges, and clinical per-

spectives. Life Sci. 2024;340:122481. doi: 10.1016/j.lfs.2024.122481. 

Franceschin M, Nocioni D, Biroccio A, Micheli E, Cacchione S, Cingolani C, et al. Design and synthesis of a new 

dimeric xanthone derivative: enhancement of G-quadruplex selectivity and telomere damage. Org Biomol Chem. 

2014;12:9572–82.  

Franciosoa A, Mastromarino P, Masci A, d’Erme M, Mosca L. Chemistry, stability and bioavailability of resvera-

trol. Med Chem. 2014;10:237–45.  

François M, Leifert W, Tellam R, Fenech M. G-quadruplexes: A possible epigenetic target for nutrition. Mutat 

Res Rev Mutat Res. 2015;764:101–7.  

Garcia-Canton C, Anadón A, Meredith C. γH2AX as a novel endpoint to detect DNA damage: applications for the 

assessment of the in vitro genotoxicity of cigarette smoke. Toxicol In Vitro. 2012;26:1075–86.  

Ghasemi F, Shafiee M, Banikazemi Z, Pourhanifeh MH, Khanbabaei H, Shamshirian A, et al. Curcumin inhibits 

NF-kB and Wnt/β-catenin pathways in cervical cancer cells. Pathol Res Pract. 2019;215:152556.  

Ghosh M, Ryan RO. Curcumin homing to the nucleolus: mechanism for initiation of an apoptotic program. J Nutr 

Biochem. 2014;25:1117–23.  

Goh YX, Jalil J, Lam KW, Husain K, Premakumar CM. Genistein: A Review on its Anti-Inflammatory Properties. 

Front Pharmacol. 2022;13:820969. doi: 10.3389/fphar.2022.820969. 

González V, Guo K, Hurley L, Sun D. Identification and characterization of nucleolin as a c-myc G-quadruplex-

binding protein. J Biol Chem. 2009;284:23622–35.  

Guiblet WM, Cremona MA, Cechova M, Harris RS, Kejnovská I, Kejnovsky E, et al. Long-read sequencing tech-

nology indicates genome-wide effects of non-B DNA on polymerization speed and error rate. Genome Res. 

2018;28:1767–78. 

Guo JU, Bartel DP. RNA G-quadruplexes are globally unfolded in eukaryotic cells and depleted in bacteria. Sci-

ence. 2016;353(6306):aaf5371. doi: 10.1126/science.aaf5371.  

Hänsel-Hertsch R, Simeone A, Shea A, Hui WWI, Zyner KG, Marsico G, et al. Landscape of G-quadruplex DNA 

structural regions in breast cancer. Nat Genet. 2020;52:878–83.  

Halder R, Riou JF, Teulade-Fichou MP, Frickey T, Hartig JS. Bisquinolinium compounds induce quadruplex-

specific transcriptome changes in HeLa S3 cell lines. BMC Res Notes. 2012;5:1–11.  

Hanahan D. Hallmarks of Cancer: New Dimensions. Cancer Discov. 2022;12:31–46.  

Harrell Jr WA. Quadruplex Nucleic Acids. London: Royal Society of Chemistry, 2006a. 

Herranz-López M, Losada-Echeberría M, Barrajón-Catalán E. The Multitarget Activity of Natural Extracts on 

Cancer: Synergy and Xenohormesis. Medicines. 2018;6:6.  

Hou Y, Li F, Zhang R, Li S, Liu H, Qin ZS, et al. Integrative characterization of G-Quadruplexes in the three-

dimensional chromatin structure. Epigenetics. 2019;14:894–911.  

Hu DL, Wang G, Yu J, Zhang LH, Huang YF, Wang D, et al. Epigallocatechin-3-gallate modulates long non-cod-

ing RNA and mRNA expression profiles in lung cancer cells. Mol Med Rep. 2019;19:1509–20.  

Hud NV, Plavec J. The Role of Cations in Determining Quadruplex Structure and Stability. In: Harrell Jr WA: 

Quadruplex Nucleic Acids (pp 100-30). London: Royal Society of Chemistry, 2006. 



EXCLI Journal 2025;24:957-991 – ISSN 1611-2156 

Received: May 03, 2025, accepted: June 12, 2025, published: August 01, 2025 

 

 

 

985 

Hussain T, Saha D, Purohit G, Kar A, Kishore Mukherjee A, Sharma S, et al. Transcription regulation of CDKN1A 

(p21/CIP1/WAF1) by TRF2 is epigenetically controlled through the REST repressor complex. Sci Rep. 

2017;7:11541.  

Iachettini S, Biroccio A, Zizza P. Therapeutic Use of G4-Ligands in Cancer: State-of-the-Art and Future Perspec-

tives. Pharmaceuticals. 2024;17:771.  

Imran M, Saeed F, Hussain G, Imran A, Mehmood Z, Gondal TA, et al. Myricetin: A comprehensive review on 

its biological potentials. Food Sci Nutr. 2021;9:5854.  

Jakobušić Brala C, Karković Marković A, Kugić A, Torić J, Barbarić M. Combination Chemotherapy with Se-

lected Polyphenols in Preclinical and Clinical Studies—An Update Overview. Molecules. 2023;28:3746.  

Jana J, Mondal S, Bhattacharjee P, Sengupta P, Roychowdhury T, Saha P, et al. Chelerythrine down regulates 

expression of VEGFA, BCL2 and KRAS by arresting G-Quadruplex structures at their promoter regions. Sci Rep. 

2017;7:40706. doi: 10.1038/srep40706. 

Jayasinghe C, Udalamaththa V, Imbulana IBPS, Suetake I. Dietary phytochemicals as epi-drugs: Role in modu-

lating the epigenetic mechanisms of human diseases. International Journal of Current Pharmaceutical Review and 

Research. 2016;7:50–8.  

Jha NS, Mishra S, Mamidi AS, Mishra A, Jha SK, Surolia A. Targeting human telomeric G-quadruplex DNA with 

curcumin and its synthesized analogues under molecular crowding conditions. RSC Adv. 2016;6:7474–87.  

Joachimi A, Benz A, Hartig JS. A comparison of DNA and RNA quadruplex structures and stabilities. Bioorg 

Med Chem. 2009;17:6811–5.  

Kaloni D, Diepstraten ST, Strasser A, Kelly GL. BCL-2 protein family: attractive targets for cancer therapy. 

Apoptosis. 2023;28:20–38.  

Kanai M, Yoshimura K, Asada M, Imaizumi A, Suzuki C, Matsumoto S, et al. A phase I/II study of gemcitabine-

based chemotherapy plus curcumin for patients with gemcitabine-resistant pancreatic cancer. Cancer Chemother 

Pharmacol. 2011;68:157–64.  

Kang Q, Tong Y, Gowd V, Wang M, Chen F, Cheng K-W. Oral administration of EGCG solution equivalent to 

daily achievable dosages of regular tea drinkers effectively suppresses miR483-3p induced metastasis of hepato-

cellular carcinoma cells in mice. Food Funct. 2021;12:3381–92.  

Khojasteh A, Mirjalili MH, Hidalgo D, Corchete P, Palazon J. New trends in biotechnological production of ros-

marinic acid. Biotechnol Lett. 2014;36:2393–406.  

Kim KH, Ki MR, Min KH, Pack SP. Advanced Delivery System of Polyphenols for Effective Cancer Prevention 

and Therapy. Antioxidants (Basel). 2023;12(5):1048. doi: 10.3390/antiox12051048.  

Kim N. The Interplay between G-quadruplex and Transcription. Curr Med Chem. 2019;26:2898–917.  

Kisseljova NP, Kisseljov FL. DNA Demethylation and Carcinogenesis. Biochemistry (Moscow). 2005;70:743–

52.  

Kjær TN, Ornstrup MJ, Poulsen MM, Jørgensen JOL, Hougaard DM, Cohen AS, et al. Resveratrol reduces the 

levels of circulating androgen precursors but has no effect on, testosterone, dihydrotestosterone, PSA levels or 

prostate volume. A 4-month randomised trial in middle-aged men. Prostate. 2015;75:1255–63.  

Kong M, Xie K, Lv M, Li J, Yao J, Yan K, et al. Anti-inflammatory phytochemicals for the treatment of diabetes 

and its complications: Lessons learned and future promise. Biomed Pharmacother. 2021;133:110975. doi: 

10.1016/j.biopha.2020.110975. 

Kosiol N, Juranek S, Brossart P, Heine A, Paeschke K. G-quadruplexes: a promising target for cancer therapy. 

Mol Cancer. 2021;20(1):40. doi: 10.1186/s12943-021-01328-4.  



EXCLI Journal 2025;24:957-991 – ISSN 1611-2156 

Received: May 03, 2025, accepted: June 12, 2025, published: August 01, 2025 

 

 

 

986 

Krasieva TB, Ehren J, O’Sullivan T, Tromberg BJ, Maher P. Cell and brain tissue imaging of the flavonoid fisetin 

using label-free two-photon microscopy. Neurochem Int. 2015;89:243–8.  

Kwok CK, Marsico G, Sahakyan AB, Chambers VS, Balasubramanian S. rG4-seq reveals widespread formation 

of G-quadruplex structures in the human transcriptome. Nat Methods. 2016;13:841–4.  

Lakhanpal P, Rai DK. Quercetin: A Versatile Flavonoid. Internet Journal of Medical Update - EJOURNAL. 2007; 
2(2):22-37.  

Lejault P, Mitteaux J, Sperti FR, Monchaud D. How to untie G-quadruplex knots and why? Cell Chem Biol. 

2021;28:436–55.  

Li L, Williams P, Ren W, Wang MY, Gao Z, Miao W, et al. YY1 interacts with guanine quadruplexes to regulate 

DNA looping and gene expression. Nat Chem Biol. 2021;17:161–8.  

Li W, Chen H, Xu B, Wang Y, Zhang C, Cao Y, et al. Research progress on classification, sources and functions 

of dietary polyphenols for prevention and treatment of chronic diseases. Journal of Future Foods. 2023;3:289–

305.  

Li X, Zhou M, Zhu Z, Wang Z, Zhang X, Lu L, et al. Kaempferol from Alpinia officinarum hance induces G2/M 

cell cycle arrest in hepatocellular carcinoma cells by regulating the ATM/CHEK2/KNL1 pathway. J 

Ethnopharmacol. 2024b;333:118430.  

Li Y, He Z, Li Z, Lu Y, Xun Q, Xiang L, et al. G-quadruplex formation within the promoter region of HSPB2 and 

its effect on transcription. Heliyon. 2024a;10:e24396.  

Link A, Balaguer F, Goel A. Cancer Chemoprevention by Dietary Polyphenols: Promising Role for Epigenetics. 

Biochem Pharmacol. 2010;80:1771.  

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

Liu Y, Shi Y, Zhang M, Han F, Liao W, Duan X. Natural polyphenols for drug delivery and tissue engineering 

construction: A review. Eur J Med Chem. 2024;266:116141.  

Lu L, Wang Y, Ou R, Feng Q, Ji L, Zheng H, et al. DACT2 Epigenetic Stimulator Exerts Dual Efficacy for 

Colorectal Cancer Prevention and Treatment. Pharmacol Res. 2018;129:318–28.  

Lyu J, Shao R, Kwong Yung PY, Elsässer SJ. Genome-wide mapping of G-quadruplex structures with CUT&Tag. 

Nucleic Acids Res. 2022;50:E13.  

Mao SQ, Ghanbarian AT, Spiegel J, Martínez Cuesta S, Beraldi D, Di Antonio M, et al. DNA G-quadruplex 

structures mould the DNA methylome. Nat Struct Mol Biol. 2018;25:951.  

Marchetti C, Zyner KG, Ohnmacht SA, Robson M, Haider SM, Morton JP, et al. Targeting Multiple Effector 

Pathways in Pancreatic Ductal Adenocarcinoma with a G-Quadruplex-Binding Small Molecule. J Med Chem. 

2009;61:2500–17.  

Marshall PR, Zhao Q, Li X, Wei W, Periyakaruppiah A, Zajaczkowski EL, et al. Dynamic regulation of Z-DNA 

in the mouse prefrontal cortex by the RNA-editing enzyme Adar1 is required for fear extinction. Nat Neurosci. 

2020;23:718–29.  

Mathur S, Hoskins C. Drug development: Lessons from nature. Biomed Rep. 2017;6:612–4.  

Meier-Stephenson V. G4-quadruplex-binding proteins: review and insights into selectivity. Biophys Rev. 

2022;14:635. 

Mestre-Fos S, Penev PI, Suttapitugsakul S, Hu M, Ito C, Petrov AS, et al. G-quadruplexes in human ribosomal 

RNA. J Mol Biol. 2019;431:1940.  

Mikutis G, Karaköse H, Jaiswal R, LeGresley A, Islam T, Fernandez-Lahore M, et al. Phenolic promiscuity in the 

cell nucleus--epigallocatechingallate (EGCG) and theaflavin-3,3’-digallate from green and black tea bind to model 



EXCLI Journal 2025;24:957-991 – ISSN 1611-2156 

Received: May 03, 2025, accepted: June 12, 2025, published: August 01, 2025 

 

 

 

987 

cell nuclear structures including histone proteins, double stranded DNA and telomeric quadruplex DNA. Food 

Funct. 2013;4:328–37.  

Miranda Furtado CL, Dos Santos Luciano MC, Silva Santos R Da, Furtado GP, Moraes MO, Pessoa C. Epidrugs: 

targeting epigenetic marks in cancer treatment. Epigenetics. 2019;14:1164.  

Monchaud D, Teulade-Fichou MP. A hitchhiker’s guide to G-quadruplex ligands. Org Biomol Chem. 2008;6:627–

36. 

Mondal K, Posa MK, Shenoy RP, Roychoudhury S. KRAS Mutation Subtypes and Their Association with Other 

Driver Mutations in Oncogenic Pathways. Cells. 2024;13:1221.  

Mondal S, Jana J, Sengupta P, Jana S, Chatterjee S. Myricetin arrests human telomeric G-quadruplex structure: a 

new mechanistic approach as an anticancer agent. Mol Biosyst. 2016;12:2506–18.  

Monsen RC. Higher-order G-quadruplexes in promoters are untapped drug targets. Front Chem. 2023;11: 

1211512. doi: 10.3389/fchem.2023.1211512. 

Montalvo-Casimiro M, González-Barrios R, Meraz-Rodriguez MA, Juárez-González VT, Arriaga-Canon C, 

Herrera LA. Epidrug Repurposing: Discovering New Faces of Old Acquaintances in Cancer Therapy. Front Oncol. 

2020;10:605386. doi: 10.3389/fonc.2020.605386. 

Mukai R, Shirai Y, Saito N, Yoshida KI, Ashida H. Subcellular localization of flavonol aglycone in hepatocytes 

visualized by confocal laser scanning fluorescence microscope. Cytotechnology. 2009;59:177–82.  

Mukherjee AK, Sharma S, Chowdhury S. Non-duplex G-Quadruplex Structures Emerge as Mediators of Epige-

netic Modifications. Trends Genet. 2019;35:129–44.  

Najmi A, Javed SA, Al Bratty M, Alhazmi HA. Modern Approaches in the Discovery and Development of Plant-

Based Natural Products and Their Analogues as Potential Therapeutic Agents. Molecules. 2022;27(2):349. doi: 

10.3390/molecules27020349.  

Nasim N, Sandeep IS, Mohanty S. Plant-derived natural products for drug discovery: current approaches and pro-

spects. Nucleus (Calcutta). 2022;65:399-411. doi: 10.1007/s13237-022-00405-3.  

Neveu V, Perez-Jiménez J, Vos F, Crespy V, du Chaffaut L, Mennen L, et al. Phenol-Explorer: an online compre-

hensive database on polyphenol contents in foods. Database (Oxford). 2010;2010:bap024. doi: 10.1093/data-

base/bap024.  

Notas G, Nifli AP, Kampa M, Pelekanou V, Alexaki VI, Theodoropoulos P, et al. Quercetin accumulates in nuclear 

structures and triggers specific gene expression in epithelial cells. J Nutr Biochem. 2012;23:656–66.  

Obeng EO, Rusciano I, Marvi MV, Fazio A, Ratti S, Follo MY, et al. Phosphoinositide-Dependent Signaling in 

Cancer: A Focus on Phospholipase C Isozymes. Int J Mol Sci. 2020;21:(7):2581. doi: 10.3390/ijms21072581. 

Paller CJ, Rudek MA, Zhou XC, Wagner WD, Hudson TS, Anders N, et al. A phase i study of muscadine grape 

skin extract in men with biochemically recurrent prostate cancer: Safety, tolerability, and dose determination. 

Prostate. 2015;75:1518–25.  

Palumbo SL, Memmott RM, Uribe DJ, Krotova-Khan Y, Hurley LH, Ebbinghaus SW. A novel G-quadruplex-

forming GGA repeat region in the c-myb promoter is a critical regulator of promoter activity. Nucleic Acids Res. 

2008;36:1755–69.  

Palumbo SML, Ebbinghaus SW, Hurley LH. Formation of a unique end-to-end stacked pair of G-quadruplexes in 

the hTERT core promoter with implications for inhibition of telomerase by G-quadruplex-interactive ligands. J 

Am Chem Soc. 2009;131:10878–91.  

Pandya N, Khan E, Jain N, Satham L, Singh R, Makde RD, et al. Curcumin analogs exhibit anti-cancer activity 

by selectively targeting G-quadruplex forming c-myc promoter sequence. Biochimie. 2021;180:205–21.  



EXCLI Journal 2025;24:957-991 – ISSN 1611-2156 

Received: May 03, 2025, accepted: June 12, 2025, published: August 01, 2025 

 

 

 

988 

Parkinson GN, Lee MPH, Neidle S. Crystal structure of parallel quadruplexes from human telomeric DNA. Nature. 

2002;417:876–80.  

Pattanayak R, Basak P, Sen S, Bhattacharyya M. Interaction of KRAS G-quadruplex with natural polyphenols: A 

spectroscopic analysis with molecular modeling. Int J Biol Macromol. 2016;89:228–37.  

Paul B, Li Y, Tollefsbol TO. The Effects of Combinatorial Genistein and Sulforaphane in Breast Tumor Inhibition: 

Role in Epigenetic Regulation. Int J Mol Sci. 2018;19(6):1754. doi: 10.3390/ijms19061754. 

Paul S, Hossain SS, Bala Divya M, Samanta A. Interactions between a Bioflavonoid and c-MYC Promoter G-

Quadruplex DNA: Ensemble and Single-Molecule Investigations. Journal of Physical Chemistry B. 2019; 

123:2022–31.  

Pereyra-Vergara F, Olivares-Corichi IM, Perez-Ruiz AG, Luna-Arias JP, García-Sánchez JR. Apoptosis induced 

by (−)-epicatechin in human breast cancer cells is mediated by reactive oxygen species. Molecules. 2020;25 

(5):1020. doi: 10.3390/molecules25051020. 

Peterson CL, Laniel MA. Histones and histone modifications. Curr Biol. 2004;14 (14):R546-51. doi: 

10.1016/j.cub.2004.07.007. 

Platella C, Mazzini S, Napolitano E, Mattio LM, Beretta GL, Zaffaroni N, et al. Plant-Derived Stilbenoids as 

DNA-Binding Agents: From Monomers to Dimers. Chemistry – A European Journal. 2021;27:8832–45.  

Portela A, Esteller M. Epigenetic modifications and human disease. Nat Biotechnol. 2010;28:1057–68.  

Prasad R, Pal D, Mohammad W. Therapeutic Targets in Telomerase and Telomere Biology of Cancers. Indian 

Journal of Clinical Biochemistry. 2020;35:135.  

Rajput SA, Wang XQ, Yan HC. Morin hydrate: A comprehensive review on novel natural dietary bioactive com-

pound with versatile biological and pharmacological potential. Biomed Pharmacother. 2021;138:111511. doi: 

10.1016/j.biopha.2021.111511.  

Ramsay RG, Gonda TJ. MYB function in normal and cancer cells. Nat Rev Cancer. 2008;8:523–34.  

Ravindran F, Mhatre A, Koroth J, Narayan S, Choudhary B. Curcumin modulates cell type-specific miRNA net-

works to induce cytotoxicity in ovarian cancer cells. Life Sci. 2023;334:122224. doi: 10.1016/j.lfs.2023.122224.  

Reik W, Dean W, Walter J. Epigenetic reprogramming in mammalian development. Science. 2001;293:1089–93.  

Reina C, Cavalieri V. Epigenetic Modulation of Chromatin States and Gene Expression by G-Quadruplex Struc-

tures. Int J Mol Sci. 2020;21:1–22.  

Ribaudo G, Oselladore E, Ongaro A, Zagotto G, Memo M, Gianoncelli A. Enhanced G-quadruplex selectivity of 

flavonoid glycoside rutin over quercetin. Nat Prod Res. 2022;36:3469–73.  

Richl T, Kuper J, Kisker C. G-quadruplex-mediated genomic instability drives SNVs in cancer. Nucleic Acids 

Res. 2024;52:2198–211.  

Roberti A, Valdes AF, Torrecillas R, Fraga MF, Fernandez AF. Epigenetics in cancer therapy and nanomedicine. 

Clinical Epigenetics. 2019;11:1–18.  

Robinson J, Flint G, Garner I, Galli S, Maher TE, Kuimova MK, et al. G-quadruplex structures regulate long-

range transcriptional reprogramming to promote drug resistance in ovarian cancer cells. Genome Biol. 2025; 

26(1):183. doi: 10.1186/s13059-025-03654-y.  

Rocca R, Ascrizzi S, Citriniti EL, Scionti F, Juli G, Di Martino MT, et al. TERRA G-quadruplex stabilization 

behind the anti-multiple myeloma activity: Novel insights about resveratrol pleiotropic effects. Arch Pharm (Wein-

heim). 2024;357:e2400269.  

Roy A, Chatterjee O, Banerjee N, Roychowdhury T, Dhar G, Mukherjee G, et al. Curcumin arrests G-quadruplex 

in the nuclear hyper-sensitive III1 element of c-MYC oncogene leading to apoptosis in metastatic breast cancer 

cells. J Biomol Struct Dyn. 2022;40:10203–19.  



EXCLI Journal 2025;24:957-991 – ISSN 1611-2156 

Received: May 03, 2025, accepted: June 12, 2025, published: August 01, 2025 

 

 

 

989 

Roy S, Maiti B, Banerjee N, Kaulage MH, Muniyappa K, Chatterjee S, et al. New Xanthone Derivatives as Potent 

G-Quadruplex Binders for Developing Anti-Cancer Therapeutics. ACS Pharmacol Transl Sci. 2023;6:546–66.  

Saha D, Singh A, Hussain T, Srivastava V, Sengupta S, Kar A, et al. Epigenetic suppression of human telomerase 

(hTERT) is mediated by the metastasis suppressor NME2 in a G-quadruplex-dependent fashion. J Biol Chem. 

2017;292:15205–15.  

Salvati E, Zizza P, Rizzo A, Iachettini S, Cingolani C, D’angelo C, et al. Evidence for G-quadruplex in the pro-

moter of vegfr-2 and its targeting to inhibit tumor angiogenesis. Nucleic Acids Res. 2014;42:2945. 

Sanchez-Martin V, Plaza-Calonge MDC, Soriano-Lerma A, Ortiz-Gonzalez M, Linde-Rodriguez A, Perez-

Carrasco V, et al. Gallic Acid: A Natural Phenolic Compound Exerting Antitumoral Activities in Colorectal Can-

cer via Interaction with G-Quadruplexes. Cancers (Basel). 2022;14:(11):2648. doi: 10.3390/cancers14112648..  

Santos T, Salgado GF, Cabrita EJ, Cruz C. G-Quadruplexes and Their Ligands: Biophysical Methods to Unravel 

G-Quadruplex/Ligand Interactions. Pharmaceuticals. 2021;14:(8):769. doi: 10.3390/ph14080769. 

Sarao L, Kaur S, Malik T, Singh A. Genistein and daidzein. In: Kour J, Nayik GA (eds): Nutraceuticals and Health 

Care (pp 331-41). Amsterdam: Elsevier, 2021. doi: 10.1016/B978-0-323-89779-2.00016-8. 

Sen D, Gilbert W. A sodium-potassium switch in the formation of four-stranded G4-DNA. Nature. 

1990;344(6265):410–4.  

Sengupta A, Ganguly A, Chowdhury S. Promise of G-Quadruplex Structure Binding Ligands as Epigenetic Mod-

ifiers with Anti-Cancer Effects. Molecules. 2019;24(3):582. doi: 10.3390/molecules24030582. 

Sharma E, Attri DC, Sati P, Dhyani P, Szopa A, Sharifi-Rad J, et al. Recent updates on anticancer mechanisms of 

polyphenols. Front Cell Dev Biol. 2022;10:1005910. doi: 10.3389/fcell.2022.1005910. 

Sheikh E, Tran T, Vranic S, Levy A, Bonfil RD. Role and significance of c-KIT receptor tyrosine kinase in cancer: 

A review. Bosn J Basic Med Sci. 2022;22:683–98.  

Shen R, Li X, Chen Y, Yang A, Kou X. Xanthone derivatives as potential telomeric G-quadruplex stabilizing and 

cytotoxic agents: Effects of substitution on quadruplex binding affinity and cytotoxicity. J Mol Struct. 

2022;1270:133894.  

Silva LBAR, Pinheiro-Castro N, Novaes GM, Pascoal G de FL, Ong TP. Bioactive food compounds, epigenetics 

and chronic disease prevention: Focus on early-life interventions with polyphenols. Food Res Int. 2019;125: 
108646.  

Simonsson T, Pecinka P, Kubista M. DNA tetraplex formation in the control region of c-myc. Nucleic Acids Res. 

1998;26:1167.  

Soriano-Lerma A, Sánchez-Martín V, Murciano-Calles J, Ortiz-González M, Tello-López MJ, Pérez-Carrasco V, 

et al. Resveratrol targets G-quadruplexes to exert its pharmacological effects. bioRxiv. 2024;2024.07.29.605564. 

https://www.biorxiv.org/content/10.1101/2024.07.29.605564v1.  

Spiegel J, Adhikari S, Balasubramanian S. The Structure and Function of DNA G-Quadruplexes. Trends Chem. 

2020;2:123–36.  

Srivastava S, Somasagara RR, Hegde M, Nishana M, Tadi SK, Srivastava M, et al. Quercetin, a natural flavonoid 

interacts with DNA, arrests cell cycle and causes tumor regression by activating mitochondrial pathway of apop-

tosis. Sci Rep. 2016;6:24049.  

Stężycka O, Frańska M. Binding of Quercetin Derivatives toward G-Tetrads as Studied by the Survival Yield 

Method. ACS Omega. 2023;8:39816–21.  

Summers PA, Lewis BW, Gonzalez-Garcia J, Porreca RM, Lim AHM, Cadinu P, et al. Visualising G-quadruplex 

DNA dynamics in live cells by fluorescence lifetime imaging microscopy. Nat Commun. 2021;12(1):162. doi: 

10.1038/s41467-020-20414-7. 



EXCLI Journal 2025;24:957-991 – ISSN 1611-2156 

Received: May 03, 2025, accepted: June 12, 2025, published: August 01, 2025 

 

 

 

990 

Sun D, Thompson B, Cathers BE, Salazar M, Kerwin SM, Trent JO, et al. Inhibition of human telomerase by a G-

quadruplex-interactive compound. J Med Chem. 1997;40:2113–6.  

Sun H, Tang Y, Xiang J, Xu G, Zhang Y, Zhang H, et al. Spectroscopic studies of the interaction between quercetin 

and G-quadruplex DNA. Bioorg Med Chem Lett. 2006;16:3586–9.  

Sun H, Xiang J, Tang Y, Xu G. Regulation and recognization of the extended G-quadruplex by rutin. Biochem 

Biophys Res Commun. 2007;352:942–6.  

Takahama K, Takada A, Tada S, Shimizu M, Sayama K, Kurokawa R, et al. Regulation of telomere length by G-

quadruplex telomere DNA- and TERRA-binding protein TLS/FUS. Chem Biol. 2013;20:341–50.  

Tateishi-Karimata H, Kawauchi K, Sugimoto N. Destabilization of DNA G-Quadruplexes by Chemical Environ-

ment Changes during Tumor Progression Facilitates Transcription. J Am Chem Soc. 2018;140:642–51.  

Tawani A, Kumar A. Structural Insight into the interaction of Flavonoids with Human Telomeric Sequence. Sci-

entific Reports. 2015;5:1–13.  

Tawani A, Mishra SK, Kumar A. Structural insight for the recognition of G-quadruplex structure at human c-myc 

promoter sequence by flavonoid Quercetin. Scientific Reports. 2017;7:1–13.  

Thumpati P, Rai SN, Prajapati C, Ramakrishna K, Singh SK. Targeting c-MYC G-Quadruplexes for Cancer Treat-

ment with Small Molecules. Scientia Pharmaceutica. 2025;93(1):6. doi: 10.3390/scipharm93010006. 

Tian B, Liu J. Resveratrol: a review of plant sources, synthesis, stability, modification and food application. J Sci 

Food Agric. 2020;100:1392–404. 

Tian T, Chen YQ, Wang SR, Zhou X. G-Quadruplex: A Regulator of Gene Expression and Its Chemical Targeting. 

Chem. 2018;4:1314–44.  

Touil YS, Seguin J, Scherman D, Chabot GG. Improved antiangiogenic and antitumour activity of the combination 

of the natural flavonoid fisetin and cyclophosphamide in Lewis lung carcinoma-bearing mice. Cancer Chemother 

Pharmacol. 2011;68:445–55. 

Tsao R. Chemistry and Biochemistry of Dietary Polyphenols. Nutrients. 2010;2:1231-46.  

Tuyaerts S, Rombauts K, Everaert T, Van Nuffel AMT, Amant F. A phase 2 study to assess the immunomodulatory 

capacity of a lecithin-based delivery system of curcumin in endometrial cancer. Front Nutr. 2019;5:138. doi: 

10.3389/fnut.2018.00138. 

Tyagi S, Saxena S, Srivastava P, Sharma T, Kundu N, Kaur S, et al. Screening the binding potential of quercetin 

with parallel, antiparallel and mixed G-quadruplexes of human telomere and cancer protooncogenes using molec-

ular docking approach. SN Appl Sci. 2020;2:1–16.  

Umehara T. Epidrugs: Toward Understanding and Treating Diverse Diseases. Vol. 6, Epigenomes. 2022;6(3):18. 

doi: 10.3390/epigenomes6030018.  

van den Boogaard WMC, Komninos DSJ, Vermeij WP. Chemotherapy Side-Effects: Not All DNA Damage Is 

Equal. Cancers (Basel). 2022;14(3):627. doi: 10.3390/cancers14030627.  

Varshney D, Spiegel J, Zyner K, Tannahill D, Balasubramanian S. The regulation and functions of DNA and RNA 

G-quadruplexes. Nat Rev Mol Cell Biol. 2020;21:459–74.  

Verheul TCJ, van Hijfte L, Perenthaler E, Barakat TS. The Why of YY1: Mechanisms of Transcriptional Regula-

tion by Yin Yang 1. Front Cell Dev Biol. 2020;8:592164.  

Wang G, Vasquez KM. Impact of alternative DNA structures on DNA damage, DNA repair, and genetic instabil-

ity. DNA Repair (Amst). 2014;19:143–51.  

Wang HL, Gao JP, Han YL, Xu X, Wu R, Gao Y, et al. Comparative studies of polydatin and resveratrol on mutual 

transformation and antioxidative effect in vivo. Phytomedicine. 2015;22:553–9.  



EXCLI Journal 2025;24:957-991 – ISSN 1611-2156 

Received: May 03, 2025, accepted: June 12, 2025, published: August 01, 2025 

 

 

 

991 

Wang KB, Wang Y, Dickerhoff J, Yang D. DNA G-Quadruplexes as Targets for Natural Product Drug Discovery. 

Engineering. 2024;38:39–51.  

Wang X, Goodrich KJ, Gooding AR, Naeem H, Archer S, Paucek RD, et al. Targeting of Polycomb Repressive 

Complex 2 to RNA by Short Repeats of Consecutive Guanines. Mol Cell. 2017;65:1056-67.e5.  

Wang YH, Yang QF, Lin X, Chen D, Wang ZY, Chen B, et al. G4LDB 2.2: a database for discovering and studying 

G-quadruplex and i-Motif ligands. Nucleic Acids Res. 2022;50:D150–60.  

Wang Z, Schones DE, Zhao K. Characterization of Human Epigenomes. Curr Opin Genet Dev. 2009;19:127.  

Weintraub AS, Li CH, Zamudio A V., Sigova AA, Hannett NM, Day DS, et al. YY1 Is a Structural Regulator of 

Enhancer-Promoter Loops. Cell. 2017;171:1573-1588.e28.  

Wright B, Spencer JPE, Lovegrove JA, Gibbins JM. Insights into dietary flavonoids as molecular templates for 

the design of anti-platelet drugs. Cardiovasc Res. 2013;97:13–22.  

Wulfridge P, Yan Q, Rell N, Doherty J, Jacobson S, Offley S, et al. G-quadruplexes associated with R-loops 

promote CTCF binding. Mol Cell. 2023;83:3064-3079.e5.  

Xu H, Di Antonio M, McKinney S, Mathew V, Ho B, O’Neil NJ, et al. CX-5461 is a DNA G-quadruplex stabilizer 

with selective lethality in BRCA1/2 deficient tumours. Nat Commun. 2017;8:14432. doi: 10.1038/ncomms14432..  

Yaseen A, Chen S, Hock S, Rosato R, Dent P, Dai Y, et al. Resveratrol Sensitizes Acute Myelogenous Leukemia 

Cells to Histone Deacetylase Inhibitors through Reactive Oxygen Species-Mediated Activation of the Extrinsic 

Apoptotic Pathway. Mol Pharmacol. 2012;82:1030.  

Ye H, Zhang H, Xiang J, Shen G, Yang F, Wang F, et al. Advances and prospects of natural dietary polyphenols 

as G-quadruplex stabilizers in biomedical applications. Int J Biol Macromol. 2024;254:127825. doi: 10.1016/j.ijbi-

omac.2023.127825. 

Yu X, Zhao H, Wang R, Chen Y, Ouyang X, Li W, et al. Cancer epigenetics: from laboratory studies and clinical 

trials to precision medicine. Cell Death Discovery. 2024;10:1–12.  

Zenkov RG, Kirsanov KI, Ogloblina AM, Vlasova OA, Naberezhnov DS, Karpechenko NY, et al. Effects of G-

Quadruplex-Binding Plant Secondary Metabolites on c-MYC Expression. Int J Mol Sci. 2022;23(16):9209. doi: 

10.3390/ijms23169209. 

Zhang H, Zhou J, Ye Y. Prediction and validation of circulating G-quadruplexes as a novel biomarker in colorectal 

cancer. J Gastrointest Oncol. 2024;15:286–98.  

Zhang JL, Fu Y, Zheng L, Li W, Li H, Sun Q, et al. Natural isoflavones regulate the quadruplex–duplex competi-

tion in human telomeric DNA. Nucleic Acids Res. 2009;37:2471-82.  

Zhao L, Thorsheim CL, Suzuki A, Stalker TJ, Min SH, Krishnaswamy S, et al. Individual phosphatidylinositol 

transfer proteins have distinct functions that do not involve lipid transfer activity. Blood Adv. 2023;7:4233.  

Zorzan E, Da Ros S, Musetti C, Shahidian LZ, Coelho NFR, Bonsembiante F, et al. Screening of candidate G-

quadruplex ligands for the human c-KIT promotorial region and their effects in multiple in-vitro models. Onco-

target. 2016;7:21658–75.  

 


