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Abstract

DNA and RNA can adopt various secondary structures. Four-stranded G-quadruplex (G4) 

structures form through self-recognition of guanines into stacked tetrads, and considerable 

biophysical and structural evidence exists for G4 formation in vitro. Computational studies and 

sequencing methods have revealed the prevalence of G4 sequence motifs at gene regulatory 

regions in various genomes, including in humans. Experiments using chemical, molecular and cell 

biology methods have demonstrated that G4s exist in chromatin DNA and in RNA, and have 

linked G4 formation with key biological processes ranging from transcription and translation to 

genome instability and cancer. In this Review, we first discuss the identification of G4s and 

evidence for their formation in cells using chemical biology, imaging and genomic technologies. 

We then discuss possible functions of DNA G4s and their interacting proteins, particularly in 

transcription, telomere biology and genome instability. Roles of RNA G4s in RNA biology, 

especially in translation, are also discussed. Furthermore, we consider the emerging relationships 

of G4s with chromatin and with RNA modifications. Finally, we discuss the connection between 

G4 formation and synthetic lethality in cancer cells, and recent progress towards considering G4s 

as therapeutic targets in human diseases.

Nucleic acids have considerable potential to fold into three-dimensional, ‘secondary’ 

structures. This can happen through the formation of non-Watson–Crick hydrogen bonds 

between nucleobases. Early observations on the self-assembly of guanylic acid1 led to the 

elucidation of the guanine tetrad-forming sequence motif2 (FIG. 1a), in which guanines are 

mutually bonded by Hoogsteen hydrogen base-pairing to form a planar array that is further 
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stabilized by interactions between positively charged ions and the O-6 lone-pair electrons of 

each guanine (FIG. 1b,c). Initial evidence for the assembly of four-stranded G-quadruplex 

(G4) structures from natural sequences was provided by the formation in vitro of higher-

order secondary structures from oligonucleotides resembling G-rich sequences from 

immunoglobulin switch regions3. Biophysical and structural biology methods subsequently 

provided substantial physical evidence for the formation of intermolecular and 

intramolecular G4s from DNA and RNA in vitro, including a framework for recognizing 

sequences likely to fold into G4s.

Although G4s are related to each other in primary sequence, they in fact comprise a diverse 

family of structures that can fold into various topologies, which are dictated by the pattern of 

strand polarities and also the orientation of interconnecting loops4 (FIG. 1d). The extent to 

which distinct topologies can influence G4 formation and function in cells is unknown. 

There has been a recent surge in research activity directed towards understanding G4 

formation in living cells and organisms. Considerable attention has focused on the detection 

and occurrence of G4 structures in genomes and in RNA with a view to elucidating how 

these elements might regulate key biological processes, such as transcription, telomere 

homeostasis and translation. Identifying specific proteins that directly interact with G4 

structures and elucidating their influence on such processes is an important step towards 

increasing our understanding of G4 biology. Detailed structural investigations into the 

mechanisms of G4 unfolding by helicases are providing insights into the control of G4 

folding at the biochemical level, although further work is needed to fully understand the 

regulation of G4 formation in cells. The fact that G4s are linked with DNA damage and 

genome instability in addition to key cancer-associated genes has prompted investigations 

into possible roles of G4s in cancer biology and an evaluation of small-molecule G4 ligands 

as potential therapeutic agents.

In this Review, we discuss the evidence for G4 formation in DNA and RNA in biological 

systems, factors that regulate G4 formation and biological processes that are influenced by 

G4s. We also discuss important links between G4s and cancer, and the progress made 

towards using G4s as therapeutic targets. Other reviews provide extensive details on G4 

prediction5, biophysics and structure4,6, and roles in DNA replication7, human disease8 and 

therapeutic possibilities9.

Identification of G4s

Biophysical studies using oligonucleotides were the first to establish that many DNA and 

RNA sequences featuring G-tracts separated by other bases (loops) can fold into G4 

structures. Rules for predicting G4 structure formation emerged on the basis of data from 

circular dichroism, ultraviolet melting and NMR spectroscopy studies on different G4-

forming oligonucleotides4,10. G4s have been identified as cellular features through a 

combination of computational sequence analyses and experiments that detect G4s in cellular 

genomes and in purified nucleic acids using chemical and molecular biology and imaging 

methods.
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Computational identification of G4s

The use of early algorithms to search for the relatively simple 

G3–5N1–7G3–5N1–7G3–5N1–7G3–5 consensus sequence suggested that the human genome 

may have over 300,000 sequences with the potential to form G4s11,12. Such computational 

tools have helped to identify potential G4s associated with key genes and reveal enrichment 

of G4-forming sequences in genomic regions associated with gene regulation, specific 

cellular functions and disease states13,14. The early search algorithms were unable to 

account for structural variants, such as G4s with longer loops, bulges or mismatches, for 

two-tetrad G4s or for the importance of flanking sequences. More recent computational tools 

accommodate some of these factors15, use Bayesian predictions 16, account for flanking 

sequence effects based on G-fraction and G-skew 17 or consider possibilities of higher-order 

assemblies18. Although machine learning approaches have helped to identify G4s that are 

likely to form in genomic contexts19 and those likely to fold in RNA20, computational 

methods that account for chromatin contexts and protein binding are yet to be developed.

DNA and RNA chain-extension stalling

Experimental approaches have been developed to detect G4 structures and complement 

computational prediction. G4s in DNA or RNA can stall a DNA polymerase21,22 or a reverse 

transcriptase23, respectively. Comparison of polymerase pause sites in G4-stabilizing 

conditions (for example, in the presence of potassium ions (K+) and/or a stabilizing ligand) 

and in conditions that do not stabilize G4s (for example, in the presence of lithium ions (Li
+)) enables the detection of the 5′ end of G4s in vitro. This method was initially applied 

using sequence analysis on a polyacrylamide gel and, more recently, adapted into a genome-

wide DNA polymerase-stop assay followed by high-throughput sequencing (G4-seq; FIG. 

2a). G4-seq identified more than 700,000 DNA G4 sites in the human genome24, which 

included various non-canonical G4 structures that are difficult to predict; conversely, G4s 

predicted by some search algorithms were not observed, highlighting the advantages of 

experimental G4 mapping. Subsequently, G4-seq reference maps have been made available 

for model organisms25. An analogous approach using reverse transcriptase stalling (rG4-seq) 

on poly(A)-enriched RNAs mapped RNA G4 structures in more than 3,000 human 

mRNAs26,27 (FIG. 2b). These techniques provide important in vitro reference maps of G4-

forming sites, although these data represent cell-population averages and do not account for 

the effect that proteins may have on G4 formation.

Chemical mapping of G4s

G4 chemical mapping exploits the different reactivity of nucleobases following the 

formation of G4 structures. Use of potassium permanganate-dependent single-strand 

nuclease (S1 nuclease) footprinting provided a snapshot of single-stranded DNA (ssDNA) 

regions of the genome in mouse B cell chromatin (FIG. 2c). The combination of ssDNA 

mapping with computational prediction of non-B-DNA sequence motifs identified putative 

G4 (and other non-B-DNA) structures in gene regulatory regions28. Alternatively, the 

location of G4 structures can be deduced from their relative protection (compared with 

guanines in double-stranded DNA) from methylation by dimethyl sulfate (DMS) and 

subsequent cleavage by piperidine, which is provided by the Hoogsteen hydrogen 
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interactions between the guanines in G-tetrads29. Another method of G4 chemical mapping 

is selective 2′-OH acylation analysed by primer extension (SHAPE; FIG. 2d), which 

exploits structure-dependent differences in acylation kinetics of RNA 2′-hydroxyl groups30. 

SHAPE performed in lithium versus potassium conditions was used to reveal RNA G4s in 

vitro31. Global analysis by DMS and SHAPE did not detect RNA G4s in eukaryotic cells26, 

prompting the hypothesis that RNA G4 structures are unfolded. However, caution is required 

when interpreting such data because of the limitations of chemical mapping, such as a map 

based on the averaging of dynamic structural states over time and across cell populations, 

along with the possibility of shifting the dynamic equilibrium of structural states during an 

experiment. These considerations have been discussed in more detail elsewhere32.

Imaging G4s

G4s have been visualized by immunofluorescence in cells with G4 structure-specific 

antibodies (FIG. 2e). Use of the single-chain variable fragment antibody (scFv) Sty49 

revealed G4 formation at the telomeres of a ciliate33. The scFv antibody BG4 revealed G4s 

in telomeric and non-telomeric DNA in fixed human cells34; this finding was corroborated 

by related observations using the G4-specific antibodies IgG 1H6 (REF.35) and scFv D1 

(REF.36). BG4 was also employed to visualize RNA G4s in the cytoplasm of human cells37. 

An increased G4-antibody signal has been observed following the depletion of known G4-

interacting proteins38–40, during S phase of the cell cycle and after treatment of live cells 

with G4-stabilizing ligands34,41. Although the specificity of each antibody may not be 

absolute42, and their sensitivity of detecting a single G4 structure as opposed to G4 clusters, 

is unproven in cells, there is an increasing level of cross-validation of G4 observations using 

these antibodies with observations of natural G4-interacting proteins.

Synthetic small molecules that recognize and stabilize G4s have also been used to probe 

cellular G4 structures. Derivatives of pyridostatin (PDS)43 and PhenDC3 (REF.44) (FIG. 2f) 

incubated with live cells have subsequently been conjugated to a fluorescence probe using 

‘click chemistry’ after cell fixation to visualize G4s. G4 ligands with intrinsic fluorescence, 

such as DAOTA-M2, support the existence of G4s in cells45. Real-time, live cell imaging 

provided by such ligands has advantages over antibodies, which require cell fixation and 

permeabilization, although in live cells the sensitivity of fluorescence to G4-independent 

changes in pH, redox status, intracellular polarity and viscosity require careful consideration 

to validate G4-specific binding.

Genomic and transcriptomic techniques

DNA G4s have been detected and mapped in the chromatin of human cells using chromatin 

immunoprecipitation followed by high-throughput sequencing (G4 ChIP-seq) using BG4 

(REFS46,47) (FIG. 2g). Strong overlap between these data and the human G4-seq reference 

map (of all genomic sequences that can form a G4) can provide cross-validation24, as does a 

G4 map generated from the expression of the G4-specific D1 antibody in cells36 (FIG. 2g). 

Alternatively, G4s can be inferred using antibodies against known G4-binding proteins. For 

example, the helicases α-thalassemia mental retardation X-linked protein (ATRX)48, 

xeroderma pigmentosum group B (XPB) and XPD49 bind folded G4 oligonucleotides in 

vitro, and have been mapped to G4 motifs in human chromatin using ChIP-seq (FIG. 2h). In 
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yeast, the G4-associated ATP-dependent DNA helicase Pif1 (REF.50), ribosome biogenesis 

protein SLX9 (REF.51) and Rap1-interacting factor 1 (Rif1)52 have been mapped to G4 

motifs. Limitations of ChIP-seq include the averaging of results obtained from cell 

populations, the inability to resolve temporal dynamics and the dependence on accessibility 

of the target to the antibody. There are also potential biases introduced by antibody 

specificity, sample fixation and fragmentation that must be eliminated by carefully designed 

control experiments53. Single-cell genomics approaches, super-resolution microscopy and 

live cell imaging by single-molecule light sheet microscopy may, in due course, provide 

additional insights into the nature and dynamics of DNA G4s in cells.

Recent studies have used RNA immunoprecipitation techniques, such as individual-

nucleotide resolution ultraviolet crosslinking and immunoprecipitation (iCLIP) and 

photoactivatable ribonucleoside-enhanced crosslinking and immunoprecipitation (parCLIP), 

to identify transcriptome-wide binding sites of known RNA G4 protein interactors54–56. 

These techniques provide a valid strategy for identifying RNA G4s that exist in a protein-

bound state and the biological processes they influence. However, they do not provide 

explicit proof of the existence of an RNA G4-folded structure at these sites.

G4 occurrence in living cells has now been demonstrated using chemical mapping, antibody-

based or small molecule-based imaging and sequencing techniques. The endogenous 

landscape of G4s, revealed by these methods, is only a small fraction of the total number of 

possible G4s in the genome. Although this may be a fair reflection of biological reality, it 

remains possible that existing technologies do not detect the full repertoire of G4s in cells. 

In particular, transient and/or dynamic G4s states may not be accurately detected with 

current approaches (TABLE 1 summarizes the advantages and limitations of current 

technologies). The development of new tools and methodologies, alongside technical 

advances in live cell imaging and genome editing, will provide further insights in the future.

Control of G4 formation and unwinding

Sequences that form G4s are prevalent in genomes, and it is becoming clear that not all 

sequences with G4 potential form structures in cells and that different cell types or cell states 

have distinct patterns of G4 formation. Understanding how G4 formation is regulated in a 

cellular context is therefore a question of fundamental importance. Biophysical approaches 

have been used to evaluate properties that influence DNA and RNA G4 formation in 

oligonucleotides in near-physiological conditions57. G4 stability is affected by numerous 

factors, including the number of G-tetrads, loop length and topology58,59 and the sequence 

composition, both within the G4 motif and flanking regions19. RNA G4s are generally more 

thermally stable than their DNA counterparts57. G4s are stabilized by centrally located, 

monovalent cations in the order K+ > Na+ > Li+ (REF.60) (FIG. 1), which may be 

physiologically relevant because K+ is the most abundant metal ion in mammalian cells61. 

Furthermore, G4 formation can be favoured by the induction of negative torsional stress 

behind RNA and DNA polymerases62 and by molecular crowding63, which are both relevant 

in the cellular context of genomic DNA.
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Helicases and other G4-binding proteins

G4s can impede nucleic acid functions (for example, DNA replication, transcription or 

translation) and proteins exist that can resolve them (FIG. 3a). Many such proteins belong to 

canonical helicase families, such as the RecQ-like and DEAD box or DEAH box helicase 

families. The RecQ-like helicases Bloom syndrome protein (BLM) and Werner syndrome 

ATP-dependent helicase (WRN) were the first recognized G4-resolving mammalian 

helicases64,65. DEAH-box helicase DHX36 is able to resolve both RNA and DNA G4s66. In 

vitro, these three helicases unwind G4s formed within oligonucleotides by binding the 3′ 
tail-containing DNA substrate and performing a repetitive 3′–5′, ATP-independent 

unfolding of the structure67–69. In the case of BLM and WRN, this activity is a result of 

cooperative binding of their helicase-RNaseD domain to the 3′ ssDNA and their RecQ 

domain to the G467. For DHX36, G4 binding induces rearrangements in the helicase core, 

which pulls the single-stranded region, thereby tugging the G4 one nucleotide out of 

alignment68. This is sufficient to destabilize a DNA G4 in the presence of its complementary 

strand69. DHX36 is also able to fully unwind an RNA G4, but then refolds it in the absence 

of a complementary strand, giving rise to dynamic G4 unfolding and refolding70. Pif1 (in 

budding yeast) and Fanconi anaemia group J (FANCJ) unwind G4s 5′–3′ in an ATP-

dependent manner, requiring (in vitro) a 5′ tail-containing DNA71,72.

Other non-helicase proteins, such as cellular nucleic acid-binding protein (CNBP)73 and G-

rich sequence factor 1 (REF.74), have been reported to sequester unfolded form of G4s. The 

ssDNA-binding proteins protection of telomeres 1 (POT1) and replication protein A (RPA) 

use a Brownian ratchet-like mechanism and unfold G4s in a multistep process75. However, 

additional mechanisms such as simple trapping of the unfolded G4 have also been proposed 

for POT1 (REF.76), suggesting that its mechanism of function remains somewhat elusive. 

Conversely, proteins such as nucleolin77 and LARK (also known as RNA-binding protein 4 

(RBM4))78 were shown to stabilize G4 structures. Several studies have applied affinity 

enrichment, using G4 baits, to identify G4 interacting proteins, most of which require further 

studies to elucidate the nature and biological relevance of the interaction54,79. For many 

proteins identified to bind G4 oligonucleotides, evidence for specific recognition of the G4 

structure in vivo is lacking.

Local features favouring DNA G4s

G4 formation in genomic DNA competes with Watson–Crick base-pairing; however, this 

base-pairing is necessarily disrupted during replication, transcription and DNA damage 

repair, thereby favouring G4 formation. During transcription, negative torsional stress 

induced behind the RNA polymerase complex can be relayed upstream (in the opposite 

direction of transcription) and promote melting of duplex DNA, which contributes to G4 

formation, for example as proposed for the far upstream element of the human MYC 
promoter80 (FIG. 3b). The formation of RNA–DNA hybrids known as R-loops from the 

hybridization of the nascent RNA with the template DNA may contribute to G4 formation 

on the displaced DNA strand, as observed by electron microscopy81. G4s and R-loops are 

favoured by similar DNA features, such as GC-richness and negative torsional tension, and 

genome-wide profiling of R-loops in human embryonic kidney cells revealed considerable 

overlap with G4-forming sequences identified by G4-seq82. C-rich DNA can form an 
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intercalated motif (i-motif) secondary structure by stacking intercalated and hemi-protonated 

cytosine base pairs (C+:C)83. Biophysical studies have shown that i-motifs are favoured by 

acidic pH, although recent antibody-based experiments have shown i-motif formation in 

nuclei of fixed human cells84. Although i-motifs can in principle occur on the C-rich strand 

opposite G4, cell cycle analysis shows that i-motif formation is maximal in late G1, whereas 

G4 formation peaks in S phase, indicating that the situation may be more complex85.

Studies to detect and map DNA G4s in a chromatin context have shown that G4s occur 

primarily at regulatory, nucleosome-depleted regions and promoters of actively transcribed 

genes in human cancer cells using G4 ChIP-seq46,47 (FIG. 3b) and in mouse B cells using 

permanganate footprinting28. Furthermore, in human cells, G4s co-localized with RNA 

polymerase II (Pol II) and with trimethylated histone H3 Lys4 (H3K4me3), which is a 

histone modification associated with active genes but not with the heterochromatin 

modification H3K9me3 (REF.46). Overall, G4 structures were detected in relatively 

accessible chromatin46,47. By contrast, in Drosophila melanogaster polytene chromosomes, 

G4s were found in the heterochromatin86, suggesting the existence of species-specific 

differences in G4 formation.

Oxidative base damage and G4 formation—G4s are sensitive to redox chemistry and 

early work showed that G4s in complex with porphyrins, such as haem, have peroxidase and 

peroxygenase enzyme-like activity87. Free haem is potentially toxic as it can catalyse the 

formation of reactive oxygen species, leading to oxidative stress. It has thus been 

hypothesized that G4s act as a sink for free haem to prevent DNA damage88. Reactive 

oxygen species can induce DNA damage in the form of 8-oxoguanine (8-oxoG), particularly 

in G-rich regions. For example, at telomeres, 8-oxoG disrupts G4 formation, stimulates 

telomerase function and promotes telomere instability89. Considerable transcriptional and 

DNA damage responses are also observed following oxidative damage at promoter G4s, 

such as in the vascular endothelial growth factor (VEGF; also known as VEGFA) gene90.

Cellular functions of G4s

A major and largely unanswered question is what G4s do. G4s are found in so many 

different cellular contexts that they can be considered either physical obstacles that must be 

overcome to enable some nucleic-acid related process or useful for normal cellular 

functions.

G4 structures at telomeres

DNA and RNA G4s have roles in telomere biology. Telomeres are nucleoprotein structures 

located at chromosome ends, which maintain genome integrity by suppressing aberrant 

DNA repair of the DNA ends through binding of telomere-specific protein complexes and 

formation of higher-order DNA secondary structures91. In the somatic nucleus of the ciliate 

Stylonychia lemnae, protection is provided by intermolecular telomere DNA G4s, which are 

stabilized by telomere-binding protein-α (TEBPα) and TEBPβ92. In yeast and vertebrates, 

protection is provided by the ‘lasso-like’ telomere loop, in which the telomere ssDNA 

overhang invades the upstream double-stranded telomere DNA93. G4s may also cap 

chromosome ends, as G4s have been detected at telomeres34–36 and several telomeric 
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proteins (for example, RIF1 (REF.52) and telomeric repeat-binding factor 2 (TRF2)94) bind 

G4s in vitro. Indeed, G4s can act as rudimentary protective structures when the normal 

telomere capping structure is compromised95. Chromatin homeostasis at telomeres and at 

sub-telomeric regions is also dependent on the long non-coding RNA TERRA (telomeric 

repeat RNA) forming a G4 structure, which was proposed to be a protein docking scaffold96 

(FIG. 3c). The human proteins TRF2, Ewing sarcoma breakpoint region 1 protein (EWS) 

and fused in sarcoma (FUS) can co-bind the TERRA G4 and telomere DNA G4 in 

vitro94,96,97. By co-binding TERRA G4 and telomere G4, FUS can recruit histone 

methyltransferases that are important for telomere and sub-telomere heterochromatin 

maintenance96.

Persistent formation of G4s at telomeres during DNA replication is problematic. Depletion 

of many proteins known to interact with telomeric G4 oligonucleotides (for example, the 

CTC1–STN1–TEN1 (CST) complex39 and helicases like regulator of telomere elongation 

helicase 1 (RTEL1)98) results in telomere shortening, altered telomere replication rate and/or 

formation of fragile telomeres, which arise from stalling of replication forks at telomeres 

during lagging strand synthesis99. Furthermore, these phenotypes are exacerbated by the 

presence of G4-stabilizing ligands; for example, sudden telomere loss occurs only in cells 

subjected to the combination of CST depletion and PDS treatment39.

G4 formation can control access to telomeres of telomerase, the non-coding RNA–reverse 

transcriptase complex that extends 3′ ends of chromosomes in cancer cells, stem cells and 

cells of the germline to prevent telomere shortening and genome instability. Formation of 

anti-parallel intramolecular telomere DNA G4s (FIG. 1d), prevents telomere extension by 

limiting access to the 3′ end of the telomere to telomerase100, whereas parallel 

intermolecular telomere DNA G4s can be extended due to partial G4 resolution by 

telomerase in vitro101. Supporting these findings, in Saccharomyces cerevisiae, parallel 

telomeric G4 stabilization by the telomere elongation protein Est1 is essential for telomerase 

recruitment102. Furthermore, in S phase, when G4s can co-localize with human telomerase, 

intermolecular G4s between sister chromatids have been hypothesized to form101. However, 

the complex POT1–tripeptidyl-peptidase 1 (TPP1), which is responsible for the processivity 

and recruitment to telomeres of human telomerase, is known to destabilize G4 

structures76,103. The recent observation in vitro that G4 folding within the active pocket of 

human telomerase supports POT1–TPP1-dependent telomerase processivity104 suggests that 

G4 formation is important during human telomere DNA synthesis. Telomerase is also 

influenced by the unfolding of a G4 at the 5′ end of the RNA component of telomerase by 

DHX36 (REF.105).

Although the natural function of telomere G4s with regards to telomerase is still unclear in 

vivo, ligand-stabilized telomere G4s inhibit telomerase-mediated telomere extension106. The 

additional ability of G4 ligands to displace components of the telomere protection complex 

shelterin (for example, TRF2 and POT1) results in telomere DNA damage and cell death, 

and has led to the development of a plethora of G4 ligands as potential chemotherapeutic 

agents9,107. Furthermore, although G4-induced replication stress in certain cancer cells has 

been proposed to promote alternative lengthening of telomeres, which is a mechanism 
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activated in 15% of cancers108, treatment with G4 ligands is still effective in killing these 

cells109, thereby supporting the consideration of G4 ligands as pan-anticancer compounds.

Transcription

A K+-dependent G4 structure was initially detected in the promoter of the chicken β-globin-

encoding gene21, and subsequently other G4-forming sequences were noted in the promoters 

of human genes, most notably in MYC and several other oncogenes110. Computational 

predictions indicated that G4 motifs are prevalent and enriched in human gene promoters 

compared with the rest of the genome13, suggesting that G4s are involved in transcription 

regulation. Notably, sequencing-derived genomic G4 maps of 12 organisms confirmed 

increased G4-forming potential at gene promoters and 5′ untranslated regions (5′ UTRs) in 

human, mouse and Trypanosoma brucei, which indicates the existence of functional 

similarities in their G4 biology24,25. By contrast, no enrichment or even depletion was found 

in lower eukaryotes and in bacteria. Recent studies have mapped G4 structures in chromatin 

to regulatory regions upstream of the transcription start sites of actively transcribing genes in 

human cells28,46, further supporting the link between G4s and transcription.

Many publications report that transcription can be regulated by small molecules that target 

G4s. Treatment of cells with the G4-stabilizing ligand TMPyP4 resulted in reduced MYC 
expression111, with comparable observations subsequently reported for other gene 

promoters, such as KRAS 112 and KIT 113. Furthermore, transcriptome-wide changes have 

been reported at genes with promoter G4s114. Although such correlations are consistent with 

the existence of a G4–transcription link, more explicit evidence of small-molecule binding to 

folded promoter G4s in cellular DNA, along with an improved consideration of the potential 

consequences of indirect, network effects on transcription, would help to better characterize 

the link.

Computational analysis of the binding motifs of several transcription factors showed that 

they are strongly enriched in certain promoter G4 motifs115 and in endogenous G4s as 

observed by G4 ChIP-seq116. This enrichment suggests that positive or negative interactions 

exist between transcription factors and G4 structures at gene promoters. An early study 

reported the binding in vitro of the G4 motif from the MYC promoter by recombinant 

nucleolin77 (FIG. 4a). By contrast, Förster resonance energy transfer experiments indicated 

the unfolding of a MYC G4 oligonucleotide upon binding of NM23-H2 (also known as 

NDK-B)117, prompting the hypothesis that nucleolin and NM23-H2 are involved in G4 

stabilization and unwinding, respectively, to regulate MYC transcription. Since then, in vitro 

interactions with G4 oligonucleotides have been shown for several other transcription 

factors, including CNBP118, SP1 (REF.119) and LARK78. Additional experiments 

confirming G4 structure formation as part of protein–DNA complexes, ideally using 

structural biology, and explicit evidence for binding at endogenous G4s would help 

strengthen the link between protein binding and G4 status. Conversely, G4 formation in the 

first exon of the human telomerase reverse transcriptase (hTERT) gene has been suggested 

to disrupt binding of the gene repressor CCCTC-binding factor, resulting in elevated 

plasmid-encoded hTERT transcription120 (FIG. 4a).
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Several studies have investigated the effects of G4 motifs in gene bodies on transcription 

elongation. A substantial inhibitory effect was observed when a G4 motif was present on the 

template strand, both in human embryonic kidney cells121 and in Escherichia coli 122, which 

is consistent with impairment of Pol II progression by G4 structures in the template strand 

(FIG. 4b). By contrast, G-rich sequences inserted in the non-template strand (but not in the 

template strand) impaired in vitro transcription by T7 polymerase123. In this case, 

transcription blockage was ascribed to R-loop formation independent of G4 formation, as no 

major transcriptional differences were observed between G4-stabilizing and G4-

destabilizing buffer conditions. Computational analysis of human genes has observed a 

correlation between increased promoter-proximal Pol II pausing and the presence of 

downstream G4 motifs on the template and non-template strands124. In addition, human 

genes with a greater number of G4s on the non-template strand up to 500 base pairs 

downstream of the transcription start site are associated with higher than average steady-

state transcription levels and Pol II occupancy, suggesting that G4s on the non-template 

strand could maintain the DNA in an open state and, thus, aid transcription reinitiation125 

(FIGS 3b,4c).

Transcription of the mitochondrial gene CSB II was investigated in vitro using 7-deaza-

dGTP or 7-deaza-GTP nucleotides, which cannot form Hoogsteen base-pairing and thus 

cannot stabilize G4s. The nascent RNA and non-template DNA strand were shown to co-

transcriptionally form a stable DNA–RNA hybrid G4, which was suggested to promote 

transcription termination126 (FIG. 4d). Similarly, transcription suppression was observed 

when a hybrid-G4 forming sequence was inserted into reporter plasmids127.

Models linking G4s and transcription have been largely based on computationally predicted 

G4 sequences, supporting correlations and the manipulation of isolated G4 structures in 

plasmid constructs. It is also evident that the specific G4 positions (for example, in 

regulatory regions or gene bodies and in template strand or non-template strand) may 

contribute to different regulatory mechanisms. Furthermore, the local chromatin context 

appears to have a substantial effect on G4 formation and function46. Additional work is 

needed to elucidate the molecular mechanistic details of how G4s influence transcription in 

a chromatin context.

The effects of G4s on genome stability

G4s can cause replication stress by obstructing the progression of DNA replication forks and 

causing replication-fork collapse128,129, which generates DNA double-strand breaks that can 

lead to genome instability. Computational analyses of large cancer datasets associated G4s 

with breakpoints that accompany somatic copy-number alterations130. Another large cancer 

association study found that G4 motifs, particularly thermodynamically more stable G4s, 

were enriched at sites of somatic mutations, implying that G4 structures increase the 

probability of recurrent mutations and may be important determinants of mutagenesis131. 

The link between G4s and genome instability has been strengthened by sequencing of G4s 

in the human genome, which revealed a notable association of G4s with gene amplifications 

commonly observed in cancers24,46.
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Studies in model organisms provided substantial support in vivo for G4s being a direct cause 

of genome instability. Caenorhabditis elegans lacking dog-1 (also known as helicase ATP-

binding domain-containing protein), which is the ortholog of the helicase FANCJ, 

accumulate deletions at G-rich regions, including in predicted G4 motifs132. Experiments 

using plasmids as replication templates in Xenopus laevis egg extracts showed that the 

absence of FANCJ or the presence of G4-stabilizing ligands cause replication stalling at G4 

structures133. In C. elegans, genetic analyses have also demonstrated that site-specific 

genome deletions can originate from a single predicted G4 sequence motif134. Genetic 

analyses in S. cerevisiae have also shown that Pif1, a potent G4-unwinding helicase, 

suppresses DNA damage and gross chromosomal rearrangements mediated by G4s135. 

Human minisatellite tandem repeats comprising G4 motifs also show increased instability 

when introduced into S. cerevisiae lacking Pif1 or in the presence of G4-stabilizing 

ligands136,137; thermodynamically stable G4s with short loops preferentially caused 

rearrangements138.

Helicases prevent G4-induced genome instability in humans—G4 helicases 

protect the genome by unfolding G4s that can cause DNA breakage and subsequent aberrant 

recombination; failure to resolve G4s owing to loss of helicase activity may induce genome 

instability. Sister chromatid exchanges are common in cells of individuals with Bloom 

syndrome and are enriched at predicted G4 sites, particularly in transcribed genes139. In 

glioma cells, ATRX loss promotes G4 formation, somatic copy-number alterations and 

increased occupancy of BLM at DNA damage sites38. Chromosomal regions known as 

common fragile sites are predisposed to breakage and undergoing rearrangements during 

replication stress. ATRX localizes to common fragile sites during replication stress and 

ATRX loss is associated with increased numbers of chromosomal breaks at common fragile 

sites140. FANCJ together with the ssDNA-binding protein RPA enable S-phase progression 

by facilitating G4 unwinding72. BLM and WRN also form complexes with RPA, which are 

mediated by the BRCA1-interacting E3 ubiquitin-protein ligase HERC2 (REF.40). Similar to 

BLM and WRN loss, HERC2 depletion or inhibition of its ubiquitylation activity increases 

G4 formation. In a functional genomic screen for G4-interacting factors, HERC2 loss was 

found to promote cell death in cells treated with G4-stabilizing ligands141. BLM and WRN 

may operate independently or on different G4s in the genome, whereas HERC2 seems to be 

epistatic to BLM and WRN and a master regulator of G4 suppression40.

G4 stabilization induces DNA damage—Small molecules, such as PDS, can stabilize 

G4s142 and cause replication-dependent and transcription-dependent DNA double-strand 

breaks (detected by γ-H2AX ChIP-seq), which map to G4-rich regions at loci that include 

several oncogenes43. Cells compromised in their ability to process G4s are particularly 

sensitive to G4-stabilizing ligands. For example, loss of FANCJ, HERC2 or ATRX sensitizes 

cells to different G4 ligands, including to telomestatin, PDS and CX-3543 (REFS38,40,72). In 

mice, ATRX-deficient glioma xenografts are growth impaired by CX-3543 and the host mice 

show increased survival38, highlighting the therapeutic potential of G4 ligands.

G4s and R-loops—R-loops and G4s can form on opposite DNA strands (FIGS 3b,4c), 

and then threaten genome stability by blocking DNA and RNA polymerases and causing 
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transcription–replication conflicts. Immunoprecipitation of such DNA–RNA hybrids with an 

antibody or using an inactive version of the R-loop processing enzyme RNase H1 identified 

R-loops in GC-rich promoter regions143,144, including regions enriched in G4s motifs82. It is 

striking that an immediate response to G4 stabilization by PDS is an increase in R-loops, 

particularly opposite G4 sites, which results in DNA damage followed by the formation of 

micronuclei145. Although the underlying mechanism of this process is unclear, 

overexpression of RNase H1 counteracts these effects of G4 ligands, suggesting that R-loops 

are required for the induction of DNA damage by G4 stabilization145. G4 and R-loop 

induction by PDS were shown in HeLa and U20S cancer cell lines, but are absent in 

immortalized fibroblasts, suggesting that aberrant G4-related pathways are present in cancer 

cells. Notably, ATRX loss also results in increased R-loop formation at telomeres146, 

consistent with coupling of G4 regulation with R-loop stability.

Translation

G4-mediated translation inhibition was first reported for an RNA G4 from the coding region 

of the mRNA of fragile X mental retardation protein (FMRP; also known as synaptic 

functional regulator FMR1); when inserted into a luciferase reporter, this RNA G4 caused a 

1.5-fold reduction in translation in vitro in reticulocyte lysates147. A similar in vitro reporter 

assay showed that a G4 from the 5′ UTR of the NRAS mRNA caused a fourfold reduction 

in translation148. Subsequently, G4s from numerous 5′ UTRs, including the mRNAs of 

BCL2 (REF.149) and ADAM10 (REF.150), were shown to inhibit translation in cell-free or 

cell-based reporter assays. The G4-forming triplet repeat expansion (CGG)60–90 from the 5′ 
UTR of the FMR1 gene also inhibits translation of a reporter construct and of exogenously 

expressed FMR1 mRNA in cells, but, despite folding into G4 structures, the shorter 

(CGG)30 repeats elevate translation151. RNA G4 density, thermodynamic stability and 

position relative to the 5′ cap have all been shown to differentially influence 

translation151,152.

G4 motifs are often located near the beginning of 5′ UTRs, suggesting they have a role in 

translation initiation153. The helicase eukaryotic initiation factor 4A (eIF4A) unwinds 

structured 5′ UTRs to facilitate the recruitment of the 43S pre-initiation complex and the 

subsequent scanning for the start codon154. Depletion of eIF4A or its inhibition by silvestrol 

reduced the translation efficiency of mRNAs with longer 5′ UTRs enriched in two-tetrad 

G4s, indicating that RNA G4s directly influence recruitment of, or scanning by, the 

ribosome155,156. Unresolved G4s in 5′ UTRs can promote the formation of 80S ribosomes 

on alternative, upstream start codons, thus inhibiting the translation of the main open reading 

frame55 (FIG. 5a). RNA G4s in the mRNAs of FGF2 (REF.157), α-synuclein158 and 

VEGF159 stimulate internal ribosome entry site (IRES)-mediated translation, potentially by 

recruiting the 40S ribosome160. However, RNA G4s in the IRES of VEGF and in α-

synuclein were subsequently found to be functionally dispensable, and the role of RNA G4s 

in IRES-dependent translation is far from being clear158,161,162.

G4s occur at a lower abundance in mRNA coding sequences when compared with 5′ 
UTRs153. In the coding sequence, ribosomes stall 6–7 nucleotides before a G4, which is the 

distance of the tRNA acceptor site from the RNA entry site163. Thus, despite the helicase 
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activity associated with the 80S ribosome, RNA G4s are problematic for translation 

elongation and, therefore, evolutionarily selected against through the use of synonymous 

codons164 (FIG. 5b).

As indicated above, interactions of RNA G4s with RNA-binding proteins (RBPs) can 

influence translation. A prime example is FMRP, which regulates translation of hundreds of 

mRNAs and is reviewed in detail elsewhere165. Other examples include CNBP, which binds 

RNA G4s in 4,178 different mRNAs and elevates translation by preventing the formation of 

RNA G4s73, and DHX36, depletion of which reduces mRNA translation56.

Our current knowledge of the effects of RNA G4s on translation relies substantially on 

reporter assays, which are a helpful tool, but care must be taken when interpreting results 

obtained from such non-native systems. For example, an isolated G4 derived from the 5′ 
UTR of the TGFβ2 mRNA reduces translation when embedded in a reporter mRNA, but 

conversely enhances translation in the context of the entire UTR166. In another example, a 

G4 from BCL2 mRNA was shown to suppress translation in vitro, but its genomic disruption 

by CRISPR–Cas9 failed to increase translation of the native mRNA167. Interestingly, 

translation output is unaltered when G4s from the mRNAs of VEGF and TGFβ2 associated 

with translation stimulation are replaced with G4s associated with translation repression 

from the mRNAs of NRAS and MT3-MMP, and vice versa168. Therefore, the context in 

which RNA G4s form, their dynamic relationship with surrounding alternative 

structures169,170 and their interactions with RBPs should all be considered when evaluating 

translational output.

Other roles of G4s in RNA biology

RNA G4s can influence the subcellular localization of mRNAs in neurons171. Interaction of 

RNA G4s with RBPs, such as FMRP172, regulates their localization and local translation in 

dendrites. Recent studies have suggested a potential function of RNA G4s in the formation 

of stress granules; for example, RNA G4-binding proteins, such as DHX36 and DDX3X, 

associate with stress granules173,174. Moreover, the C9ORF72 mRNA, which contains G4-

forming repeats, the extension of which causes amyotrophic lateral sclerosis and 

frontotemporal dementia, promotes phase separation of stress granule proteins and granule 

assembly175. The propensity of mRNAs to localize to stress granules correlates with longer 

UTRs and coding regions and with poor translation, which are features of G4-containing 

mRNAs176. Finally, translation interfering tRNAs (tiRNAs) are tRNA fragments formed in 

stress conditions that may have roles in cancer progression177. A G4 structure in tiRNAala or 

tetramolecular G4s (formed from four individual tiRNAs) appear to mediate stress granule 

formation178,179 and translation inhibition by interacting with Y-box binding protein 1 and, 

subsequently, displacing eIF4F from mRNAs180. DNA analogues of tiRNAala may trigger a 

neuroprotective response in motor neurons, suggesting new possibilities for interventions in 

neurodegenerative diseases180.

RNA G4-mediated recruitment of splicing-associated RBPs, such as heterogeneous 

ribonucleoprotein H (hnRNPH)181 and hnRNPF182, regulates alternative splicing. In the 

context of its native sequence, the FMRP mRNA G4 is a potent splicing enhancer147,183. A 

G4 in the third intron of the p53 mRNA promotes the splicing of intron 2, and mutating the 
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guanines of this G4 increases intron retention and synthesis of the truncated protein Δ40p53 

(REF.184) (FIG. 5c). Likewise, a G4 promotes the correct splicing of intron 1 of the PAX9 

mRNA185 and another promotes the correct splicing of exon 3 of BACE-1 mRNA186. 

Recently, an RNA G4-binding ligand was found to cause thousands of alternative splicing 

events in cells187. Additional transcriptomics studies are required to elucidate the rule set by 

which G4s regulate splicing. RNA G4s are also involved in mRNA polyadenylation, piRNA 

biogenesis and form in ribosomal RNA (reviewed in REF.188).

Nucleic acid and histone modifications

Emerging observations link G4s to covalent chemical modifications of DNA and of histones. 

DNA methyltransferases, which catalyse the formation of 5-methylcytosine, principally at 

CpG dinucleotides in mammalian cells, have a biophysical preference to bind G4 DNA over 

double-stranded DNA189,190 (FIG. 6a). G4 binding inhibits the activity of DNA 

(cytosine-5)-methyltransferase 1 (DNMT1), and DNMT1 binding sites in chromatin that are 

marked by G4 structures are strongly hypomethylated in human leukaemia cells, prompting 

the hypothesis that DNMT1 is sequestered at G4 sites to inhibit methylation of proximal 

CpG island promoters190 (FIG. 6a). In addition to DNA methylation, a recent study reported 

G4-dependent transcription repression of hTERT through non-metastatic 2 (NME2)-

dependent recruitment to the promoter G4s of the RE1-silencing transcription factor 

(REST)–lysine-specific histone demethylase 1A (LSD1; also known as KDM1A) repressor 

complex, which removes the gene-activating monomethylation and dimethylation of histone 

H3 Lys4 (H3K4me1 and H3K4me2, respectively)191 (FIG. 6b). A similar mechanism was 

postulated for the promoter of cyclin-dependent kinase inhibitor 1 (which encodes p21Cip1), 

where a TRF2–G4 interaction is required to mediate REST–LSD1 activity192.

During replication, DNA synthesis and histone recycling (into the newly formed sister 

chromatids) are closely coordinated to ensure the maintenance of parental histone 

modifications in the daughter cells. In DT40 chicken cells, impaired activity of proteins 

required for replication of G4-forming sequences193,194, depletion of nucleotide pools 

(causing replication stress)195 or G4 stabilization by small molecules196 resulted in local 

alteration of epigenetic marks, including histone modifications and cytosine methylation 

(FIG. 6c). These observations suggest that replication fork pausing at G4 sites in conditions 

of replication stress can uncouple the replication machinery from histone recycling. Notably, 

loss of H3K4me3 at a defined G4 site led to proximal DNA cytosine methylation and 

heritable inactivation of BU-1 gene expression196.

RNA G4s can influence gene expression in multiple ways. For example, the formation of a 

G4 instead of the canonical stem-loop in certain precursor microRNAs can inhibit their 

maturation by Dicer31,197. Production of mature microRNAs can therefore be influenced by 

RNA G4-stabilizing factors, such as high K+ or Mg2+ levels, or N-7 methylation of 

guanosines198,199. Additionally, G4 formation in a mature microRNA or in its target mRNA 

sequence can alter the regulation of the target mRNA200,201. Cross-talk between RNA G4s 

and chromatin modification is exemplified by the binding of RNA G4s by Polycomb 

repressive complex 2 (PRC2), which catalyses the gene-repressive histone modification 

H3K27me3 (REF.202). An association of N 6-methyladenosine (m6A) in viral RNA with 
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predicted RNA G4s has suggested that RNA G4s may also function to guide RNA base 

modifications203. Multiple retrotransposons in the human genome harbour G4s, which may 

promote their transposition, as seen in the case of long interspersed element 1, although the 

underlying mechanism remains unclear204.

Higher-order chromatin architecture

As DNA G4 structures form in chromatin46, they might have a role in regulating higher-

order genome architecture, for example in mediating promoter–enhancer interactions205. 

G4s may be involved in orchestrating long-range interactions, for example G4 encoding 

sequences that are split over long distances may come together to form a G4. In fission 

yeast, binding by the Rif1 protein to such half G4s is proposed to create local chromosomal 

compartments by enabling chromatin looping at the nuclear lamina, which may be involved 

in suppression of DNA replication origin firing in late S phase52. A recent computational 

study using a ChIP-seq dataset from human cells indicates that DNA G4s help define higher-

hierarchy chromatin domains called topological associated domains116. These studies are 

suggestive, and more experimentation and direct evidence is required to determine whether 

DNA G4s are involved in active chromatin looping.

The therapeutic relevance of G4s

The multiple functions of G4s in DNA and in RNA collectively present opportunities for 

interference by small molecule-mediated manipulation of folded G4s. In this section we 

highlight some examples, primarily from cancer, where considerable progress towards 

demonstrating therapeutic potential has been reported.

Targeting G4s

Established modes of targeting DNA with small molecules, for example through 

intercalation or covalent modification, have led to the development of therapeutic agents 

against pathogens and cancers206. Although many of these drugs are used effectively, 

including as first-line therapies, their use is limited owing to their toxicity and side effects. 

G4s could offer a new modality for targeting DNA. The distinct molecular features of G4s, 

in particular the G-tetrads and loops, enable structure-selective recognition by small 

molecules207. The functional links between G4s and gene regulation (particularly regulation 

of cancer genes), DNA replication and genome instability and telomere biology have 

prompted exploration of G4-targeting therapeutics. Initial efforts focused on targeting G4 

structures at telomeres with a view to inhibiting telomere extension by telomerase in cancer 

cells106,208. Subsequently, it emerged that G4-binding molecules can cause DNA damage at 

telomeres and also at G4s throughout the genome43,209. Targeting of G4s in genes by PDS 

can inhibit gene expression, including numerous important oncogenes43. The naphthalene 

diimide G4-targeting ligand CM03 has shown promising activity against cancer cell lines 

and in a mouse xenograft model of pancreatic ductal adenocarcinoma, including a notable 

reduction in the expression of many G4-rich genes implicated in vital pathways of cancer-

cell survival, metastasis and drug resistance114. Whereas early studies focused on 

modulating individual cancer genes by targeting their G4s111–113, the prevalence of G4s in 

many cancer-promoting genes suggests that collectively targeting multiple G4s, and thus 
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inhibiting the expression of many such genes, as exemplified by CM03, would be a feasible 

strategy114. The observed increase in G4s in the chromatin of cancer tissues210 and cell line 

models34,46, in comparison with normal cells and tissues, also favours targeting G4s as a 

general anticancer strategy.

Synthetic lethality

The capacity of G4 ligands to specifically create synthetic lethality in tumour cells provides 

another potential G4-based therapeutic avenue. Synthetic lethality refers to the cell-lethal 

combination of two or more non-lethal genetic perturbations. This can also be mimicked 

chemically by pharmacological inhibition of key genes that phenocopy genetic 

sensitivities211. G4 ligands enhance killing of BRCA1-deficient or BRCA2-deficient cancer 

cells by exploiting their deficiency in homologous-directed DNA repair41,212,213. A recent 

genomic RNAi screen has expanded the cancer genotypes and pathways sensitive to G4-

ligand treatment141. Thus, there is scope for exploring genotype-specific G4-targeting 

strategies, as exemplified by the G4-targeting clinical compound CX-5461, which has 

recently entered clinical trials for BRCA-deficient tumours41 (see NCT02719977 at 

ClinicalTrials.gov). G4 ligands can be also used in combination with other agents. For 

example, the cytotoxic activities of PDS synergize with the compound NU7441, which 

inhibits the essential non-homologous end-joining factor DNA-dependent protein kinase213; 

with MK1775, which inhibits the cell cycle kinase WEE1; and with pimozide, which 

inhibits the deubiquitylating enzyme USP1 (also known as ubiquitin carboxyl-terminal 

hydrolase 1)141. These findings demonstrate the potential of G4 ligands as therapeutic agents 

in multiple cancer types.

Conclusions

The study of G4s originated from curiosity-driven structural investigations, and has 

progressed to the point where G4s should now be considered a fundamental feature of the 

genome. G4s are implicated in numerous important cellular processes, in particular 

transcription, but also in translation and maintenance of genome stability. The key future 

challenge is to elucidate the details of how G4 formation is regulated, especially at gene 

promoters and UTRs, and the specific mechanisms underlying their biological roles. 

Specifically, the many G4–protein interactions that have been revealed need to be 

characterized in greater detail to generate a robust molecular understanding of how G4s 

influence protein function. Such insight will naturally lead to clearer understanding of the 

role G4s in disease and could ultimately be exploited in a clinical context. The study of G4s 

has progressed considerably over the past decade and, consequently, a framework of 

computational reference data and experimental tools and methodologies now exists to help 

drive the elucidation of the functions of G4s in finer detail over the coming years.
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Circular dichroism

A spectroscopic technique to investigate structure based on the interaction of plane-

polarized light with a structurally asymmetric molecule.

Bayesian predictions

Statistical methods to infer probabilities for a hypothesis, which can be updated when 

new information becomes available.

G-fraction

The proportion of G bases in a sequence, that is, G-richness.

G-skew

The under-representation or over-representation of G bases in a sequence.

Polytene chromosomes

Giant chromosomes found in particular tissues of various eukaryotes, which are formed 

following several rounds of DNA replication without cell division.

Fragile telomeres

Aberrant or discontinuous appearance of telomere chromatin in metaphase chromosomes, 

identified by fluorescence in situ hybridization and indicative of telomere replication 

defects.

Common fragile sites

Specific chromosomal regions that are intrinsically hard to replicate and preferentially 

form chromatin gaps or breaks during metaphase following replication stress.

Stress granules

Cytoplasmic membraneless bodies of proteins and RNAs that appear in response to 

conditions of cellular stress.

CpG island

A genomic region with CG:GC content higher than 60%.
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Fig. 1. The structure and topologies of G-quadruplexes.
a | The G-quadruplex (G4) consensus sequence. x denotes the number of nucleotides in the 

loops (see part d). b | A guanine tetrad is stabilized by Hoogsteen base-pairing and by a 

central cation (M+), with a preference for monovalent cations in the order of potassium (K+) 

> sodium (Na+) > lithium (Li+). c | X-ray crystal structure of an intramolecular, parallel G4 

from a human telomere sequence (PDB: 1KF1)214. d | Schematic representation of some G4 

topologies.
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Fig. 2. Approaches to detect and map DNA and RNA G-quadruplexes.
a,b | Mapping G-quadruplexes (G4s) by chain-extension stalling followed by high-

throughput sequencing (G4-seq). G4s formed in the genome are mapped using G4-seq and 

G4s formed in the transcriptome are mapped using an analogous approach with reverse 

transcriptase stalling (rG4-seq). a | In G4-seq, a library of fragmented genomic DNA is 

sequenced twice, first in non-G4-forming conditions (Read 1) to provide a reference and 

then in G4-stabilizing conditions (for example, in the presence of K+ or the G4-stabilizing 

ligand pyridostatin (PDS; Read 2)) to determine the positions of G4-dependent DNA 

polymerase stalling. b | In rG4-seq, poly(A)-enriched RNA is reverse transcribed in the 

presence of Li+ (a non-G4-forming condition) as a reference and with K+ or PDS to map 

RNA G4-dependent reverse transcriptase stalling. c,d | Chemical methods for mapping G4s. 
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DNA G4s are mapped by potassium permanganate (KMnO4)–single-strand nuclease (S1 

nuclease) footprinting and RNA G4s are mapped by selective 2′-OH acylation analysed by 

primer extension (SHAPE). c | In KMnO4–S1 nuclease footprinting, KMnO4 selectively 

oxidizes and traps single-stranded DNA (ssDNA), thereby allowing its digestion by S1 

nuclease. Subsequent computational analyses infer the formation of DNA G4s based on the 

nuclease footprints. d | SHAPE utilizes differences in acylation kinetics of RNA 2′-hydroxyl 

groups treated with 2-methylnicotinic acid imidazolide (NAI) and the ability of these groups 

to stall reverse transcription, to determine the formation of RNA G4s. e | Visualization of 

G4s (red foci) by immunofluorescence in the nucleus and cytoplasm using G4 antibodies 

(for example, the IgG antibody 1H6 or the single-chain variable fragment antibody (ScFv) 

BG4) together with fluorescently conjugated secondary or tertiary antibodies. f | PhenDC3 is 

an example of a fluorescence-labelled G4-targeting ligand. g | Mapping of DNA G4s using 

chromatin immunoprecipitation and next-generation sequencing (ChIP-seq) with G4-

specific ScFv antibodies. BG4 precipitates DNA G4 structures from chromatin isolated 

using G4 ChIP-seq, whereas D1 is used in a ChIP-seq-like approach by expressing the 

antibody in cells. h | DNA G4 formation can be inferred indirectly by mapping the location 

of G4-binding proteins (G4BPs) using ChIP-seq.
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Fig. 3. Regulation of G-quadruplex structure formation.
a | Physical factors, such as the presence of stabilizing cations (bottom), length and sequence 

composition (not shown) of the loops and flanking sequences, determine the thermodynamic 

stability of G-quadruplexes (G4s). In cells, specialized proteins that unwind G4s (for 

example, helicases) or bind and stabilize G4s (for example, some G4-binding proteins 

(G4BPs)) can shape the G4 landscape. b | The genomic structural context, such as the 

negative superhelicity behind the RNA polymerase complex, as well as the crosstalk with 

other structural phenomena, like RNA–DNA hybrids known as R-loops that arise from 

hybridization of the nascent RNA with the template DNA, can contribute to G4 formation 

(bottom). Chromatin structure seems to have a strong influence on G4 formation, as the 

majority of endogenous G4s have been mapped to nucleosome-depleted, open chromatin 

regions. c | Telomere heterochromatin homeostasis can be influenced by the simultaneous 

binding of proteins, such as fused in sarcoma (FUS), to G4s formed in telomere DNA and in 

the long non-coding RNA TERRA (telomeric repeat RNA).
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Fig. 4. Models of G-quadruplex involvement in transcription.
a | DNA G-quadruplexes (G4s) upstream of the transcription start site (TSS) or in the gene 

body could bind or displace transcription factors, resulting in altered transcription. b | 

During transcription elongation, the separation of DNA strands in the transcription bubble 

may result in the formation of G4s in gene bodies. G4 formation on the template strand can 

block the progression of RNA polymerase II (Pol II). c | Gene-body G4s on the non-template 

strand may facilitate transcription re-initiation. Conversely, such G4s may favour the stable 

association of nascent RNA (orange) with the template DNA, resulting in the formation of 

RNA–DNA hybrids known as R-loops and in Pol II stalling. d | Formation of DNA–RNA 

hybrid G4s between the non-template DNA and the nascent RNA can lead to premature 

transcription termination.
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Fig. 5. G-quadruplexes in RNA biology.
a | Formation of RNA G-quadruplexes (G4s) impedes scanning of the 5′ untranslated region 

(UTR) by 43S ribosomes and leads to translation initiation at an upstream open reading 

frame (uORF) at the expense of translation of the main ORF (top). Helicases, such as 

DHX36 or DHX9, resolve the G4s and facilitate translation of the main ORF (bottom). b | 

The 80S ribosomes engaged in translation elongation stall 6–7 nucleotides prior to a G4 

within the ORF. Stalling can cause ribosome backtracking and synthesis of an alternative 

peptide. c | Recognition of RNA G4s by spliceosome-associated RNA-binding proteins 

directs splicing of nearby introns, for example the second intron of p53.
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Fig. 6. The involvement of G-quadruplexes in epigenetic control.
a | Binding to G-quadruplexes (G4s) inactivates DNA (cytosine-5)-methyltransferase 1 

(DNMT1), thereby contributing to hypomethylation at CpG islands. b | Promoter G4s and 

their associated proteins, such as non-metastatic 2 (NME2), recruit the RE1-silencing 

transcription factor (REST)–lysine-specific histone demethylase 1A (LSD1) repressor 

complex to remove the gene-activating methylation of histone H3 Lys4 (H3K4) and repress 

gene expression. c | Stalling of DNA replication forks at G4s (for example, owing to 

impaired activity of helicases or the presence of G4-stabilizing ligands) may impair histone 

recycling through the formation of a post-replicative gap (top). Parental histones with their 

established modifications (grey) are lost and replaced with new histones with no or with 

different modifications (green), resulting in local epigenetic reprogramming.
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Table 1
Advantages and limitations of techniques to map and detect G-quadruplexes (G4s)

Methodology Technique Uses and advantages Limitations

Mapping by 
chain-extension 
stalling

G4-seq RNA G4-seq (rG4-
seq)

Identifies in vitro nucleic acid 
sequences with the potential 
to form G4s in the genome 
(G4-seq) or transcriptome 
(rG4-seq)

Performed on extracted DNA or RNA. Thus, the influence 
of the cellular environment, for example proteins or 
chromatin structure, on the G4 landscape is not considered

Chemical 
mapping

Potassium permanganate–
S1 nuclease footprinting

Maps genome-wide multiple 
types of non-B DNA 
structures in the chromatin 
context

Relies on motif-annotation algorithms to map the non-B-
DNA structures (including G4 formation)
Cannot accurately discern individual non-B DNA 
structures at sites containing large clusters of non-B DNA
Readout is an averaging of structural states
Can shift the dynamic equilibrium of structural states and 
hence may not reflect true intracellular structures. Readout 
is not specific to G4 structures

Selective 2’-OH acylation 
analysed by primer 
extension (SHAPE)

Provides quantitative, single-
nucleotide-resolution RNA 
structural information

Structural information is lost at both the 5´ and 3´ ends of 
an RNA because the technology depends on primer 
extension
Readout is not specific to G4 structures

In vivo dimethyl-sulphate 
(DMS) footprinting

Determines nucleic acid 
(DNA and RNA) secondary 
and tertiary structures at 
single-nucleotide resolution
DMS easily and rapidly 
penetrates cells and all 
cellular compartments

Readout is an averaging of structural states
High cellular toxicity
Can shift the dynamic equilibrium of structural states and, 
hence, does not reflect true cellular structures
DMS reactivity depends on solvent accessibility and local 
electrostatic environment

Antibody-based 
mapping

G4 chromatin immunopre-
cipitation sequencing (G4 
ChIP-seq)

Genome-wide mapping of 
DNA G4s in the chromatin 
context

Possible biases introduced by sample fixation and 
fragmentation
Relies on antibody specificity, target accessibility and cell-
population averaging
Cannot determine on which DNA strand G4s are located
Antibodies against G4-binding proteins provide indirect 
evidence of DNA G4s, which relies on the specificity of 
the protein for G4s

ChIP-seq of G4-binding 
proteins

Genome-wide mapping of G4 
DNA binding proteins in the 
chromatin context

Individual-nucleotide 
resolution ultraviolet 
crosslinking and immuno-
precipitation (iCLIP)

Identifies all RNA sequences 
bound to the RNA binding 
protein (RBP) of interest

Relies on the specificity of the RBP to bind RNA G4
Cannot account for protein binding to unfolded G4 
sequence motifs
Relies on cell-population averaging

Imaging Immunofluorescence Single-cell resolution of G4 
abundance
Possible to detect DNA and 
RNA G4s simultaneously

Requires cellular fixation and permeabilization
Relies on the specificity of the antibody
Does not provide sequence context
Undetermined resolution: do detected G4 foci represent 
one or several G4s?

Fluorescent G4-stabilizing 
ligands

Allow the study of dynamic 
formation of G4s in fixed and 
live cells

Fluorescence is sensitive to cellular changes in pH, polarity 
(hydrophilic versus hydrophobic compartments) and 
viscosity, making discrimination of G4-specific from non-
specific binding events difficult
The dynamic equilibrium of G4 formation may be shifted 
by the experiment and thus will not reflect the true cellular 
state
Lack of sequence context
Relies on ligand specificity and half-life

G4-seq, genome-wide DNA polymerase-stop assay followed by high-throughput sequencing; rG4-seq, transcriptome-wide reverse transcriptase 
stalling assay followed by high-throughput sequencing; S1 nuclease, a single-strand nuclease.
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