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G-quadruplexes are non-canonical secondary structures found in guanine rich regions of DNA and RNA. 5 

Reports have indicated the wide occurrence of RNA G-quadruplexes across the transcriptome in various 

regions of mRNAs and non-coding RNAs. RNA G-quadruplexes have been implicated to play important 

role in translational regulation, mRNA processing events and maintenance of chromosomal end integrity. 

In this review, we summarize the structural and functional aspects of RNA G-quadruplexes with emphasis 

on the recent progress to understand the protein/trans factors binding these motifs. With the revelation of 10 

importance of these secondary structures as regulatory modules in biology, we also have evaluated 

various advancements towards targeting these structures and challenges associated with it. Apart from 

this, numerous potential applications of this secondary motif have also been discussed. 

 

Introduction 15 

G-quadruplexes are non canonical four stranded secondary 

structures found in nucleic acid sequences rich in guanine 

residues. These structures are formed of stacks of G-quartets- 

cyclic planar arrangement of four Hoogsteen hydrogen bonded 

guanine residues (Fig. 1).1 Bang et al demonstrated that high 20 

concentrations of guanylic acid (GMP) can form gels in 

aqueous solution as early as 1910.2 Fifty years later, Gellert et 

al revealed G-quadruplex structure based on X-ray fiber 

diffraction studies,3 where each guanine residue in G-quartet 

acts as both acceptor and donor of two hydrogen bonds.  25 

G-quadruplexes exhibit diverse topologies depending on 

monovalent cation (K+ or Na+), glycosidic conformation (syn or 

anti), number of molecules of nucleic acid involved in their 

formation (intramolecular, bimolecular or tetramolecular), 

relative orientation of the strands (parallel or antiparallel), 30 

number of stacking G-quartets and nucleotide sequence.4, 5 

Monovalent cations stabilise these structures by interacting 

with the negatively charged carbonyl oxygen atoms located at 

the centre of G-quartets stacks.6 These monovalent cations 

stabilise the structure in order of K+> Na+> Li+.7 35 

There are about 3,76,000 DNA G-quadruplex forming 

sequences in the human genome. Whilst initial studies dealt 

with understanding the role of G-quadruplexes at telomere 

ends, DNA G-quadruplexes are found enriched in the 

promoters of proto-oncogenes, immunoglobulin heavy chain 40 

switch regions and mutational hotspots; and have been 

implicated in the maintenance of chromosomal integrity and 

regulation of replication, transcription and recombination 

processes.8 Owing to the functional association between 

telomeres, oncogenes and cancer, extensive research on 45 

targeting DNA G-quadruplexes for therapeutic intervention is 

an ongoing active area of research.9, 10 

Albeit considerable amount of work has been conducted on 

DNA G-quadruplex, recent years encountered a gradual shift 

towards understanding the G-quadruplexes at the RNA level. In 50 

1991, Kim et al showed that 19 nt sequence situated at 3′ 

terminus of 5S rRNA of Escherichia coli forms a G-

quadruplex.11 Later, RNA G-quadruplex was reported to be 

present in the 3′ untranslated region (UTR) of insulin-like 

growth factor II (IGF II) mRNA located just downstream of 55 

endonucleolytic cleavage site.12 Subsequently, various studies 

have reported the presence of RNA G-quadruplex in the 

mRNA, long non coding RNAs and telomeric ends.5, 13, 14 It is 

sited in untranslated region (UTR), intronic and coding regions 

of mRNA further cementing its regulatory potential.15 60 

The existence of RNA G-quadruplex is more inevitable than 

DNA counterpart. DNA exists in double standed condition, 

being base paired with the complementary strand. However, 

RNA being single stranded can adopt complex higher order 

architecture and is majorly localised in the cytoplasm.16 65 

Various RNA secondary structures such as hairpin, loop, bulge 

with functional implications have been reported in literature 

and discussed in detail elsewhere.17-20 RNA G-quadruplex 

representing one of such structures  have been associated with 

translational regulation, 3′ end processing, transcription 70 

termination, alternative splicing, mRNA localization, protein 
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binding and telomeric RNA biology.15, 16, 21 Recently, 

Balasubramanian and coworkers for the first time demonstrated 

visual localisation of RNA G-quadruplex within the cytoplasm 

of human cells using G-quadruplex specific antibody.22 With 

information on biological importance of RNA G-quadruplex 5 

pouring in recent years, here we have reviewed the structural 

and functional aspects of RNA G-quadruplexes and highlighted 

various applications of this structure.  

 

Structure 10 

RNA G-quadruplex forms a more thermodynamically stable, 

compact and less hydrated structure than DNA G-quadruplex 

(Fig. 2).23, 24 Conceptually, the fundamental difference between 

RNA and DNA quadruplexes is the presence of ribose sugar 

instead of deoxyribose sugar and the presence of uracil instead 15 

of thymine residue. The presence of 2′ hydroxyl group in its 

ribose sugars causes more intramolecular interactions within 

the structure leading to enhanced stability of RNA G-

quadruplex. In matter of fact, these 2′ hydroxyl groups exert 

conformational constraints on G-quadruplex topology 20 

preventing it from attaining syn-conformation, a prerequisite 

for antiparallel topology. Instead it restricts orientation of base 

about glycosidic bond to anti- conformation, imparting C3′ 

endo puckering and limiting the topology of RNA G-

quadruplex to parallel conformation (Fig. 1B).25 This implies 25 

less dependency of RNA G-quadruplex topology on the 

environmental conditions as compared to DNA G-

quadruplex.26, 27 DNA G-quadruplex can form both parallel and 

antiparallel conformations. In parallel conformation, the strands 

in G-quadruplex are oriented in the same direction and 30 

propeller loops connects the top of one strand with the bottom 

of another strand. On the other hand, strands are oriented in 

opposite directions in antiparallel conformation and lateral 

loops connects adjacent strands or/and diagonal loops connects 

diagonally opposite aiding antiparallel arrangement of strands. 35 

Overall, this monomorphic parallel topology reduces the 

diversity of RNA G-quadruplex structures as compared to DNA 

G-quadruplex.28 

Using naturally occurring sequences of bcl-2 gene, Sugimoto 

and coworkers compared the stability of RNA and DNA G-40 

quadruplex and revealed their significantly different hydration 

pattern in spite of their exposition of parallel conformation.28 

On the similar line, studies on naturally occurring RNA 

sequences and their DNA counterparts affirm more stable 

nature of RNA quadruplex.23, 24, 28 The inherent chemistry of 2′ 45 

hydroxyl group of ribose sugar confers increased stability to 

RNA G-quadruplex, whose significance is well highlighted in 

reports where it is replaced with different OH analogues. 

Substitution of 2´-OH group by other chemically modified 

analogues culminated into destabilisation of G-quadruplex.29 50 

RNA quadruplex was found to be more robust than its DNA 

counterpart even  in the presence of polyethylene glycol.26, 27 

Thus, higher stability of RNA G-quadruplex is attributed to the 

2´-OH group of the ribose sugar which acts as scaffold for an 

ordered network of water molecules and bonding patterns.25 55 

Mergny and group performed an elegant experiment by 

substituting thymine with uracil in the loop to G-quadruplex 

and revealed that it stabilises G-quadruplexes and makes it less 

hydrated. The removal of methyl group stabilizes the stacking 

interactions and releases the structured water molecules. By 60 

thymine to uracil substitution, the authors also suggested the 

importance of loop residues in the G-quadruplex stability.30 

In addition, various independent studies have demonstrated the 

effect of varying loop lengths and composition on the stability 

of G-quadruplexes at both DNA and RNA level.31-39 All of 65 

them demonstrated- shorter the loop, greater is the stability of 

RNA/DNA G-quadruplex.39 In contrast to more importance of 

middle quartet in maintaining DNA G-quadruplex stability,40, 41 

all three G-quartets were found to contribute equally to the 

stability of RNA G-quadruplex.42 Type of monovalent cation 70 

also affects G-quadruplex stability. Potassium ions are 

preferred over sodium ions because dehydration of the cations 

prior to their entry in the central channel of stacks formed by 

G-tetrads causes more energy loss for Na+ than for K+.5, 43 

Recently, studies on folding dynamics by Mullen et al 75 

suggested that RNA G-quadruplex formation with two G-

quartets show positive cooperativity, high dependence on K+ 

concentration and very few populating intermediate states.44 On 

the other hand, G-quadruplex formation with three G-quartets 

demonstrate less dependence on K+ ions concentration and no 80 

or even negative cooperativity. Intentional increase in 

intermediate state population was also reported to broaden the 

range of K+ ions concentration detected by RNA G-

quadruplex.45 

Although several NMR and crystallography studies have been 85 

performed on DNA G-quadruplexes,46, 47 only few studies have 

been conducted on RNA G-quadruplex. NMR spectrum of a 

RNA quadruplex was first reported by Uesugi group for RNA 

G-quadruplex sequence R14 (GGAGGUUUUGGAGG) present 

in mRNAs of immunoglobin regions.48 The reported NMR 90 

structure elucidates the dimeric parallel quadruplex structure of 

R14 comprising two stacks of G-quartets. The same group 

further conducted comparative studies between R14 and D14 

sequences and revealed that D14 forms an antiparallel DNA 

quadruplex with diagonal loops in contrast to R14‟s parallel 95 

RNA quadruplex conformation with propeller loops.49 Solution 

based studies of NMR were further extended to the 

crystallography studies by Collie et al where the 2′ hydroxyl 

group and rigid C3′-endo sugar puckering in RNA G-

quadruplex were shown to redefine the hydration structure in 100 

grooves and hydrogen bonding patterns (Fig. 1C).50 Thereafter, 

the crystal structure of TERRA G-quadruplex- acridine small 

molecule complex was also accounted by the same group 

where 2′ hydroxyl group of ribose sugar was found to be 

involved in binding with acridine.51 All of the above mentioned 105 

NMR and crystallography studies have been performed on 
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intermolecular RNA G-quadruplexes. However, no such studies 

have been conducted on intramolecular RNA G-quadruplex yet. 

In addition, telomeric repeat containing RNA (TERRA) has 

been studied by electrospray ionisation mass spectroscopy 

(ESI-MS). These studies demonstrate formation of higher order 5 

assemblies of RNA quadruplexes of variable lengths (12 mer, 

22mer, 45mer) of human telomeric RNA sequences.52 This 

stacking nature of RNA quadruplexes is comparable with 

“beads on a string” model for the G-quadruplex assembly.53, 54 

T1 RNase digestion of TERRA generating a ladder of bands 10 

with size in integral multiple of 24 nucleotides further 

supported this model.55 Lately, NMR structure of TERRA also 

revealed 5′-5′ end stacking of two RNA G-quadruplexes.56 

 

Function 15 

While the main focus of research has been on DNA G-

quadruplexes and their potential role in biology, in recent years 

the role of RNA G-quadruplexes as regulatory elements of gene 

expression is beginning to emerge (Table 1 and Fig. 3). In this 

regard, the initial emphasis was on G-quadruplexes located in 20 

the 5′ UTR of mRNA, which is known to be involved in 

translational regulation. 

1. Translational regulation 

The presence of G-quadruplex structures in the 5′ UTR of 

cellular mRNAs is generally associated with its role in 25 

translational repression. The first example of translational 

repression by an RNA G-quadruplex was reported by 

Balasubramanian group in the 5′ UTR of gene transcript of the 

human NRAS (Neuroblastoma RAS) proto-oncogene.13 Using 

a cell-free translation reporter assay, they demonstrated that 30 

thermodynamically stable G-quadruplex in NRAS mRNA 

inhibits gene expression. However, their studies were 

performed under in vitro conditions. Subsequently our group 

for the first time examined the role of RNA G-quadruplex 

present in the 5′ UTR of the human Zic-1 (Zinc finger of the 35 

cerebellum 1) zinc finger protein in eukaryotic cells using dual 

luciferase reporter assay and reported its inhibitory role at the 

translational level.57 

Genome-wide computational analysis revealed the presence of 

4141 5′ UTR G-quadruplex motifs in 5′ UTR of mRNAs 58. 40 

Following NRAS and Zic-1, the functional relevance of this 

secondary structure has been validated experimentally in genes 

– FGF-2 (Fibroblast growth factor-2),59 NRAS,13 Zic-1,57 Exon 

C of human and bovine ESR (estrogen receptor α),60 61 MT3-

MMP (Membrane-type 3 matrix metalloproteinase),62 Bcl2 (B-45 

cell lymphoma 2),63 TRF-2 (Telomeric repeat-binding factor 

2),64 VEGF (Vascular endothelial growth factor),65 ADAM-10 

(Disintegrin and metalloproteinase domain-containing protein 

10),66 cyclin D367 and TGFβ2 (Transforming growth factor 

β2).68 RNA G-quadruplex in the 5′ UTR of most of the 50 

aforesaid genes was shown to repress gene expression at the 

translational level.69 In most of the above studies and in a study 

by Halder et al showed that G-quadruplex-forming sequences 

alone when present in 5′ UTRs exhibit translational repressive 

activity.70 Recently, transcriptome scale ribosomal profiling of 55 

helicase eIF4A-dependent transcripts revealed the enrichment 

of 5′ UTR sequences with propensity to form RNA G-

quadruplexes, indicating the probable role of this factor in 

unwinding of this secondary structure during translation 

process.71 60 

Albeit most studies indicate translational inhibitory role of 5′ 

UTR G-quadruplex, few examples indicate its contrasting role. 

The first translational up-regulating role of RNA G-quadruplex 

was revealed in the 5′-UTR of mRNA associated with cap-

independent translation. Bonnal et al was pioneer to show gene 65 

–up-regulating role of G-quadruplex motif in internal entry of 

ribosomes (IRES) sequence.59 They reported that a G-

quadruplex structure in conjunction with two stem-loop 

structures located within the FGF-2 IRES was required for 

translation initiation. Subsequently, Basu and coworkers 70 

showcased a unique example wherein a quadruplex is 

exclusively required for cap-independent translation initiation 

in human VEGF IRES.65 The authors here reported that 

presence of multiple G tracts in IRES-A might direct initiation 

process to depend on a conformationally flexible G-quadruplex 75 

switch toggling in response to a biological stimulus. They gave 

it a grade of a tunable translation initiator equivalent to a 

riboswitch, which generally changes conformation in response 

to metabolite binding. However, these studies highlighted RNA 

G-quadruplex role in IRES and not in cap dependent 80 

translation. In this direction, our group for first time established 

the activating role of RNA G-quaduplex in 5′ UTR of TGFβ2 

where it was demonstrated to augment gene expression.68 

Subsequently, we also indicated the translational up-regulating 

role of this structure in 5′ UTR of FOXE3 (Forkhead box E3).72 85 

Furthermore, in order to show gene regulatory role of G-

quadruplexes, Wieland and Hartig designed and inserted a 

series of quadruplex forming sequences surrounding the Shine-

Dalgarno sequence of a GFP reporter gene.73, 74 They showed 

that these motifs readily fold in vivo and modulate gene 90 

expression if positioned within the ribosome binding site 

(RBS), thereby providing a novel way to interfere with 

translational initiation in bacteria. Moreover, even less stable 

G-quadruplexes composed of only two stacks of G tetrads was 

reported to exhibit pronounced gene regulating activity when 95 

placed at critical positions in ribosome binding site. 

Given, the hypothesis that position of G-quadruplex in 5′ UTR 

might affect its function, two independent groups shifted the 

position of G-quadruplex in 5′ UTR to understand position 

specific effect of G-quadruplexes. Kumari et al reported that 100 

shifting this motif in NRAS 5′ UTR at the position far away 

from cap region causes loss of its function whereas Huppert et 

al demonstrated that this shift in mRNA does not change the 

function of RNA G-quadruplex.70, 75 The difference in outcome 

of shift may be attributed to the different mRNAs or different 105 

experimental setups they employed for their studies. To further 
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delineate the position specific role of G-quadruplex, our group 

assessed its role when located at 5′ end of naturally occurring 

mRNAs and found that G-quadruplex exhibited varied 

functions in different genes.72 It inhibited gene expression in 

AKTIP (AKT interacting protein) and CTSB (Cathepsin B), but 5 

augmented protein production in FOXE3 suggesting that 

neighbouring nucleotide sequence, trans factors and 

intracellular conditions might affect the function of G-

quadruplex. From above studies, we hypothesise that inhibitory 

G-quadruplex may itself act as a roadblock impeding the 10 

movement of per-initiation complex or may recruit some 

inhibitory factors repressing mRNA translation (Fig. 4A and 

Fig. 4B). On the other hand, activating G-quadruplex may 

engage activating factors to augment gene expression (Fig. 4C). 

More studies are required to decipher the mechanistic 15 

understanding of G-quadruplexes in this direction.  

RNA G-quadruplexes influence the gene expression not only 

via their location in UTRs but also in the coding sequence of 

mRNA. Upon evaluating the role of G-quadruplex in open 

reading frame (ORF), it was revealed that it suppresses 20 

translation and the extent of gene suppression depends on its 

stability.76, 77 G-quadruplex present in ORF of human estrogen 

receptor α was also shown to halt translational elongation and 

influence protein folding and proteolysis.78, 79 Subsequently, 

ORF G-quadruplex was demonstrated to cause frameshift 25 

mutation of one nucleotide leading to the recoding process.80, 81 

In essence, these studies show that G-quadruplex can impede 

the process of translation at elongation level despite of helicase 

activity of ribosome. 

In contrast to 5′ UTR G-quadruplexes, very few studies have 30 

been performed to unravel the translational regulatory role of 

G-quadruplex in 3′ UTR of mRNAs. G-quadruplex in the 

proto-oncogene PIM1 3′ UTR was reported to cause a 

translational suppression, though the mechanism of suppression 

is unclear.82 35 

While above studies discussed upon the implication of 

intramolecular RNA G-quadruplexes on gene translation, Ito et 

al studies indicated intermolecular RNA G-quadruplex 

influence upon translational process. Using reporter systems, 

they demonstrated that G-rich RNA can bind G-rich sequences 40 

in UTRs or coding region of mRNAs through RNA-RNA 

interaction forming intermolecular G-quadruplex that can cause 

gene inhibition in cellulo conditions.83 In the similar line, a 

recent report by Basu and coworkers indicated that DNA 

oligonucleotide induced hybrid DNA: RNA G-quadruplex 45 

formation in 5′ UTR and protein coding region of eIF4E 

mRNA causes reduced eIF4E protein production in human 

cancer cells.84 Essentially, these reports extended the concept of 

small nucleic acid mediated gene regulation that can occur 

through intermolecular structure formation in living cells. 50 

2. 3′ end processing and alternative polyadenylation 

G-quadruplex function in physiology was initiated with the 

discovery of a G quadruplex structure downstream of an 

endonucleolytic cleavage site in the 3′ UTR of IGF2 (insulin-

like growth factor 2) mRNA.12, 85 Since this transcript 55 

undergoes a specific cleavage reaction at a site just 5′ to this 

motif, it suggested the role of G-quadruplex in targeting 

mRNA- processing events.85 Subsequently, G-quadruplex 

formation was found to assist mRNA 3′ end processing in p53 

in the event of DNA damage (Fig. 5). Decorsiere et al 60 

demonstrated that the presence of stable G-quadruplex structure 

downstream from the p53 pre-mRNA cleavage site is critical 

for maintaining p53 3′ end processing efficiency following UV 

irradiation mediated DNA damage. This cis element via 

interaction with the hnRNP H/F protein maintains p53 65 

expression and leads to apoptosis following DNA damage.86 

Lately, G-quadruplexes located in the 3′ UTR of LRP5 (Low-

density lipoprotein receptor-related protein 5) and FXR1 

(fragile X mental retardation 1) mRNAs were shown to 

increase the efficiency of alternative polyadenylation leading to 70 

generation of several short transcripts. These short transcripts 

production was further implicated to impair miRNA regulation 

of FXR1 mRNA.87  

3. Mitochondrial transcription termination  

The role of 3′ UTR G-quadruplexes has been further explored 75 

in the diverse areas of gene regulation. It has been implicated to 

aid transcriptional termination of mitochondrial light strand in 

manner analogues to Rho-independent transcription termination 

in prokaryotes, where a G-quadruplex motif substitutes the 

hairpin loop formed in bacterial mRNA.88 It was also exhibited 80 

to generate primer for heavy strand DNA replication. 

4. mRNA localisation 

3′ UTR RNA G-quadruplexes have been shown to act as 

structural “zipcodes” assisting the process of mRNA 

localization in neurons.89  G quadruplexes in the 3′ UTR of two 85 

mRNAs- PSD-95 (Postsynaptic density protein 95) and 

CaMKIIa (Calcium/calmodulin-dependent protein kinase IIa) 

are required for their localisation from soma to dendrites of 

cortical neurites. Since these mRNAs were previously 

described as targets of FMRP, the authors demonstrated that 90 

FMRP depletion did not abolish the transport thus negating the 

possibility of FMRP role in ferrying the RNA to the neurites. 

Bioinformatic analyses further showed the presence of putative 

G-quadruplex sequence in the 3′ UTR of 30% highly conserved 

dendritic mRNAs suggesting that these neurite-targeting 95 

elements are important for the establishment and maintenance 

of cell polarity.89 More studies on these dendritic mRNAs as 

well as other mRNAs would reveal the mechanistic 

understanding of zipcoding function of RNA G-quadruplex. 

5. Alternative Splicing 100 

G-quadruplexes located in intronic regions of mRNA also 

affect alternative splicing- a mechanism of producing multiple 

protein products from a limited number of genes. Trans 

elements namely proteins of the hnRNP family play crucial 
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roles in splicing (Fig. 5). Genome wide studies indicated that 

G-rich tracts in introns of many genes exhibit potentiality to 

form G-quadruplexes and thus affect their splicing and 

expression patterns.90 The first report on cis-regulatory element 

G-quadruplex role in alternative splicing demonstrated that 5 

hnRNP F binds to a G-rich tract in the pre-mRNA which could 

form a G quadruplex structure and is essential in splicing of the 

scr N1 exon.91 Subsequently, G-quadruplex mediated 

regulation of alternate splicing was demonstrated to occur in a 

number of physiologically important genes such as B-10 

tropomyosin,92 hTERT (human telomerase reverse 

transcriptase),93 FMR1 (Fragile X mental retardation 1),94 

p53,95 BACE-1 (beta-site APP-cleaving enzyme-1) 96 and 

PAX9 (Paired box gene 9).97 Interestingly, alternative splicing 

was found to be different in p53 compared to rest of the 15 

examples cited above, as the authors showed that G-quadruplex 

in p53 is located in another intron (intron 3) than the one 

affected by alternative splicing (intron 2). Additionally, they 

showed that G-quadruplex presence in p53 did not induce a 

complete shift from one splicing pattern to the other, but rather 20 

modified the equilibrium between the two spliced products in a 

subtle manner, leading to differential expression of transcripts 

encoding distinct p53 isoforms;95 further indicating the ability 

of G-quadruplex motifs to fine tune the levels of different 

isoforms. There is a need to explore the prevalence of this kind 25 

of splicing regulation in other genes as well.  

 

Proteins interacting with the RNA G-quadruplex 

The number of RNA G-quadruplex binding proteins reported is 

relatively very less in contrast to proteins known binding to 30 

DNA G-quadruplex.98, 99 Among them, FMRP is most 

extensively studied RNA G-quadruplex binding protein. 

1. FMRP 

In recent years, the role of RNA G-quadruplex upon interacting 

with two RNA-binding proteins: FMRP (Fragile X Mental 35 

Retardation Protein) and FMR2P (Fragile X Mental 

Retardation 2 protein) has been extensively studied.100-102 

Impaired production of these proteins is associated with two 

forms of mental diseases: the Fragile X Mental Retardation 

syndrome (FXS) and the FRAXE-associated mental retardation 40 

(FRAXE).103  

FMRP protein has been shown to bind RNA targets harboring a 

G quadruplex motif with high affinity and specificity via its 

arginine–glycine–glycine (RGG) box.101, 104 RNA binding 

studies have revealed that an array of FMRP‟s RNA targets 45 

have G-quadruplexes in their 5′ UTR,105, 106 coding regions 107, 

108 and 3′ UTR.109, 110 RNA targets of FMRP, particularly 

Microtubules Associated Protein 1b (MAP1B) and catalytic 

subunit of Protein Phosphatase 2A (PP2Ac) evinced the 

presence of one or more G-quadruplex structures in their 5′ 50 

UTR.101, 106 FMRP binds to these motifs in MAP1B mRNA and 

inhibits its translation during active synaptogenesis in neonatal 

brain development. In the absence of FMRP, increased MAP1B 

protein expression is shown to cause abnormally enhanced 

microtubule stability, which in turn interferes with the normal 55 

development of dendritic spines.105 FMRP also negatively 

regulates PP2Ac mRNA translation by binding with its 5′ UTR 

G-quadruplex. In the absence of FMRP, the expression of 

PP2Ac increases and thereby alters actin remodelling in 

fibroblast cell lines.106 Additionally, a report by Khateb et al 60 

showed that the longer (CGG)n sequences in 5′ UTR of FMR1 

gene in FXS form G-quadruplex secondary structures, blocking 

the migration of the 40S subunit and thereby leading to 

impeded translation of FMR1 mRNA. Indeed, expression of the 

quadruplex disrupting proteins hnRNP A2 or CBFA were 65 

shown to alleviate this translational block.111 

RNA targets of FMRP harbouring G-quadruplex in their 3′ 

UTR - PSD95 110 and Sem3F (Semaphorin 3F),109, 112 mRNAs 

have been reported.103 Melko et al demonstrated that the 

association of Sem3F mRNAs to polyribosomes is decreased in 70 

absence of FMRP, thereby leading to their reduced expression. 

Hence, they indirectly suggested that FMRP in this instance 

may act as translational activator by sequestration or may 

influence mRNA stability.103 

Interestingly, FMRP was found to regulate its own activity by 75 

binding to G-quadruplex present in coding region of its mRNA 

and inhibiting its translation by a negative feedback loop.107 

Likewise, FMRP binds to G-quadruplex in coding region of 

APP (Amyloid Precursor Protein) and regulate its translation.108 

Besides this modulation in gene expression, a G-quadruplex 80 

structure present in exon 15 of FMR1 gene is depicted essential 

for alternative splicing of exon 14,94 where it has been shown to 

be a potent exonic splicing enhancer.102  

2. Helicase proteins 

RHAU is DEAH box containing RNA helicase that unwind 85 

both RNA and DNA G-quadruplex.113-117 Although N-terminal 

region of RHAU protein known as RHAU specific motif 

(RSM) harbors G-quadruplex recognition ability, its helicase 

activity is found to require the full length protein to unfold G-

quadruplex structure.118, 119  This helicase remodel the G-90 

quadruplex located in 5′ end of telomerase RNA and resolve G-

quadruplex increasing the expression of Yin Yang 1 gene.117, 120 

In contrary, RHAU (DHX36) RNA helicase was recently 

reported to bind to the G-quadruplex present in the 3′ UTR of 

PITX1 mRNA and suppress its expression.121 The authors 95 

further emphasised that these changes are brought about in 

association with argonaute-2 protein, a part of RISC silencing 

complex involved in microRNA mediated gene regulation, 

indicating a novel role of RHAU in microRNA mediated gene 

regulation of G-quadruplex containing 3′ UTR in some 100 

mRNAs. Another helicase DHX9 also has been reported to 

unwind RNA and DNA G-quadruplexes.122 This increasing 

repertoire of G-quadruplex resolving helicases would likely 

increase our overall understanding of mechanism of unfolding 
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and maintenance of equilibrium between folded and unfolded 

states of this structure. 

3. Other proteins 

Hexanucleotide repeat expansion (HRE), (GGGGCC)n in the 

non-coding region of C9orf72 is associated with 5 

neurodegenerative diseases-  amyotrophic lateral sclerosis 

(ALS) and frontotemporal dementia (FTD). This HRE can form 

DNA G-quadruplex and promote transcriptionally induced 

RNA.DNA hydrid called R-loop formation.123 Increase in 

number of repeats in HRE under pathological conditions 10 

display increased structural polymorphism causing increased 

transcriptional pauses, thereby leading to accumulation of 

abortive transcripts containing HRE. These transcripts forming 

RNA G-quadruplex were found to entrap several 

ribonucleoproteins such as nucleolin leading to nucleolar stress 15 

and molecular cascades culminating into ALS and FTD 

pathologies.123 Recently, these transcripts were shown to 

undergo repeat associated non-ATG translation generating 

C9RAN proteins which are specifically detected in 

cerebrospinal fluid of ALS patients, providing it a status of a 20 

biomarker of this disease.124  

In addition, TLS/FUS- telomere binding protein has been 

shown to bind telomeric DNA G-quadruplex and TERRA RNA 

G-quadruplex via its RGG domain to form a ternary complex. 

In matter of fact, these G-quadruplexes has been illustrated to 25 

serve as a scaffold for recruitment of these proteins to telomere, 

thereby regulating telomere length by histone modifications of 

telomere.125 

Furthermore, Frantz and Gilbert group purified and 

characterized two activities from yeast, G4p1 and G4p2 and 30 

found that both these activities bind G-quadruplex structures.126 
127 Subsequently, Xenopus Pat 1 proteins were also 

demonstrated to bind RNA G-quadruplexes.128 

Recently, pull down studies followed by matrix assisted laser 

desorption ionisation time of flight mass spectroscopy 35 

(MALDI-TOF MS) were utilised to identify the interacting 

partners of G-quadruplex located in 5′ UTR of MMP6 and 

ARPC2 (Actin-related protein 2/3 complex subunit 2) 

mRNAs.129 Binding partners were found to predominantly 

comprise ribosomal proteins, heterogeneous nuclear 40 

ribonucleoproteins, nucleolin and splicing factors. Few novel 

proteins previously unknown to bind nucleic acids were also 

identified.129 However, the mode of action of these proteins 

was not elucidated in these studies. 

 45 

Telomeric RNA G-quadruplexes 

In biological systems, functions of G-quadruplexes were first 

elucidated in the context of telomeric regions of the 

chromosomes, where highest genomic prevalence of this 

secondary structure occurs.130 The telomeric regions (2–10 kb) 50 

of mammalian chromosomes consists of tandem repeats of the 

sequence d(TTAGGG) and a G-rich strand that forms 100–200 

nucleotide long 3′ overhang called G-tail. Telomeres and their 

associated enzyme telomerase are vital elements for the 

maintenance of chromosomal end integrity. A protein complex 55 

shelterin further upholds the integrity of telomeric ends.131 

Dynamic resolution and formation of G-quadruplex structures 

in tandem repeats of the sequence d(TTAGGG) were proposed 

to aid chromosomal end maintanence.132 Since these telomeric 

G-quadruplexes are implicated in cancer biology, a 60 

considerable research effort has been focused on therapeutic 

implications and targeting of such structures.9 

Initially  telomeric region was thought to be transcriptionally 

silent, but a landmark study in 2007 provided an unequivocal 

evidence that the C-rich strand of the telomeric DNA is in fact 65 

actively transcribed by DNA-dependent RNA polymerase II 

(Pol II), giving rise to transcripts of variable lengths (0.1- 9.0 

kb) known as telomeric repeat containing RNA (TERRA or 

telRNA).133 TERRA was observed to exclusively localize to the 

nucleus near the telomeric regions.134, 135 It has been identified 70 

in humans, mice, zebrafish and yeast, indicating its 

evolutionary conservation and hinting towards its probable 

important role within cells.133, 136, 137 These long non coding 

RNAs are involved in a number of key cellular processes, 

including regulation of telomere length and inhibition of 75 

telomerase.138 139 

Since TERRA consists of consecutive repeats of UUAGGG, 

extensive studies were carried out to assess G-quadruplex 

formation in these telomeric RNA.52 These studies evinced that 

TERRA RNA could form stable G-quadruplexes and further 80 

evidences of their in vivo existence provided clues about their 

unknown roles in telomere biology.135 Employing pull down 

studies and MALDI-TOF MS, a wide array of proteins has 

been identified to bind TERRA RNA.140, 141 These proteins 

were deduced to regulate the localization and local 85 

concentration of the TERRA RNA. The shelterin proteins 

TRF1 and TRF2 were shown capable of binding directly to 

TERRA, as well as to elements of the origin recognition 

complex and H3TK9. In particular, TRF2 binds simultaneously 

to both TERRA RNA G-quadruplex and telomeric DNA G-90 

quadruplex.142 Moreover, proteins belonging to the hnRNP 

class were also found enriched in the pool of binding partners. 

Pull down studies with a poly UUAGGG tract indicated 

binding of hnRNP A1 to G-quadruplex structure.141 Thus, these 

reports make protein binding and thus function mediated via 95 

the formation of G-quadruplex structure in TERRA plausible.  

TERRA provides an excellent example of a non coding RNA 

that is involved in maintenance of chromosomal end integrity 

by most probably acting as a scaffold for recruiting proteins. 

With growing literature on long non coding RNA with 100 

unknown functions and bioinformatic prediction of G-

quadruplex in non coding RNAs,14 we speculate that non 

coding RNA harbouring G-quadruplexes might be a more 

universal phenomenon with probable important functions. 

 105 
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Tools for detecting RNA G-quadruplex 

G-quadruplexes are detected by biophysical techniques such as 

UV-vis spectroscopy, Circular Dichroism (CD), Fluorescence 

spectroscopy, single molecule FRET spectroscopy and 

electrospray ionisation mass spectroscopy.52  Biophysical 5 

characterisation of G-rich sequences is performed in buffer 

containing potassium/ sodium salts. A hypochromic shift with 

increasing temperature at 295 nm is a characteristic signature of 

G-quadruplex during UV melting.143 CD scans of RNA G-

quadruplex shows a positive peak at 262 nm and a negative 10 

peak at 240 nm of wavelength, indicating its parallel topology. 

Thermal difference spectrum of G-quadruplex where 

differential absorbance of the structure in unfolded and folded 

condition is plotted against wavelength indicates two positive 

peaks and a negative peak (at 295 nm).144 Fluorescence 15 

resonance energy transfer study of G-quadruplex forming 

sequence with a pair of acceptor/donor fluorophores covalently 

attached to the 5′ and 3′ ends is also used.41 Besides biophysical 

characterisation, polyacrylamide gel electrophoresis, reverse 

transcription assay and footprinting analysis of the sequences 20 

are employed.44, 88 As RNase T1 enzyme cleaves after guanine 

residue in single stranded condition and G-quadruplex 

secondary structure confers protection to involved guanine 

residues against RNase T1 digestion, RNase T1 footprinting 

technique is widely used.62 DMS footprinting and in line 25 

probing are also performed to indicate the guanine residues 

involved in G-quadruplex formation.59, 69 Furthermore, to detect 

the folding topologies of G-quadruplex at the atomic level, 

techniques such as NMR spectroscopy and crystallography are 

employed.48, 50 These techniques have been discussed in detail 30 

elsewhere.145 

In order to show the existence and function of G-

quadruplex in cells, various controls are included in the 

experiments. For example, G-quadruplex sequence with point 

mutations that disrupt G-quadruplex formation are used as 35 

control to elucidate its function.13, 57, 89 Also proteins and small 

molecule known to bind these structures are used to unravel its 

role which are discussed in detail in next section. Recently, 

Balasubramanian and co-workers developed a single chain 

fragment antibody for visualisation of RNA G-quadruplex in 40 

human cells.22 However, more probe molecules to identify and 

study this structure in cells are highly required. 

 

Targeting RNA G-quadruplex 

Manipulation of cellular events by targeting nucleic acid 45 

secondary structure is a promising strategy to control gene 

expression.99, 145 Oligonucleotide based targeting agents 

interfere with gene function but exhibit poor pharmacological 

properties.146 Small molecule based intervention methodology 

overcomes the disadvantages associated with nucleic acid 50 

based approaches, thereby translating chemical biology towards 

developing therapeutics.147, 148  

As G-quadruplex at the telomeric ends and promoter regions 

are well established targets for cancer therapeutics, extensive 

research on the ligands targeting DNA G-quadruplex has been 55 

performed in last few decades.149 Small molecules such as 

porphyrin (TmPyP4), acridine, pentacridium, quinacridine, 

telomestatin, naphthalene diiamide, bisquinolium and their 

derivatives are found to selectively bind and stabilise DNA G-

quadruplex.150, 151 Various crystal structures of DNA G-60 

quadruplex-small molecule are reported.150 Even few of above 

ligands have been tested to bind and modulate DNA G-

quadruplex function in cellular conditions.151 

Small molecules synthesised to selectively bind to G-

quadruplex typically exhibit following features: (1) A large 65 

planar aromatic core in order to maximise π-stacking 

interactions with G-quartets of G-quadruplex. (2) A positive 

charge to neutralise the negatively charged phosphate groups of 

nucleic acids backbone. (3) Positive charged side chains with 

functional groups to enhance contacts with grooves/loops/inner 70 

G-quartet core of G-quadruplex.145 However till date, only few 

studies on ligand targeting RNA G-quadruplex have been 

conducted.152 Since various clinically important genes are 

known to harbour RNA G-quadruplex, designing small 

molecules that stabilise or destabilise this structure acts as an 75 

attractive strategy towards drug discovery against various 

diseases including cancer.145 Especially G-quadruplexes in 

telomeric RNA containing repeat (TERRA) transcribed from 

the subtelomeric loci present at chromosomal ends and 

untranslated region of mRNA of oncogenes are plausible best 80 

suitable targets for drug discovery. Moreover, the parallel 

topology of RNA G-quadruplex limits its conformational 

diversity making selective targeting less challenging.152  

Initially, Collie et al studied the selectivity of few small 

molecules against DNA and RNA G-quadruplexes and found 85 

that BRACO-19 was more selective for telomeric DNA G-

quadruplex and a naphthalene diamide derivative was more 

selective towards RNA G-quadruplex.153 Thereafter, the same 

group reported the crystal structure of TERRA G-quadruplex- 

acridine small molecule complex where increased involvement 90 

of 2′ hydroxyl group of ribose sugar in binding with acridine 

was revealed (Fig. 6).51 In contrast to DNA G-quadruplex-

acridine complex, the loops of RNA G-quadruplex were shown 

to interact with acridine. Till date, this is the only crystal 

structure of ligand-RNA G-quadruplex complex available. 95 

Nevertheless, ESI mass spectroscopy has also been employed 

to understand the binding behaviour of three natural alkaloids 

(nitidine, palmatine, and jatrorrizine) to RNA G-quadruplex 

structure present in 5′ UTR of Bcl2. They are found to bind 

Bcl2 RNA quadruplex with high affinity and binding 100 

stoichiometry ranging from 1:1 to 3:1.154 ESI-TOF-MS 

experiments also demonstrated that chelerythrine can bind both 

DNA and RNA G-quadruplex.155 However, no NMR or 

crystallography studies have been performed on mRNA G-

quadruplex. 105 

Pyridostatin is a known molecule to stack over the terminal G-

quartets of DNA G-quadruplex stabilising the structure and to 
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cause growth arrest in cancer cells by inducing extensive DNA 

damage.156 Through a template-directed in situ „click 

chemistry‟ approach, a derivative of this molecule – 

carboxypyridostatin was discovered to exhibit more binding 

preference and selectivity towards RNA G-quadruplex over 5 

DNA G-quadruplex.157 In fact, this selectivity of 

carboxypyridostatin was later exploited in conjunction with G-

quadruplex structure specific antibody probe for the direct 

visualisation of RNA G-quadruplexes in the cytoplasm of the 

cell.22 Recently, Basu and co-workers screened a library of 10 

RNA G-quadruplex forming sequences with varying loop 

length for their binding to aminoglycoside kanamycin A.158 

They found that only few RNA G-quadruplex with two 

nucleotide loop length with specific combination were able to 

bind to kanamycin A.  15 

Ligands binding to G-quadruplex can behave in varying 

manners: (a) It can stabilise G-quadruplex, thereby intensifying 

its function. (b) It can destabilise the structure, thus minimising 

its role. (c) It can interfere with the binding of trans factor to G-

quadruplex, consequently hindering its activity (Fig. 7).152 In 20 

this regard, Balasubramanian and coworkers for the first time 

demonstrated the proof of concept for small molecule mediated 

gene regulation. They showed that small molecule- 

bisquinolium derivatives RR82 and RR110 are potent binders 

and stabilisers of RNA G-quadruplex present in 5′ UTR of 25 

NRAS mRNA enhancing inhibition of NRAS gene 

expression.148 In addition, three bisquinolium derivatives- 

PhenDC3, PhenDC6 and 360A with binding affinity similar 

towards RNA G-quadruplex and DNA G-quadruplex were 

found to perform small molecule- RNA G-quadruplex mediated 30 

gene regulation.63, 64, 81, 95, 159  Balasubramanian group also 

showed that ligand TmPyP4 does not exhibit RNA G-

quadruplex selectivity and thereby, do not inhibit NRAS 

translation.148 On the contrary, Basu and coworkers 

demonstrated that TmPyP4 destabilises RNA G-quadruplex 35 

present in 5′ UTR of MT3-MMP gene relieving the suppressive 

role of RNA G-quadruplex. Recently, this molecule was shown 

to distort RNA G-quadruplex structures formed by 

r(GGGGCC)n repeats of C9orf72 gene interrupting their 

interaction with various proteins.160 Moreover, a photoactivable 40 

alkyl substituted TmPyP4 was developed to bind KRAS G-

quadruplex and cause mRNA degradation and translation 

suppression upon photoactivation.161 TmPyP4 tetrachloride was 

further demonstrated to bind TERRA RNA G-quadruplex with 

binding affinity of magnitude one order higher than that of 45 

telomeric DNA G-quadruplex using ESI-TOF-MS.162 These 

studies, thus, indicated that a molecule against RNA G-

quadruplex such as TmPyP4 can behave differently in different 

gene context. 

Employing robust approaches to identify ligands for RNA G-50 

quadruplex is of great interest from drug discovery point of 

view.163 Various high throughput screening platforms such as 

virtual docking164-166 and fluorescence resonance energy 

transfer (FRET) based methods167-169 are used for identifying 

the binders. However, these screening were majorly utilised to 55 

identify molecules against DNA G-quadruplex. Lacroix et al 

used fluorescence based approach and quadruplex-duplex 

competition to screen various compounds and identified 

selective RNA G-quadruplex binders.170 Recently, Garavis et al 

used 19F- NMR fragment based screening of various 60 

compounds to identify ligands that can bind with TERRA RNA 

G-quadruplex with high selectivity.164 Some of these RNA G-

quadruplex ligands identified were also observed to bind DNA 

G-quadruplexes with parallel topology.  

Template assisted synthetic G-quartets (TASQs) are prototype 65 

G-quadruplex ligands that do not fall into the category of 

“small molecules having planar aromatic rings”. These TASQs 

undergo conformational rearrangement upon binding to G-

quadruplex, ensuring a high level of selectivity.171 A deviation 

of this prototype, pyrene template-assisted synthetic G-quartets 70 

(PyroTASQ) ligand was recently reported to emit fluorescence 

upon binding to DNA/ RNA G-quadruplex.172 

Current research on ligands is mainly restricted to small 

molecules having planar aromatic rings that primarily undergo 

extensive π-stacking interactions with the end G-quartets of G-75 

quadruplex.5 There is a requirement to explore ligands that can 

bind to grooves, loops and other regions of G-quadruplex. As 

proteins are known to bind G-quadruplex, another line of 

research has led to advancements towards developing peptides 

and antibodies towards this secondary structure. Peptides 80 

provide a good alternative to generally used heterocyclic 

molecules that stack with terminal G-quartets of DNA G-

quadruplex. Peptides with amino groups exhibit potential to 

interact with loops, grooves and phosphate backbone of the G-

quadruplex structure. The prime peptide developed against this 85 

structure was a single chain antibody fragment that recognises 

DNA G-quadruplex structures formed by telomeric repeat and 

was employed to show in vivo evidence of G-quadruplex 

structures within the macronucleus of Stylonychia lemnae for 

the first time.173 Recently, Balasubramanian and coworkers 90 

have identified a single chain fragment selective for G-

quadruplex using peptide display library and have used them as 

valuable visual tool to demonstrate the presence of both DNA 

and RNA G-quadruplex in the human cells (Fig. 8).22, 174 In 

another study, chemically modified peptides with zinc finger 95 

motifs were identified as suitable ligands for G-quadruplex on 

screening phage display library.175 These peptides were shown 

to inhibit telomerase activity when administered at the 

nanomolar range.176 

Besides this, few other peptides were identified to bind G-100 

quadruplex structure. Human antimicrobial peptide- 

cathelicidin peptide LL37 was reported as a potent binder of 

DNA G-quadruplex structure.177 In addition, RGG (Arginine-

glycine-glycine) domain of TLS protein has been demonstrated 

to bind to both telomeric RNA and DNA G-quadruplex.125  105 

Interestingly, on substituting tyrosine for phenylalanine in RGG 

domain of TLS protein, binding specificity of engineered RGG 

domain was found to greatly increase for RNA G-quadruplex 

and drastically decrease for DNA G-quadruplex.178 Indeed, this 

report is a paradigm where modifications incorporated in the G-110 

quadruplex specific peptide is shown to alter its affinity to 
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either RNA or DNA G-quadruplex.Thus lately, although there 

has been emerging interest to use RNA G-quadruplex as a 

potential molecular target for small molecule therapeutic agents 

and few molecules have been developed in this direction, most 

of the compounds identified against RNA G-quadruplex 5 

resulted from rational modification of molecules already tested 

against DNA G-quadruplexes. Therefore, the major challenge 

remains to identify/design novel ligands against RNA G-

quadruplex. Novel ligands may be developed with a careful 

understanding of the inherent differences between DNA and 10 

RNA G-quadruplex structures. Exploiting effects of ribose 

hydroxyl group on RNA G-quadruplex structure can form the 

basis for ligand design for discerning differences between DNA 

and RNA G-quadruplex.179  

 15 

Applications 

Various G-quadruplex forming oligonucleotides functioning as 

aptamers are being investigated for targeting molecules of 

therapeutic importance. Compared to monoclonal antibodies 

and other targeting tools, G-quadruplex aptamers offers several 20 

advantages of non-immunogenicity, heat stability, biostability, 

cost effectiveness, ease of chemical synthesis, enhanced 

cellular uptake efficiency and flexibility for introducing 

chemical modifications. In this regard, the most extensive work 

has been performed on RNA G-quadruplex based aptamers 25 

against prion protein, the agent causing transmissible 

neurodegenerative encephalopathy known as Creutzfeldt-Jakob  

disease.180 This aptamer targeting N-terminal region of prion 

protein (PrPc) comprises of G-quadruplex structure; and 

substitution of guanine bases with uracil residues was revealed 30 

to result in complete loss of PrPc binding, strongly suggesting 

that G-quadruplex is indispensible for PrPc recognition.181, 182 

In addition, numerous G-quadruplex based RNA aptamer have 

been identified against other pathological diseases. In the 

process of developing an aptamer against rheumatoid arthritis 35 

using SELEX, a G-quadruplex based RNA aptamer highly 

selective against human receptor activator of NF-kB (RANK) 

was identified.183 This aptamer was also found to target other 

TNF receptor family proteins, such as TRAIL-R2, CD30, 

NGFR and osteoprotegerin, a decoy receptor for RANK. 40 

Furthermore, an aptamer had been successfully developed as 

trypanocidal agents to treat sleeping sickness.184 This 2′-NH2 

modified aptamer possessing a stable G-quadruplex directly 

binds live trypanosomes at the parasite surface, thereby 

targeting it for immunoglobulin attack. In addition, several G-45 

rich sequences were identified during in vitro screening of 

RNA sequences targeting HIV integrase enzyme.185 Most of 

these sequences harboured the motif capable of forming stable 

G-quadruplex structure. 

Furthermore, G-quadruplex based aptamer are being developed 50 

to bind with important biomolecules and cofactors of metabolic 

pathways such as riboflavin 186 and thyroxine.187 Recently, 

RNA aptamers have also been used as diagnostic tools for the 

detection of SARS coronavirus.188 G-quadruplex in spinach 

RNA aptamer also has been shown to bind GFP like ligand and 55 

activates its fluorescence, suggesting its usage in imaging 

techniques.189, 190 RNA G-quadruplex has been already used as 

a thermoregulator to detect changes in temperature in E.coli. 

Like DNA G-quadruplex, it exhibit traits required for its usage 

as biosensor, molecular beacon, nanoswitch, nanowire, 60 

nanodevice 191-194 and become an important module in the field 

of synthetic biology, which has been discussed in detail 

elsewhere.195 

 

Conclusion 65 

With a large number of RNA G-quadruplexes present across 

the transcriptome, it becomes imperative to understand 

biological importance of these structural motifs. Although the 

research progress executed in this arena is highly 

commendable, much remains to be explored. The mechanism 70 

of G-quadruplex mediated gene regulation requires special 

attention. Recent progress in unravelling the function of RNA 

G-quadruplex has projected it as suitable candidate for 

therapeutic intervention with considerable efforts being 

invested to manipulate cellular events by strategically targeting 75 

this secondary structure.145, 152 In this regard, optimization of 

suitable drug candidates that can interact selectively with RNA 

quadruplexes is of utmost importance.99 An array of ligands 

targeting DNA quadruplexes may be screened for suitable 

interactions with RNA counterparts as well as novel ligands 80 

may be designed to selectively interact with RNA G-

quadruplexes. Though few ligands have been identified, a better 

understanding of the thermodynamic basis of these studied 

interactions would further open a new avenue for developing 

better therapeutic molecules targeting these secondary structures. 85 

Moreover, understanding the structural contribution of versatile 

G-quadruplex on physiological functioning remains uncovered 

in vivo scenario. More animal model studies are required in this 

direction. Along with fundamentals and their therapeutic 

application in the form of aptamers, RNA G-quadruplex 90 

research possesses the potential to contribute immensely to the 

field of synthetic biology. We envision that increased 

availability of high-resolution structures of RNA G-

quadruplexes in concert with an increased understanding of in 

vivo G-quadruplex topologies will expand the scope of 95 

identification of G-quadruplex ligands and their utility in the 

future. 
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 Table 1. Biological functions of RNA G-quadruplexes 

ROLE mRNA PROBABLE FUNCTIONS REFERENCES 

1. Translational 

regulation 

(a) Repression 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b) Augmentation 

NRAS 

Human and bovine ESR 

Zic-1 

BCL2 

TRF-2 

MT3-MMP 

ADAM-1 

Cyclin D3 

AKTIP 

CTSB 

 

Estrogen receptor 

 

 

PIM1 

 

 

FGF-2 

VEGF 

 

TGFβ2 

FOXE3 

G-quadruplex in the 5′ UTR of these cellular mRNAs 

represses translation. 

 

 

 

 

 

 

 

 

 

G-quadruplex present in ORF of this mRNA halt 

translational elongation. 

 

G-quadruplex in the 3′ UTR of this cellular mRNA is 

associated with its role in translational repression. 

 

G-quadruplex is essential for IRES-A mediated cap-

independent translation initiation. 

 

G-quadruplex in the 5′ UTR of these cellular mRNAs 

increases translation. 

13 
60, 61 

57 
63 
64 
62 
66 
67 
72 
72 

 
78, 79 

 

 
82 

 

 
59 
65 

 
68 
72 

2. 3′ end 

processing 

 

 

 

 

 

Alternative 

polyadenylation 

 

IGF-I 

 

 

p53 

 

 

 

LRP5 and FXR1 

 

 

This transcript undergoes a specific cleavage reaction in 

vivo at a site just 5′ to G-quadruplex motif. 

 

G-quadruplex downstream from the p53 pre-mRNA 

cleavage site is crucial for maintaining p53 3′ end 

processing efficiency following UV irradiation. 

 

G-quadruplexes located in 3′ UTR of these genes increases 

alternative polyadenylation efficiency generating several 

short transcripts. 

12, 85 

 

 
86 

 

 

 
87 

 

 

3. Transcription 

termination 

Control region-

conserved sequence 

block II (CSB II) of 

mitochondria 

G-quadruplex helps in transcription termination and the 

mechanism is similar to Rho-independent transcription 

termination in prokaryotes. 

88 

4. mRNA 

localisation 
PSD-95 and CaMKIIa 

G-quadruplex in the 3′-UTR of these mRNA are neurite-

targeting elements that aid transport of these mRNAs from 

soma to dendrites. 

89 

5. Alternative 

Splicing 

 

 

 

 

 

 

 

 

src N1 

Tropomyosin 

hTERT 

FMR1 

BACE1 

PAX9 

 

p53 

 

 

G-quadruplexes affect the splicing and gene expression by 

providing binding sites for proteins required for splicing 

such as hnRNP protein family. 

 

 

 

 

G-quadruplex in intron 3 modulates the splicing of intron 2, 

leading to differential expression of transcripts encoding 

distinct p53 isoforms. 

91 
92 
93 
94 
96 
97 

 
95 
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                            C 

 

Figure 1. (A) Schematic representation of a G-quartet (B) Schematic representation of RNA G-quadruplex with parallel topology        

(C) Crystal structure of intermolecular RNA G-quadruplex (PDB ID – 3IBK).50 Ribose sugar and nitrogenous bases are represented in 5 

green colour and phosphate backbone is represented in orange colour. Potassium ions (K+) are shown in violet colour. 
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Figure 2. Differences between DNA G-quadruplex and RNA G-quadruplex. 
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Figure 3. Functions of G-quadruplex located in different regions of pre-mRNA. 
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Figure 4. Probable mechanisms for regulation of gene expression by RNA G-quadruplex in 5ʹ UTR of mRNA. (A) G-quadruplex itself 

may interfere with the recruitment of preinitiation complex and subsequently delays the translation. (B) This structure may decoy 

inbibitors which in turn hinder the translation process. (C) G-quadruplex may employ factors that actively engage the translation 

machinery to translate mRNA into the protein. 5 
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Figure 5. Functions of RNA G-quadruplex. (A) Translation repression. (B) 3′ end processing and alternative polyadenylation when 

located in 3′ UTR of mRNA. (C) Alternative splicing when present in introns. 
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Figure 6. Crystal structure of RNA G-quadruplex-acridine complex (PDB ID - 3MIJ).51 The grey, dark green and light green represents 

the phosphate backbone, ribose sugar and nitrogenous bases of RNA oligonucleotide, respectively. The acridine molecules N,N′-((1,10-

(acridine-3,6-diyl)bis(1H-1,2,3-triazole-4,1-diyl))bis(3,1-phenylene))bis-(2-(diethylamino)acetamide) are shown in yellow colour. 

Potassium ions (K+) are depicted in violet colour. 5 
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Figure 7. A ligand can stabilise, destabilise RNA G-quadruplex or can aid RNA G-quadruplex formation from oligonucleotide. 
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Figure 8. Visual identification of RNA G-quadruplex in the human cells. G-quadruplex specific antibody BG4 (shown in red) was used 

to detect RNA G-quadruplex in the cytoplasm of SV40- transformed MRC-5 fibroblast using indirect immunoflorescence microscopy. 

Nucleus is stained with DAPI and cytoplasm is seen as dark region around the nuclei. (a) No primary antibody (b) BG4 staining shows 

presence of G-quadruplex in both nucleus and cytoplasm (c) Loss of BG4 staining in cytoplasm after RNase A treatment (d) Loss of BG4 5 

staining in nucleus after DNase treatment. Reprinted by permission from Macmillan Publishers Ltd: [Nature Chemistry],_22 copyright 

(2014). 
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RNA secondary structure G-quadruplex with its malleable nature can execute diverse biological functions, can be manipulated and be 5 

used for various applications. 
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