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ABSTRACT

Guanine-quadruplexes (G4s) are non-canonical four-
stranded structures that can be formed in guanine
(G) rich nucleic acid sequences. A great number
of G-rich sequences capable of forming G4 struc-
tures have been described based on in vitro anal-
ysis, and evidence supporting their formation in
live cells continues to accumulate. While forma-
tion of DNA G4s (dG4s) within chromatin in vivo
has been supported by different chemical, imaging
and genomic approaches, formation of RNA G4s
(rG4s) in vivo remains a matter of discussion. Re-
cent data support the dynamic nature of G4 forma-
tion in the transcriptome. Such dynamic fluctuation
of rG4 folding-unfolding underpins the biological sig-
nificance of these structures in the regulation of RNA
metabolism. Moreover, rG4-mediated functions may
ultimately be connected to mechanisms underlying
disease pathologies and, potentially, provide novel
options for therapeutics. In this framework, we will
review the landscape of rG4s within the transcrip-
tome, focus on their potential impact on biological
processes, and consider an emerging connection of
these functions in human health and disease.

INTRODUCTION

G-quadruplexes (G4s) are non-canonical secondary struc-
tures formed by G-rich nucleic acid sequences. A German
physician and chemist Ivar Bang in 1910 reported that
guanosine monophosphate and its analogues, but no other
nucleosides, readily form gel in minerally impure solutions

(1). This unique property of guanine derivatives was largely
overlooked until the 1960s when Gellert et al. used fiber
crystallography to arrive at a model of four guanine bases
arranged in a planar tetrameric square arrangement via
Hoogsteen base pairing to form a G-quartet (or G-tetrad
(Figure 1A)), which explained the gooey nature of the gua-
nine solution (2). Interest in the structural arrangements of
G4s was only ignited in the late 1980s when Henderson et al.
observed a higher order structure formed by G:G interac-
tion in telomeric DNA sequence (3) and, separately, Sen and
Gilbert discovered that short G-rich DNA oligonucleotides
can self-assemble to form G4 structures under physiological
salt concentrations indicating a potential regulatory role of
such structures during meiosis (4). It is clear from multiple
studies that the presence of cations is key to G4 formation
and their stability, at least in vitro (5,6). Stacks of G-quartets
(Figure 1B and D) are stabilized by cations centrally coor-
dinated to O6 of the guanines with stabilizing preference
in the following order: Sr** > Ba’>* > K* > Na*, NH,",
Rb* >> Li". The larger cations (i.e. K*) are located be-
tween the plane of two quartets and coordinate eight car-
bonyl oxygens whereas the smaller cations (i.e. Na*) are
deep-seated in the middle of a quartet and coordinate only
four carbonyl oxygens (Figure 1A). Furthermore, smaller
cations, like Li*, do not favor G4 formation (Figure 1C)
while cations like Ca”*, Cs*, Mg?* were found to destabilize
the G4s, probably through the interactions with electron ac-
ceptor groups of the guanine Hoogsteen edge. In contrast to
the key role of the cations in the core of the G-quartets, G4
stability is only slightly affected by ions masking the nega-
tively charged sugar-phosphate backbone (7).

The number of stacks of G-quartets in a G4 is speci-
fied by the sequence and length of each individual G-tract
and their connecting loops (Figure 1B and D) (8). The
feasible intramolecular G4s (Figure 1B) are designated as
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Figure 1. RNA G-quadruplex architecture, complexity and formation. (A) G-quartet, a square planar arrangement of 4 Gs stabilized by a cation, is a
structural unit of G-quadruplexes. (B) The presence of structurally diverse RNA G-quadruplexes in various RNA species reflects their roles in various
aspects of RNA metabolism. (C) Most commonly used cations in G4 studies, and their G4 stabilizing order. (D) Various types of commonly reported rG4s
based on different number of G-quartet stacking. (E, F) Proposed complex rG4 structures in pG4 repeat containing sequences like TERRA and C9ORF72

intronic RNAs.

‘GxNyGxNyGxNyGx’. Here, ‘Gx (x > 2)’ indicates the
number of Gs in each G-tract, whereas ‘Ny (y > 1)’ spec-
ifies nucleotide combinations of different lengths found in
the linking loops. Most bimolecular G4s consist of two
identical strands comprised of the same ‘NyGxNyGxNy’
combination whereas the tetramolecular ones consist of
‘NyGxNy’ sequence (Figure 1B). Based on biophysical
studies of different G4s, algorithms using sequence mo-
tifs such as GxNyGxNyGxNyGx were developed and de-
ployed to predict putative G4 structures in genomic DNA
(8,9). Early models assumed loop lengths no longer than
seven and a requirement for four continuous stretches of
Gs (8,10). Subsequently, non-conventional G4s with longer
loop lengths and discontinuities in G-stretches causing
bulges were observed (11,12) leading to alternative predic-

tive models (13,14). In addition, there are more complex
models where G4s are either arranged in a ‘beads on a string
model’ or in a ‘stacking model’ (Figure 1D). It is possible to
apply machine learning to predict genome-wide G4 forming
propensity with the availability of big datasets (15). Com-
putational prediction algorithms indicate up to 375 000
G4s can be formed in the human genome simultaneously
(10,16). Small molecule assisted high-throughput G4-seq
analysis (using G4-stabilizing ligand pyridostatin (PDS))
revealed ~700 000 G4s in the human genome, with ~450
000 G4s that were not predicted by bioinformatics, includ-
ing non-canonical G4s (17). Mapping of G4s in chromatin
by G4 ChIP-sequencing with an anti-G4 antibody retrieved
~10 000 G4s in highly transcribed regulatory nucleosome-
depleted chromatin regions, indicating that G4s are mostly
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suppressed in chromatin and may influence the occupancy
and positioning of nucleosomes (18). In general, putative
G4s (pG4s) are clustered in certain genomic regions, namely
telomeres, gene promoters and DNA replication origins
(19-21). Various in vitro and in cella studies suggest the cru-
cial role of DNA G4s (dG4s) in the maintenance of chromo-
somal integrity, and the regulation of replication, transcrip-
tion and recombination (13,22,23).

Given the prevalence of dG4s in the genome, it was no
surprise that similar sequences in RNA can also form RNA
G4 structures (rG4s) (24). Pioneer work from the Balasub-
ramanian lab employing rG4-seq in vitro to profile RNA
G4s in the polyadenylated (poly(A)) fraction of RNA (~17
000 transcripts) determined that about 2500 genes contain
~3700 putative rG4s. Even more putative rG4s sites dis-
tributed in ~6000 genes were found under treatment with
PDS (25). Consistent with whole genome sequencing of hu-
man dG4s, rG4 enrichment was found in the 5" and 3’ un-
translated regions (UTRs) of mRNA, as well as within the
5" end of the first intron in pre-mRNAs (reviewed in (26—
28)). rG4-motifs were also found in protein-coding regions,
albeit less frequently. Consequently, rG4s are implicated
in transcriptional regulation, mRNA processing, the reg-
ulation of translation and RNA translocation. rG4s were
also indicated in non-coding RNAs (ncRNAs)-especially
long ncRNAs (IncRNA), telomeric repeat associated RNA
(TERRA), the RNA component of the telomerase (TERC)
and microRNAs-with yet mainly obscure biological signif-
icance (29-31). Most studied rG4s act as translational re-
pressors, however some were found to modulate mRNA
polyadenylation and splicing, dictate neuritic mRNA tar-
geting, and more (26-28). Certain rG4s could contribute
to genomic stability by building RNA:DNA hybrid G4s
or rG4:RNA-binding protein (RBP) complexes, which reg-
ulate genome processes, such as recombination, telom-
ere homeostasis or gene expression (reviewed in (28,32)).
Additionally, previous studies excluded ribosomal RNA
(rRNA)—the most abundant cellular RNA—however it
was the first type of RNA shown to form highly stable G4s
in vitro (33).

Despite their apparent similarity, the assumption that
rG4s are identical to the dG4s may be misleading because
of the chemical, environmental, and structural differences
between the two nucleic acids. While DNA mostly exists
in a double-stranded form, RNA is mostly single-stranded
or adopts different types of secondary structures (hairpins,
loops, bulges, pseudoknots, etc.) and even has the potential
to form tertiary structures. In addition, at least in eukary-
otes, the subcellular localization of RNA and DNA further
distinguish them: while DNA is located in the nucleus and
mitochondria bound to histones and other auxiliary fac-
tors, RNA is found in both the nucleus and cytoplasm as
well as in cytoplasmic organelles (i.e. the mitochondrion
and endoplasmic reticulum) yielding a great diversity in
protein-binding partners. Even at the molecular level, rG4s
are more compact, less hydrated, and often more thermody-
namically stable than their DNA counterparts (24,34). Over
the last decade, G4s and their biology—long regarded as a
mere in vitro phenomenon—received deeper attention: their
structure, function, and in cella behavior not only in G-rich
DNA and RNA, but also in nucleic acid analogues, were ex-

amined. The presence of G4s in viral, prokaryotic and eu-
karyotic genomes, as well as transcriptomes, suggest their
evolutionary conservation, and thus regulatory relevance
for numerous biological processes. Attention is now being
paid to rG4s, which show enhanced stability and propensity
for G4 formation. Multiple independent in silico, in vitro, in
vivo and in cella studies signify the biological importance of
rG4s. The aim of this review is to summarize the state-of-
the-art knowledge of rG4 structure-function relationships
and their broadened biological implications.

RNA G-QUADRUPLEX-TOPOLOGICAL DIVERSITY
AND DYNAMICS

G4s can be intramolecular (unimolecular) or intermolec-
ular (bimolecular or tetramolecular) (Figure 1B) and can
adopt a wide diversity of topologies arising from differ-
ent combinations of strand direction, as well as length and
loop composition (35). Although the G-quartet organiza-
tion is the signature of each G4 core, it is accompanied
by a huge number of particular steric conformations de-
pending on the primary sequence and physiochemical con-
ditions. The right-handed helical forms of G4 were the only
known orientation of both dG4s and rG4s until Chung
et al. reported the existence of a left-handed dG4 struc-
ture in vitro for a well-known G4 aptamer AS1411 (36).
All possible G4 topologies feature a four-stranded arrange-
ment, which exhibits a regular rise and twist between the G-
quartet planes and spans four grooves of variable width (8).
This layout is accomplished either intramolecularly, pro-
vided that four or more G-tracts are present in one nucleic
acid strand, or intermolecular, where G4s almost entirely
arise from two (bimolecular) or four (tetramolecular) dif-
ferent strands (Figure 1B). Although commonly believed
to be thermodynamically unstable, trimolecular G4 struc-
tures have been reported in the context of in vitro studies
of the assembly of higher-order dG4 species (37,38). Using
various in vitro biophysical techniques, Li et al. reported
a unique type of intramolecular dG4 that forms with one
G2 tract bearing a guanine vacancy along with three reg-
ular G3 tracts (39). The authors demonstrated that such
a structure can recruit a guanine derivative from the en-
vironment to fulfil the vacancy. Given that there are al-
most as many G-vacancy containing pG4s in the genome
as the regular pG4s, the impact of such potential vacancy
filling G4s in the cellular G4 dynamics could be enormous
(39). It is therefore plausible to assume the formation of
rG4s from analogous RNA sequences which could have
a wider impact on gene regulation. The possibility of for-
mation of left-handed G4s, trimolecular G4s, and space-
filling G4s open up a different dimension in the topological
complexity of the transcriptome. G4 polymorphism is de-
termined by the combination of strand orientation (paral-
lel, antiparallel or mix), loop length, base composition and
topology between successive G-tracts (propeller, lateral or
diagonal), as well as conformation of the glycosidic bonds
in each guanine. The G4 structure is parallel if each G-
tract is oriented in the same direction, antiparallel if the
alternate G-tracts run in the opposite direction, or it can
be mixed. A correlation exists between the mutual orien-
tation and length of G-tracts and the N-glyosidic syn—anti



conformation of guanosines inside each G-tetrad and along
the G4 axis. Given the chemical properties of RNAs, rG4s
are generally more stable than dG4s of the same sequence
(24). The additional 2’-OH group in the ribose ring popu-
lates a C3’-endo sugar pucker conformation, which signifi-
cantly organizes the hydration shell and the hydrogen bond
network and promotes a parallel G4 topology in rG4s (29).
Parallel G4s tend to dimerize or multimerize, as observed
among quadruplexes in TERRA RNA (Figure 1E, F) (40—
42). Generally, parallel G4s energetically favor G-residues
in anti-conformation, are structurally more or less homo-
geneous and show four almost identical grooves (reviewed
in (43)). In contrast, anti-parallel G4s carry guanines in
both anti- and syn-conformation, which are arranged fol-
lowing to the particular G4 topology and orientation of par-
ticipating G-tracts. Reports from the Xu lab suggested the
possibility of formation of antiparallel rG4s in both native
and modified RNA oligos in vitro (44,45). In addition to
strand orientation and glyosidic bond orientation pattern,
loop variation also affects the topology and dynamics of
G4s. Although not directly involved in the G-quartet forma-
tion, the nature of the loops is a limiting factor for G4 fold-
ing and their thermodynamic stability. Formation of one or
another loop type is dependent on the nucleotide sequence,
the number of G-quartets and strand orientation within the
G4. Two adjacent parallel strands require a strand-reversal
loop, termed propeller or double-chain reversal loop, which
consequently links the upper G-quartet with the lower ones
without inverting the nucleic acid chain direction (46). On
the other hand, adjacent antiparallel G-tracts are connected
edgewise by lateral loops, which form the transition between
opposed-sense G-tracts (47).

Structural studies using X-ray crystallography (XRC)
(48,49) and nuclear magnetic resonance (NMR) spec-
troscopy (50) have provided detailed insights into the struc-
ture of G4s, primarily based on the human telomeric re-
peat or sequences derived from the promoter regions of
certain human genes. Both XRC and NMR can provide
insight into the folding dynamics of rG4s under different
ionic conditions and their interaction with small molecule
or protein ligands. Despite of the fundamental role of struc-
tural analysis tools in determining rG4 folding and their
interaction with specific ligands, their use is often limited
which makes modeling studies based on molecular dynam-
ics (MD) simulations a valuable tool to predict the most
probable topology of rG4s (Figure 2) and their interac-
tion with ligands (51-53). While using the structure pre-
diction tools, published homologous structures (based on
XRC and NMR) are searched in the existing databases (se-
quences with same number of G-repeats separated by the
same number of nucleotides to set a basis for the model,
mismatched nucleotides in the model loops are then re-
placed by those from the desired sequence using one or
more suitable modeling programs such as Biovia Discovery
Studio (https://www.3ds.com/), SYBYL-X (Certara, USA),
and NAB (reviewed in (54)). The built-in programming lan-
guages within these software packages can be modified to
create scripts that allow one to carry out various struc-
tural and molecular rearrangements, docking, geometric
transformations, and molecular mechanics optimization in
force fields suitable for describing relevant interatomic in-
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teractions (55). To visualize models and MD calculations,
VMD (http://www.ks.uiuc.edu/Research/vmd/) and USCF
Chimera (https://www.cgl.ucsf.edu/chimera/) packages can
also be used (51). In the absence of a homologue, assump-
tions based on the sequence analysis can be made about the
possible topology of the G4 core, the number of G-quartets
involved, the number of nucleotides in the loops, and the na-
ture of loops. While simulating the G4 topologies using MD
tools, the nature of the loop is considered a key parameter;
for example, in a general sequence GXNyGxNyGxNyGx,
vy = 1 results in propeller loops, y = 2 causes deformation
of the G-quartets if they have a diagonal and right lateral
orientation, y = 3 generally results in lateral orientation
(56,57). Since there is a lot more structural data available for
dGd4s, those can be cautiously used as base models for rG4
structure prediction using MD simulations since replacing
thymine in loops with uracil can change the core topology
(58,59). It should be noted that often alternative models can
be built for a given sequence. In this case, the model with the
lowest free energy would be the model of choice.To score
the deformation of the structure of the quadruplex core,
one can use the parameter system described by Tsvetkov
et al. (60). Indeed, such approach has already been used to
build models for nucleic acid secondary structures including
G4s (61) and i-motifs (62,63). Figure 2 summarizes differ-
ent models for diverse topologies of rG4s predicted based
on their comparison with similar dG4 structures from the
Protein Data Bank (PDB) and MD simulations. Despite
of the flexibility in structure prediction, MD approaches
also have their own limitations such as, force fields used for
structure optimization and MD simulation only approxi-
mately describe interatomic interactions and examination
of obtained model stabilities does not allow to sample the
entire conformational space within reasonable simulation
time (55,64). With the ongoing rapid advancement in in
silico approaches, it is possible that modeling approaches
will provide accurate and efficient structural information
making such approaches key components of 1G4 structural
analysis and advancing rG4 targeting therapeutics.

G4 folding/unfolding likely follow multi-exponential ki-
netics involving various intermediates of which only a few
finishes as G4s. Moreover, identical G-rich sequences can
form different energetically analogous G4s, which exist in
dynamic equilibrium with each other. Apart from that,
G4-flanking nucleotide fragments may significantly affect
these structural polymorphisms. We are far from a com-
plete understanding of rG4 folding dynamics, nevertheless,
a few studies shed light on peculiar folding kinetics (65)
and folding-unfolding dynamics of rG4s. While dG4 fold-
ing is a complex multifaceted process that results in various
topologies (66), the folding of rG4s has been mostly looked
at as a relatively straightforward process that results in al-
most only all-parallel monomorphic topology (67). Never-
theless, the molecular understanding of the formation of
anti-parallel hairpin like structures which result in an all
parallel rG4 topology is challenging and largely overlooked.
Using MD simulations in parallel G-hairpins with propeller
loops, Havrila et al. demonstrated that a series of rearrange-
ments of the H-bond interactions, starting from compacted
anti-parallel hairpin-like structures to propeller loops could
happen before reaching to the rG4 structure (68). Since the
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Figure 2. Models of rG4 types based on structural predictions. (A, B) A three-tier parallel rG4 modeled for ¥-GGGAGGGGCGGGUCUGGG, lateral
and top view, respectively. (C, D) An anti-parallel rG4, modeled for 5¥-UUAGGGUUAGGGUUAGGGUUAGGGUUA based on analogous dG4 PDB:
2mbj (208). (E, F) A proposed hybrid rG4, modeled for 5-UAGGGUUAGGGUUAGGGUUAGGG based on analogous dG4 PDB: 2jsm (209). (G, H)

A tetramolecular rG4, modeled for 5-GGGGGUGUAGCUCAGUGGUAGAGCGCGUGC based on the sequence of 5/'-tiRNAA® (details in Figure
6E). The nucleotides are colored as follows: Gs in syn conformation in quartets are yellow, Gs in anti-conformation in quartets are green, the remaining
nucleotides in loops are magenta. K* ions are shown in black. Gs in quartets are depicted by ‘ball and stick’ model. The models were created using the
method described in ‘RNA G-quadruplex-topological diversity and dynamics’. The rG4 models shown in C, D and E, F have the same number of tetrads

and loops, but their topology is different.

functions of many regulatory RNAs depend on how their
3D structure changes in response to a diverse array of cellu-
lar conditions (69), it is really important to understand the
dynamic nature of rG4s to understand their molecular and
cellular functions. In this respect, rG4 interactions with pro-
teins, which may help a quadruplex to fold or destabilize it
(such as RNA helicases), are of high biological significance.

EVOLUTIONARY DISTRIBUTION OF RNA G-
QUADRUPLEXES

The evolutionary context of G4 distribution is mostly stud-
ied in the genome. The Balasubramanian lab recently an-
alyzed genomes of 12 species ranging from bacteria to hu-
mans in the presence of a physiological K* concentration
or a G4 stabilizing ligand to map pG4s (70). The authors
found a striking observation in human, mouse and 7ry-
panosoma brucei, where they detected a strong enrichment
of G4s at gene promoters and in 5UTRs (Untranslated Re-
gions). Other eukaryotes like Caenorhabditis elegans, Danio
rerio and Drosophila melanogaster, however, showed deple-
tion of experimentally observed G4s at these and other (e.g.
exons, 3'UTR) intragenic regions but showed an enrich-
ment in ncRNA regions. The authors also reported that
other species they studied (Saccharomyces cerevisiae, Leish-
mania major and Plasmodium falciparum) showed depletion
of observed G4s at intragenic as well as ncRNA regions.
The last group, Rhodobacter sphaeroides, Escherichia coli
and Arabidopsis thaliana, did not show enrichment or de-
pletion of experimentally observed G4s at any genomic re-
gions. Ding et al. studied the distribution of pG4s densi-
ties in the genomes of many organisms (71). Their analysis

suggests that although the overall G4 distribution amongst
species with a large genome is pretty consistent through-
out the genome, there is a higher density of pG4s within
the promoters and UTRs. The authors found that the or-
ganisms with large genomes (>10° bp; log(Mb) > 3) have
similar GC% (36-44%) and possess pG4s with densities
ranging from 0.1-0.5 per kb, among which 30-50% of the
pG4s have four G tracts implying the possibility of forma-
tion of very stable G4s. The mouse and chicken genomes
contain slightly more pG4s with >4 G tracts (50%). The
human genome has a pG4 density of 0.23 per kb. In the
large genome cohort, ~45% of the pG4s were found to have
more than four G tracts implying the favorable selectivity of
the additional G tracts during evolution may maintain G4
folding in the event of damage to the principal G4 tracts.
pG4s within the human genome and transcriptome are en-
riched at the transcription start site (TSS), the UTRs, and
the 5" end of the first intron, and depleted in coding regions.
The coding regions of most genes are depleted of G4 motifs
(22). Lee et al recently integrated multiple sources of hu-
man genomic data and demonstrated that pG4s in 5" and
3’ mRNA UTRs are selectively constrained, and enriched
for cis-expression quantitative trait loci and RBP interac-
tions, implicating rG4s in the mRNA UTRs as important
cis-regulatory elements (72).

However, in organisms with a smaller genome there is
greater variability in pG4 density, ranging from nearly ~0—
2.5 pG4s per kb, and greater variability in the percentage of
pG4s with >4 G tracts, ranging between 20% and 50%. The
low pG4s frequency in E. coli, yeast, and A4. thaliana were
previously reported (70). On the other hand, the genomes
of the stress resistant tardigrade, as well as rice, a com-



mon plant species, have pG4s densities similar to that of
large genome species (3 pG4s/kb). Some microorganisms
that had >0.5 pG4s/kb include Arabidopsis johnsonii found
in the human microbiome, the radiation resistant bacteria
Deinococcus radiodurans, the thermophile Thermus aquati-
cus, and the single cell green algae Chlamydomonas rein-
hardtii. Among the analyzed species, the organisms that
had the highest pG4s densities also possessed the high-
est GC% in their genomes (71). Among the 1627 bacterial
genomes analyzed using the G4-search engine G4Hunter,
Bartas et al. reported that the highest distribution of pG4s
lies around the tRNA locus, inside the transfer mRNA,
and rRNA locus (73). Although the pG4s were present in
all the sequences analyzed, the density differed significantly
across evolutionary groups (a range of 0.013 in Lacinutrix
venerupis to 14.213 Thermus oshimai JL-2 pG4s per kb).
The highest frequency of pG4s was detected in the sub-
group of Deinococcus-Thermus, and the lowest frequency
in Thermotogae. The analysis revealed that the pG4s are
non-randomly distributed, are favored in various evolution-
ary groups and are enriched mostly in ncRNA segments fol-
lowed by mRNAs suggesting a unique and non-random lo-
calization of pG4s in bacterial genomes.

Lavezzo et al. analyzed the known genome data of all hu-
man infecting viruses and found that the occurrence and lo-
calization of pG4s are features characteristic of each virus
class and family (74). The authors demonstrated that such
sequences in both DNA and RNA viral genomes are or-
derly arranged such that two-thirds of viral classes can
be assigned by just looking at the distribution of pGd4s.
pG4s were observed to be denser in single stranded genome
viruses, and overall viral pG4 distribution was significantly
higher than predicted based on the random distribution ex-
pected relative to GC percentage in the genome. In a sep-
arate study Biswas et al. showed that alpha-herpesviruses
such as herpes simplex virus-1 (HSV-1) and varicella-zoster
virus genomes had a higher G4-density than human and
mouse genomes, indicating that G4 formation in these
viruses could have a greater impact on gene regulation (75).
Overall, rG4s are increasingly being recognized as impor-
tant cis-regulatory elements across evolutionary tree.

MAPPING OF RNA G-QUADRUPLEXES IN VIVO

The majority of G4 prediction has been done computa-
tionally (reviewed in (9)), while validation tests have mostly
been done in vitro using various biophysical (NMR (76),
CD spectroscopy (77), UV spectroscopy (78), etc.) and
biochemical (electrophoretic gel shift assay, enzymatic &
chemical footprinting, polymerase stop assays, etc.) tech-
niques (79), and in cella using G4 specific fluorescent
ligands (80,81) or antibodies (82). Recent advances in
high-throughput sequencing technology has allowed for
transcriptome-wide identification of both dG4s (83) and
rG4s in cella (84,85) under various conditions.

RNA Gd4s, like other stable secondary structures, can
make reverse transcriptase stall during reverse transcrip-
tion (RT) making it possible to track the presence of rG4s
(Figure 3A) using the RT stop approach. Comparison of
rG4-permissive conditions (e.g. K* or G4 stabilizing lig-
ands such as PDS, carboxy-PDS, BRACO-19) with non-
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rG4-permissive conditions (like Li*) allows us to map the
position of rG4s detected as RT stops. In combination with
next generation sequencing techniques, this approach has
been recently used to map transcriptome-wide rG4 distri-
bution (85,86).

RNA immunoprecipitation techniques such as
individual-nucleotide  resolution Cross-Linking and
ImmunoPrecipitation (iICLIP) (87) and PhotoActivatable
Ribonucleoside-enhanced Cross-Linking and Immuno-
Precipitation (parCLIP) (88,89) have been applied to
study transcriptome-wide binding sites of rG4 interact-
ing proteins (Figure 3C). Although CLIP methods lack
definitive proof of rG4 folding, they are indeed valuable
to find the site that is potentially folded into a G4 in
vivo. Another approach to study rG4s in cells is to use
G4-specific antibodies in combination with fluorophore
tagged secondary antibodies (Figure 3E). BG4 antibody
was employed to visualize rG4s in the cytoplasm of fixed
human cells. Elevated BG4 signal has been observed upon
depletion of rG4 helicases, and during the S-phase of
the cell-cycle. In addition, G4 specific small molecules
(fluorescently tagged or those with intrinsic fluorescence)
have been used to probe cellular rG4 structures (Figure 3F)
(80,81). Derivatives of pyridostatin and PhenDC incubated
with live cells have subsequently been conjugated to a
fluorescence probe using ‘click chemistry’ after fixation to
visualize rG4s. Laguerre ef al. used N-TASQ probe for
the detection of rG4s in live cells. The authors showed
N-TASQ has apparent high affinity for rG4s in cells since
it cannot penetrate the nuclear membrane making it useful
to visualize cytoplasmic rG4s (90). Ligands with intrinsic
fluorescence, such as QUMA-1, were recently developed
tools with a potential for live cell visualization of rG4s (91).

Application of reactive small molecules to discriminate
among different RNA structures provides an alternative to
mapping rG4s in vitro and in cella. Selective 2’-Hydroxyl-
acylation Analyzed by Primer Extension (SHAPE) is a pow-
erful tool in RNA structure mapping that has recently been
applied to map rG4 structure formation based on their dif-
ferential reactivity towards RNA nucleosides with or with-
out the rG4 formation (Figure 3B) (92). In vivo DMS treat-
ment in combination with in vitro rG4 folding can be used to
map the position of rG4s (Figure 3D) in the cells. N7 of each
guanine in a G-quartet is Hoogsteen hydrogen-bonded and
protected from methylation by DMS which allows the for-
mation of rG4s under permissive conditions in vitro. This,
in combination with the RT stop assay, has been used as
powerful tool to map rG4 folding in vivo (92).

Peroxidase proximity labeling with ascorbate peroxidase
(APEX) is a relatively new, yet very powerful tool, to map
the local proteome or transcriptome within a cellular com-
partment, based on the engineered peroxidase-mediated bi-
otinylation of local biomolecules (93). While it remains to
be seen whether an APEX-like system can be tuned to map
cellular rG4s, the Sen lab showed that the intrinsic peroxi-
dase like activity of a G4-hemin complex can be exploited
to biotinylate G4s (Figure 3G) (94). Apparently, rG4s also
can actively biotinylate themselves under these conditions.
Under optimal condition, this method, in combination with
next generation sequencing, has the potential to map in vivo
rG4 dynamics.
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molecules, or ligands shifting the equilibrium of unfolded
G-rich sequences/partially folded structures towards fully
folded rG4s or vice versa (stabilization versus destabiliza-
tion). Moreover, these approaches are not capable to deter-
mine quantitatively the folding state of a specific G-rich re-
gion of interest.

Even though the details of in vivo rG4 formation are
not understood in depth, based on the in vitro studies
it is not difficult to speculate on a crucial role for rG4
folding-unfolding dynamics in myriad of cellular biochem-
ical processes. rG4 structures may undergo protein-, small
molecule- or ion-assisted folding, unfolding and refolding
in a continuous fashion inside the cells. Under favorable
ionic environment, some rG4 structures are thermodynam-
ically more favorable than kinetically favorable secondary
structures, for example hairpins (98). The dynamic switch-
ing between hairpin structures and rG4s has been proposed
to regulate translation of rG4 containing mRNAs (see be-
low). Using a prokaryotic system, Endoh and Sugimoto
recently demonstrated that the functional role of thermo-
dynamically favorable rG4s can be negatively affected by
metastable kinetically favored structures demonstrating the
importance of RNA folding dynamics in the regulation of
gene expression (99).

Unexpectedly, one study brought a skepticism of in
vivo occurrence of rG4s (92). Their DMS treatment- and
SHAPE-based analysis of rG4s in poly(A)-containing tran-
scriptome from mouse embryonic cells and yeasts, sug-
gested that rG4s are globally unfolded in eukaryotic cells
under steady-state conditions while they are readily de-
tected in folded state in vitro. This would suggest two possi-
ble scenarios in which rG4s do not exist in vivo or they are
actively unfolded/kept in an unfolded state by some cellu-
lar machinery. However, it is possible that the experimen-
tal conditions used in this study were not sensitive enough
to capture the transient nature of rG4s in vivo (reviewed in
(85)).

Recent data support the latter scenario and uphold the
idea that rG4s exist and are dynamic in live cells. The
dynamic behavior of rG4s is supported by data based
on the selective and continuous tracking of rG4 fold-
ing and unfolding using the fluorescent probe QUMA-1
(Figure 3F) to visualize their dynamic nature in live cells
(91).This was further endorsed by results based on cap-
turing global snapshots of transiently folded rG4s at the
transcriptome-wide level by a G4-specific ligand followed
by target sequencing (86). The Monchaud lab used bi-
otinylated Template-Assembled Synthetic G-quartets (Bio-
TASQ) rG4 pull down followed by RT-stop mapping using
RNA-seq approach to provide evidence in favor of transient
existence of rG4s in mammalian cells (86,100). Moreover, in
plants, in vivo RNA chemical structure profiling determined
that hundreds of rG4s are strongly folded in rice and Ara-
bidopsis, and their formation contributes to gene regulation
and plant growth (101). Finally, loss-of-function studies on
the 3’-5 DEAH-box helicase DHX36, which possesses ro-
bust dG4/rG4 unfolding activity, results in the folding of
rG4s in 5 and 3’ UTRs of DHX36 mRNA targets. Con-
sequently, rG4 formation on these mRNAs increase their
stability with concurrent decrease in their translation effi-
ciency (89).
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Together with proteome-wide approaches aiming to iden-
tify bona fide RBPs (102) and RNA affinity approaches us-
ing rG4 sequences aiming to identify specific rG4-binding
proteins (rG4BPs) (87,103,104,105), these studies corrobo-
rate the view that rG4s are dynamic in vivo, and their dy-
namics are largely dependent on interaction with specific
protein factors.

RNA G-QUADRUPLEX INTERACTING PROTEINS

A plethora of in vitro studies and some in cella studies
demonstrate the association of G4 sequences with DNA
or RNA binding proteins (103,106,107). Although in vitro
experiments indicate the interplay between G4 and non-
G4 structures is largely controlled by their ionic environ-
ment (5), within cells the dynamics could be totally differ-
ent, where proteins could solely dictate or contribute to the
metal assisted G4 folding. The dynamics of rG4s in vivo is
presumably largely controlled by rG4BPs directly or indi-
rectly. G-quadruplex recognition by a protein is a multistep
process involving main binding domains recognizing the G4
structure with the assistance of interactions from neighbor-
ing disordered regions (108). In some cases, previously un-
structured regions of RBPs become ordered upon canoni-
cal RNA binding to stabilize G4-interacting conformations
(109). Additionally, RNA G4s may directly or indirectly
(via disruption of other secondary structures) impede pro-
tein binding and movement along RNA. An rG4BP can ei-
ther stabilize, destabilize (unwind), or prevent the formation
of rG4s (Figure 4A). Many of the reported rG4BPs were ei-
ther suggested based on dG4 based studies or in vitro pull-
down experiments. Recently, pull-down experiments using
rG4 oligos with or without the G4 stabilizing ligands in the
cellular environment have identified new protein players in
rG4 biology (86,87). The analysis of reported rG4 interact-
ing proteins reveal the presence of certain domains, motifs,
or unstructured regions in the established or predicted bind-
ing regions of the rG4BPs (Supplementary file and Figure
4B-C). By virtue of their chemical nature, RRM (RNA-
recognition motif) and RGG (Arginine-Glycine-Glycine)
motifs within the proteins are mostly involved in the interac-
tion with rG4s, and hence are the most commonly reported.

RGG domain containing rG4BPs

RGG domain (also called RGG/RG motif or GAR do-
main) collectively describes regions rich in RGG or RGX re-
peats. More than 1000 human nucleic acid binding proteins
contain RGG/RG domains, which are crucial in the regu-
lation of various physiological processes such as transcrip-
tion, pre-mRNA splicing, DNA damage signaling, mRNA
translation and the regulation of apoptosis (110). The argi-
nine residue within the RGG domain not only mediates hy-
drogen bonding to nucleic acids, but also provides amino-
aromatic interactions to build tertiary interactions neces-
sary to position other domains (109,111). Interestingly,
other positively charged amino acids (lysine and histidine)
are not found within RGG/RG motifs, suggesting that the
arginine residue confers distinct properties to the motif
besides its positive charge. Glycine within the RGG do-
main enhances structural flexibility providing target speci-
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ficity (109). HNRNPs (Heterogenous Nuclear Ribonucle-
oproteins), FXR (Fragile X mental retardation syndrome-
regulated) proteins, and DEAD box helicases are the most
widely recognized rG4BPs which contain RGG or RGG like
domain(s) (105,112-114). Interestingly, HNRNPH1 recog-
nizes telomeric rG4 via its loop base, emphasizing the im-
portance of loop sequence in the identity of rG4s (112). The
C-terminal RGG-domain of HNRNPU was shown to bind
telomeric DNA allowing for the formation of G4s (115).

It was initially reported that the RGG domain present in
human fragile X mental retardation protein (FMRP) po-
tently binds rG4s with high affinity in contrast to its par-
alogs, FXR1P and FXR2P, which also contain RGG mo-
tives (116). This makes FMRP unique in its ability to rec-
ognize G4s, also suggesting the FMRP RGG domain may
play a unique, non-redundant, role in the pathophysiol-
ogy of Fragile X mental retardation syndrome. Addition-
ally, Menon et al. demonstrated using in vitro assays that an
FMRP RGG-derived peptide at lower concentration helps
stabilize rG4 of MAPI (microtubule associated protein 1B)
mRNA in vitro, yet at a higher peptide:RNA ratio unwinds
rG4 structure (117). In separate studies, the FMRP RGG
box has been shown to bind RNA duplex—quadruplex junc-
tions, mixed tetrads, and duplex regions rather than G-
quartets directly, by forming base-specific RNA contacts
using arginines and glycines (113,118). A crystallographic
study revealed specific recognition of a rG4 by a B-turn in
the RGG motif of FMRP (Figure 4D-E) (105). Later, it was
shown that in addition to FMRP, FXR 1P binds rG4s with
high affinity and specificity (119).

Many helicases of the DEAH (Asp-Glu-Ala-His) box
family interact with G4s in an RGG dependent manner
(23,114,120). Using a pull down/mass spectrometry ap-
proach, Herdy et al. demonstrated that 55% of the proteins
associated with NRAS rG4 contain an RGG domain (87).
The authors further validated that rG4 recognition by some
of these proteins (DDX3X and DDX17) indeed requires
RGG as evidenced by abrogation of their binding in protein
mutants. Reversibly, it was shown that DDX3X interact-
ing mRNA targets were significantly enriched in rG4s (87).
Small-angle X-ray scattering and nuclear magnetic reso-
nance spectroscopy revealed general principles for G4 speci-
ficity by an RNA helicase associated with AU-rich element
(RHAU, DHX36), which preferentially binds parallel G4s
both in DNA and RNA (121). Using a parallel dG4 binding
to DHX36, it was shown that not only the Gs from the G-
quartets but other bases outside the quartets as well involve
in recognition and binding of the G4 to a particular peptide
sequence (114). For example, the positively charged side-
chains of Lysine 8 (K8), Arginine 10 (R10), and Lysine 19
(K19) are each located above a groove in G4-DHX36 com-
plex, and electrostatic interactions are favored by the prox-
imity between these residues and the phosphate groups of
G16, G4 and G8/G12, respectively (Figure 4F). While the
residues directly contacting the G-quartet core are among
the most conserved residues across various species, these
positively charged residues are conserved in higher organ-
isms. Interestingly, Tippana et al. used DHX36-rG4 binding
to demonstrate highly asymmetric folding-unfolding mech-
anism of rG4s (122). The authors showed that, unlike in
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dG4s, DHX36 displays an ATP-independent unfolding of
rG4 followed by an ATP-dependent refolding.

Another DEAD box helicase, translation initiation fac-
tor eIF4A is suggested to unwind rG4 structures in mRNA
5'-UTRs encoding many transcription factors, epigenetic
regulators and key oncogenes (123). Waldron et al., how-
ever, showed that eIF4A also alleviates the translational re-
pression mediated by classical secondary structures, even
more so than by G4s in the 5 UTRs of eIF4A-sensitive mR-
NAs bearing (G2C)4 stretches (124). Gao et al. used a dG4
pull down to identify G4-interacting proteins in yeast and
demonstrated that some of the DEAD-box RNA helicases
(Dbp2, Dedl and Mss11) can bind to both dG4s and rG4s
but can only unwind rG4s (125).

In some instances tyrosine can replace arginine to form
a YGG box which could use a similar mechanism of RNA
binding as RGG boxes (102). Recently a bioinformatic anal-
ysis identified a common denominator for several dG4-
binding proteins, called Novel Interesting Quadruplex In-
teraction Motif (NIQI) (126). Similar to the RG-rich do-
main of FRM1 (RRGDGRRRGGGGRGQGGRGRGG
GFKGQG), which specifically binds and stabilizes G4 struc-
ture, the NIQI motif (RGRGRGRGGGSGGSGGRGRQG)
mainly harbors disorder-promoting residues. Thus, pres-
ence of NIQI motifs suggests the importance of intrinsically
disordered regions among G4BPs, which enable hydrogen
bonding interactions with a wide portfolio of G4s, suggest-
ing a NIQI motif search could be useful in searching for
novel G4BPs in general, including rG4BPs. Altogether, this
indicates a wide variation in the composition and selectivity
of RGG and RGG-like domains in rG4 recognition. Adapt-
ability of the RGG motif could be critical for high-affinity
recognition of rG4s in mRNAs, for instance, as arginine
methylation is frequently observed in RGG boxes (110).

RRM domain containing rG4BPs

The RNA recognition motif (RRM) domain (also called
RNP-type RNA-binding domains or ribonucleoprotein
motif) mostly recognizes ssRNA during RNA processing
and transport. The RRM is the most common RNA-
binding domain of 75-85 amino acids containing two highly
conserved short sequence motifs known as RNPI and
RNP2. It has a typical BaBBap topology that forms a
four-stranded B-sheet packed against two a-helices with
RNP1/RNP2 located in the two middle B-strands (127).
RRMs of the HNRNP family of proteins show high affin-
ity for single stranded guanine repeats tracts. Given their
plasticity, HNRNPs interact with structured RNAs as well,
promoting tremendous functional diversity (127). Differ-
ent recognition modes enable HNRNPF and HNRNPH
to bind both G-rich oligos and rG4s. HNRNPF contains
two glycine-rich regions and three quasi-RNA recognition
motifs (QRRMs), which, unlike canonical RRMs, lack aro-
matic and basic residues in RNP1 and RNP2 motifs. Loop
residues of qRR Ms recognize and maintain G-tract binding
in sSRNA conformation, and in addition, HNRNPF shows
some specificity towards rG4 recognition (128). Liu and Xu
reported that HNRNPA binds to the loop of the telomeric
rG4 by recognizing the base of the loop’s nucleotides pro-
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viding evidence that the nucleotide composition could be a
key factor for HNRNPAT specifically recognizing the rG4s
(112).

Zinc finger (ZnFs) domain containing rG4BPs

ZnFs are typically ~30 amino acid long BB« topology do-
mains, in which certain cysteine and histidine residues co-
ordinate metal ions, usually zinc, to stabilize a rigid fold,
which rarely undergoes conformational change upon tar-
get binding (129). Certain ZnF proteins, which are usually
abundant in glycine and arginine, are G4-binding proteins.
Cellular nucleic acid binding protein (CNBP/ZNF9), which
harbors seven CCHC-type ZnF domains in addition to one
RGG motif, preferentially binds to the G-rich regions of
target mRNAs and enhances their translation (130). Both
ZnF-domains and the RGG domain are required for high-
affinity binding of CNBP to G-rich RNA sequences. CNBP
binding to pG4s prevents rG4 formation in vitro suggest-
ing that CNBP supports translation by resolving stable rG4
structures in mRNAs. Lin-28 homolog A (Lin28) contains
two ZnF motifs as well as a cold-shock domain (CSD)
which together form critical contacts with guanine and ade-
nine bases in distinct G-rich RNA regions (131). Similarly,
ZnF and RRM domains in splicing factor LARK and its
homologue RBM4 specifically bind G4s in the promoter re-
gions and may regulate transcription (132).

Recently, a significant effort has been put into identify-
ing the rG4 interactome. For example, rG4 proteome pull
down by different labs (87,103,104) have identified novel
rG4BPs, implying a wider significance (post-transcriptional
regulation, translation regulation, splicing regulation, etc.)
of rG4-proteome dynamics. Independently, using a SILAC
(stable isotope labeling by amino acids in cell culture)-mass
spectrometry approach, Serikawa et al. identified a broad
range of rG4 interacting proteins which showed a diverse
pattern depending upon the rG4s they used for the pull-
down (133). The majority of the candidates they found be-
long to the HNRNP family, discussed above. While many of
them recognize rG4s directly, the interplay of HNRNPH/F
with other RNA-binding proteins, such as RNA helicases
DDXS, DDX17 and DHX36, enhances their affinity for
rG4s (105,134). Similarly, DDX5 and DDX17 associate
with RNA binding protein (RBM) 4 and 14 which are
known to interact with rG4s. Other rG4BPs with RRM do-
mains are splicing proteins, including serine/arginine-rich
splicing factors (SRSF) 1 and 9 (104).

As the number of studies aiming to identify the rG4 pro-
teome increases, we should focus on identifying the spe-
cific rG4 interactome since in the studies using wild type
rG4 versus non-rG4 pull-down approach, results could still
be questionable. While the field is growing, we so far un-
derstand that there is no common motif or structural ele-
ment in the identified proteins that broadly defines them as
rG4BPs, rather it is the presence of polar residues with in-
herent flexible randomness in the peptide composition that
makes a protein suitable to regulate dynamic rG4 struc-
tures. Common approaches to study rG4—protein interac-
tions use pull-down experiments using mutant oligos or G4-
non-permissive salt conditions as negative controls, which
can unexpectedly bias the end results because in one case it

is possible to get a different RNA structure (in RNA mu-
tants) while the other case can result in a different chemical
environment where proteins behave differently (under non-
physiological salt conditions). An alternative approach to
reduce these biases is to use control oligos with chemical
variations that only abolish the possibility of G4 formation
while keeping rest of the chemical environment same (e.g.
using 7-deazaguanine containing oligos). This approach
helps distinguishing bona fide G4 binding proteins from the
G-rich sequence binding proteins (135,136).

PROPOSED FUNCTIONS OF RNA G-
QUADRUPLEXES IN REGULATION OF GENE
EXPRESSION

As pG4s are commonly found in regulatory regions of mR-
NAssuch as 3’-and 5-UTRs or in introns of pre-mRNAs, it
immediately hints at the potential impact of rG4s on RNA
metabolism. Consequently, the number of proposed roles
played by rG4s in different aspects of gene regulation is con-
stantly increasing. Although they are implicated in various
processes ranging from genome stability to RNA biogene-
sis, transport, and regulation of transcription and transla-
tion, it should also be noted that many of these implications
are bases on in vitro studies awaiting further examination in
vivo.

RNA G-quadruplexes in RNA transcription and co-
transcriptional processing

The nascent RNA strand can base pair with its template
DNA during transcription to form a structure called R-
loop (137). G-rich nascent RNA with two or more G-tracts
can base pair with the non-template DNA strand to form
RNA:DNA hybrid G4s in the R-loop structure (Figure SA)
(138,139). Regions downstream of transcription start sites
are enriched with pG4s, with an average of 73 putative hy-
brid G4s per gene (139,140). Formation of hybrid G4s in R-
loops was confirmed using T7 RNA polymerase in in vitro
transcription (141), where R-loop formation was shown
to inhibit transcription. In vitro crosslinking, site-specific
mutagenesis, and luciferase reporter assays were also used
to show transcriptional blockage by R-loop G4 formation
(142). A recent study showed that R-loops and the hybrid
G4s can be formed post-transcriptionally in the mouse im-
munoglobulin heavy chain (IHC) locus (143). The authors
demonstrated a unique manner of R-loop formation where
the rG4 in the spliced introns are resolved by DHX1 to al-
low them to form hybrid G4s in the switch region of the
DNA locus, thereby promoting the class switch recombina-
tion in the mouse IHC locus (Figure 5B). This interesting
approach of gene regulation could be paused to stabilize the
spliced intronic rG4s to modulate the DDX1 and AMD me-
diated IgH class switch recombination. The nascent RNA
and non-template DNA strand of mitochondrial CSB I1
can co-transcriptionally form a stable DNA-RNA hybrid
G4, which was suggested to promote transcription termi-
nation (144). DNA:RNA hybrid G4s could play a role in
transcription termination as pG4s are proposed terminator
sequences that cause RNA Polymerase II transcription to
pause (145,146). Particularly, R-loops formed behind elon-
gating polymerase II are prevalent over G-rich pause sites
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positioned downstream of poly(A) signals and are capable
of G4 formation. Senataxin (SETX) helicase plays a key role
in this mechanism by resolving R-loops allowing 5'— 3’ ex-
onuclease Xrn2 access to the 3’ cleavage poly(A) sites caus-
ing nascent RNA release, 3’ cleavage product degradation
and finally polymerase termination. The depletion of SETX
causes R-loops to be stabilized downstream of poly(A) sig-
nals, preventing efficient pause-mediated termination.

RNA G-quadruplexes regulate mRNA maturation, transport,
and translation

Although RNA pG4s are more abundant in UTRs, they
are also present in the intronic (especially in the first in-
tron) and exonic regions of pre-mRNAs and the coding re-
gion of mature mRNAs (reviewed in (26-28)). rG4s present
in pre-mRNA introns or exons can enhance, inhibit or al-
ternate their splicing via recruitment of specific rG4BPs or
steric interference with regulatory elements in the vicinity of
the rG4 (Figure 5C) (reviewed in (26,27). For example, two
exon-located rG4s within FMRP pre-mRNA act a potent
splicing enhancer (147). Interestingly, while an intronic rG4
in the human telomerase (#TERT) pre-mRNA works as a
splicing silencer (148), an intronic rG4 in TP53 pre-mRNA
acts as a splicing enhancer (149). Lastly, rG4s regulate alter-
native splicing, partially mediated via recruitment of HN-
RNPH and HNRNPF. A recent study showed that an rG4-
binding ligand results in thousands of alternative splicing
events in cells (150). rG4s in the 3’ UTR of pre-mRNA are
speculated to affect mRNA maturation by modulating their
3" end processing (151,152). Zarudnaya et al. proposed that
such pG4s are abundant in the transcriptome and can act as
auxiliary downstream elements (DSE) that can help modu-
late alternate adenylation (151). It was later shown that a
unique rG4 is formed within the DSE region of the UTR
in p53 pre-mRNA and is recognized by HNRNP F/H to
allow 3’ end formation of p53 mRNAs after DNA damage
(153).

rG4s can be crucial in mRNA localization (154). rG4s in
the 3’ UTR of many neuronal mRNAs (for example, APP,
BDNF, GLRAI, PSD95, and aCaMKII) facilitate their
dendritic localization (Figure SD). The deletion of 1G4 se-
quence from PSD95 and « Ca MKII mRNAs resulted in the
loss of dendritic translocation of mRNAs and also the loss
of neurite signals (154). Similarly, TDP-43 has been shown
to bind rG4 mRNAs to transport them for local transla-
tion within the neurons (155). In addition, rG4s present
in mRNA 3’ UTR could play a role in the regulation of
RNA interference by regulating miRNA binding (Figure
5E) (156). Ibrahim et al. recently proposed a novel mech-
anism for canonical mRNA decay mediated by deadenyla-
tion and decapping followed by exonucleolysis from the 3’
and 5 ends. The authors showed that human mRNAs are
subject to repeated, cotranslational, ribosome-phased, en-
donucleolytic cuts at the exit site of the mRNA ribosome
channel, in a process called ribothrypsis, and proposed rG4s
as potential ribothrypsis triggers (Figure 5F) (157).

rG4s within mature mRNAs mostly inhibit their trans-
lation, although some reports suggest stimulatory roles of
rG4s on translation (reviewed in (26,27) and Figure 5G).
A number of cell-free translation and cell-based reporter

assays showed that rG4s in the 5 UTR of mRNAs cause
reduction in the efficiency of their translation (reviewed in
(26,27)). rG4 density, thermodynamic stability and position
relative to the 5’ cap have all been shown to differentially
influence translation (158). rG4s are often located near the
beginning of 5" UTRs, suggesting a role in translation initi-
ation. Depletion or inhibition of eukaryotic initiation fac-
tor 4A (elF4A), a helicase that unwinds RNA secondary
structures and facilitates the recruitment of the 43S preini-
tiation complex, reduced the translation efficiency of mR-
NAs, indicating that rG4s directly influence recruitment of,
or scanning by, the ribosome (reviewed in (159)). On the
other hand, unresolved rG4s in 5 UTRs can promote the
formation of 80S ribosomes on alternative, upstream start
codons, thus inhibiting the translation of the main open
reading frame (160). rG4s in FGF2, «-Syn and VEGF mR-
NAs are proposed to stimulate translation as a part of an
internal ribosome entry site (IRES) or IRES-like elements,
potentially by helping recruit the 40S ribosome (Reviewed
in (159)). However, the nature of cellular IRESes and mech-
anisms of their activity are currently debated (159,161), and
thus the role of rG4s in IRES-dependent translation is far
from clear.

rG4s in the coding regions have much lower abundance
than in UTRs (162), and when present act as transla-
tional repressors. For example, rG4 within the ORF of
APP mRNA inhibits its translation via association with
FMRP, a known translational silencer (163). It is postu-
lated that ORF-located rG4s, due to their extreme stabil-
ity, may obstruct elongating ribosomes and, consequently,
cause their stalling and/or disassociation as in the case
of the virally encoded EBNAI transcript (164), or stim-
ulate frameshifting as shown in studies using mRNA re-
porters (165). Nonetheless, some ORF-situated rG4s were
also described to stimulate translation. One such rG4 is lo-
cated in MLLI/4 mRNA, which is recognized by the RGG-
containing factor AVEN in complex with helicase DHX36
(166). Although the molecular mechanism is unknown, it
is possible that DHX36 stimulates MLLI/4 mRNA trans-
lation via its rG4-resolving activity, thus removing road-
blocks for elongating ribosomes (Figure 5G).

Although less studied, rG4s in the 3’ UTR of mRNA are
shown to inhibit translation (e.g. PIM1, APP) without ap-
parent effect on mRNA stability (167). Although mecha-
nisms of such inhibition are not known, rG4s may attract
RBPs that act as translational repressors (Figure 5G). Beau-
doin and Perreault showed that 3’-UTR mRNA rG4s in-
crease the efficiency of alternative polyadenylation, leading
to the expression of shorter transcripts (167). The authors
also showed that alternatively polyadenylated transcripts
possess the ability to interfere with the miRNA regulatory
network of a specific mRNA (167).

RNA G-quadruplexes regulate non-coding RNNA biogenesis
and functions

Noncoding RNAs not only regulate gene expression at the
levels of transcription, RNA processing, and translation,
they protect genomes from foreign nucleic acids and guide
DNA synthesis or genome rearrangement (168). Many
ncRNAs exploit their base pairing to achieve their function



while others use their structural features or act as RNA-
protein complexes. As in case of mRNA, selected ncRNA
areas are also enriched with pG4 sequences (27). Except rel-
atively well studied TERRA rG4 (29,40) (Figure 6A), the
presence and functions of rG4s in ncRNAs have only re-
cently gained attention. An increasing number of reports
suggest the existence of putative rG4s in diverse classes of
ncRNAs, including IncRNAs (169), rRNAs (33) (Figure
6B), miRNAs (31) (Figure 6C), piRNAs (170,171) (Figure
6D) and tRNA-derived RNAs (135) (Figure 6E), although
functional consequences for their presence in these RNAs
are largely unknown.

TERRA RNA is the main IncRNA component of the
telomere that has been shown to contribute in telomere
homeostasis via its rG4 dependent interaction with telom-
eric protein TRF2 (172). The interactions between TRF2,
TERRA rG4 and telomeric dG4 could occur simultane-
ously (Figure 6A) making this interaction a key in regu-
lating telomere homeostasis. Another telomeric IncRNA
TERC can also form rG4 structure and it was reported
that G4 helicase RHAU is associated with TERC in vivo
suggesting the dynamic involvement of TERC rG4 in an
active telomerase holoenzyme (173). Although the pGd4s
are predicted widely in other IncRNAs (174), relatively
smaller progress has been made to identify their presence
and function. Nevertheless, GSEC IncRNA was shown to
bind DHX36 helicase via its G4 forming sequence and mod-
ulates colon cancer cell migration (169). With the amount
of diversity both in distribution and function of IncRNAs,
we speculate that much more effort will be put to identify
such targets and their physiological and pathophysiological
roles.

In miRNAs and piRNAs, rG4s have been shown to reg-
ulate biogenesis of these ncRNAs in addition to impeding
their target recognition (Figure 6C-D) (31,170,171). The
formation of an rG4 instead of the canonical stem-loop
in certain precursor microRNAs (both pri- and pre-) can
inhibit their maturation by Drosha or Dicer (30,31,175).
Consequently, rG4-mediated regulation allows for manip-
ulation of the production of mature microRNAs. rG4s’ for-
mation within mature microRNA or their target mRNA
sequences can subsequently alter the regulation of the tar-
get mRNA. rG4s in precursor piRNA clusters have been
shown to regulate piRNA biogenesis (170). The interac-
tion of RNA helicase MOV10L1 with rG4s is necessary
for the subsequent endolytic cleavage of precursors to pro-
duce mature piRNA (170). Multiple retrotransposons in
the human genome harbor pG4s, which may promote their
transposition as observed in long interspersed element 1
(176). The involvement of rG4s in histone modification was
recently implicated in a CLIP approach experiment that
showed Polycomb repressive complex 2 (PRC2) binding to
rG4s and catalyzing the gene-repressive histone modifica-
tion H3K27me3 (177).

In response to stress, transfer RNAs are cleaved in their
anticodon loops by the ribonuclease angiogenin to produce
tRNA halves called tRNA-derived stress-induced RNAs
(tiRNAs), a ncRNA class that participates in translational
control under stress (reviewed in (178,179)). Selected tiR-
NAs derived from the 5'halves of tRNAA2 and tRNASYS (5-
tiRNAA/CYS) assemble intermolecular rG4s (135). These
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tetramolecular rG4-tiRNAs target protein synthesis by in-
hibition of cap-dependent translation via direct interaction
with the translation initiation factor elF4G (Figure 6E)
(180). As a consequence of translation inhibition, cells pro-
mote the formation of Stress Granules (SGs), membraneless
cytoplasmic foci with pro-survival functions (181,182).

RNA G-QUADRUPLEXES IN BIOMOLECULAR CON-
DENSATES AND THEIR CONNECTION TO DISEASES

The earliest description of the ability of guanosine
monophosphate and its derivatives to self-assemble into
gels upon reaching certain concentrations is one of the most
prominent features of G-rich nucleic acids (1). Such gela-
tion represents connectivity transition that involves a grad-
ual increase in interactions between monomeric units and
culminates in the formation of crosslinked interaction net-
works. Gelation is related to liquid-liquid phase separation
(LLPS), a fundamental physical phenomenon describing a
density transition of an initially homogenous solution into a
dense and a dilute liquid phase that can stably coexist. This
phenomenon underlies many biological processes including
the formation of membraneless compartments (reviewed in
(183)), notably RNA-containing subcellular entities (called
RNA granules) such as the nucleolus in the nucleus (184)
and SGs in the cytoplasm (181).

Structurally distinct RNAs are capable of undergoing
phase separation themselves or together with interacting
proteins as a part of ribonucleoprotein (RNP) complexes
(185). During phase separation RNPs interact with other
complexes, RNAs and proteins, via multiple weak interac-
tions to promote high local RNA:protein concentrations
that trigger the formation of RNA granules. These RNA
granules are dynamic and constantly exchange their con-
tent (proteins, RNAs) with the surrounding environment.
Interestingly, many rG4-binding proteins (e.g. RNA heli-
cases, FXR proteins, HNRNPs, etc.) are also associated
with SGs, specific cytoplasmic foci that assemble in cells
in response to stress. Different RNA features contribute to
their ability to assist in or promote biomolecular conden-
sation via LLPS, e.g. their GC-richness (186). With their
intrinsic ability to undergo gelation at high local concen-
trations, dynamic nature in vivo and promiscuity to interact
with multiple RBPs, these RNAs are excellent candidates
to contribute to biomolecular condensation. We have re-
cently shown that functional tetramolecular RG4s assem-
bled from 5'tiRNAs (135) actively promote the formation
of SGs by (1) inhibition of mRNA translation, thus con-
verting translationally-arrested mRNAs into substrates for
LLPS (180,187), and by (2) building molecular scaffolds to
attract rG4BPs into their proximity to nucleate SG forma-
tion (187).

Interestingly, specific pathological conditions (especially
neurological disorders) are associated with patient muta-
tions in which repeats of nucleotides (tri-, tetra-, hexa- nu-
cleotides) increase in copy number in comparison to healthy
individuals (188). Such expansions can occur in both cod-
ing and non-coding parts of genes, which when transcribed,
produce repeat-containing RNAs that are commonly as-
sociated with cytotoxicity and the assembly of RNA foci.
Mechanistically, these RNA foci are built by RNA repeats,
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which act as a template to attract and sequester specific
RBPs. One of such characteristic repeats is the intronic
GGGGCC (G4C2) hexanucleotide repeat in the COORF72
gene that is the most common cause of Amyotrophic Lat-
eral Sclerosis and Frontotemporal Dementia (ALS/FTD),
neurodegenerative diseases with no cure (189,190). r(G4C2)
repeats readily assemble into hairpin and G4 structures in
vitro (191,192). Our work revealed that rG4C2 repeats pro-
mote RNA condensation and assembly of RNPs in lysates
(193). In cells, r(G4C2) assemble cytoplasmic foci, which re-
semble SGs both compositionally and dynamically, and nu-
clear foci, which are a hallmark of ALS/FTD patient cells
with CO9ORF72 mutations (193). Importantly, the forma-
tion of r(G4C2)-mediated foci is mainly dependent on G4
structures of the repeat, where repetitive pattern of rG4s
drives r(G4C2) condensation, interaction with RBPs and
phase separation. The r(G4C2) repeat length is directly
proportional to the degree of r(G4C2)-mediated condensa-
tion and foci formation. This is important because r(G4C2)
repeats exceeding a threshold length also correlate with
ALS/FTD pathogenesis (189).These studies suggest that
rG4 targeting of 1(G4C2) repeats by rG4-ligands may ben-
efit ALS/FTD patients. This hypothesis awaits further ex-
amination.

RNA G-QUADRUPLEXES AS THERAPEUTIC TAR-
GETS

As we understand the wider role of RNA structural ele-
ments in different molecular, cellular and pathophysiolog-
ical levels, it is possible that they are potential targets to
modulate gene expression in the context of disease (194). In-
deed, a significant effort has already been made to develop
therapeutics that target rG4s using different mechanisms.
The common approaches involve small molecule therapeu-
tics that recognize rG4s based upon their planar interaction
with the G-quartets or groove binding or loop recognition
ability, and oligonucleotides (or their analogs) that comple-
mentarily bind directly to the rG4s or adjacent to them to
modulate their formation (Reviewed in (27)).

First report of using rG4 stabilizing ligands to tar-
get mRNA SUTR rG4s in cella came from the Har-
tig lab almost a decade ago, where the authors used lu-
ciferase reporter assays to demonstrate the dose dependent
translation inhibition of TRF2 translation upon treatment
with G4 stabilizing bisquinolinium compounds (360A,
PhenDC3, and PhenDC6) (195). Thereafter, many labs have
used numerous small molecules to show their impact in
stabilizing or destabilizing rG4s in mostly in vitro and us-
ing reporter systems in cella. Miglietta et al. used 4,11-
bis(2-aminoethylamino)anthra[2,3-b]furan-5,10-dione and
its analog to target 5 UTR KRAS rG4 (196). The authors
showed KRAS down-regulation induces apoptosis together
with a dramatic reduction of cell growth and colony for-
mation in pancreatic cancer cells. Simone er al. demon-
strated that small molecules that target r(G4C2) repeats
can ameliorate C9orf72 ALS/FTD pathology suggesting a
therapeutic potential of rG4 targeting in ALS/FTD cure
(197). Recently, using adult neural stem cell and mouse de-
rived neural progenitor cells, it was shown that while both
PDS and carboxy-PDS (cPDS) both reduce cell prolifera-
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tion, the mechanism of their action is different (198). As
reported earlier, PDS mediated blockage of cell prolifera-
tion is achieved by increased DNA damage while rG4 in-
teracting cPDS could diminish cell proliferation through a
mechanism that promotes cell cycle exit and the produc-
tion of oligodendrocyte progenitors. Small molecules like
TMPyP4, NMM, BRACO-19, MMQI, NiSal-3im (199),
RHPS4, etc. bind to both dG4s and rG4s, while others like
QUMA-1 (91) and carboxyPDS (82) have a higher affin-
ity towards rG4s, and small molecules such as NMM se-
lectively bind parallel G4s (reviewed in (200), making them
good candidates to recognize rG4s.

In addition, rG4 targeting complementary oligonu-
cleotide treatment is getting attention to modulate rG4 dy-
namics. The Basu lab used a locked nucleic acid modified
oligo that targets pre-miRNA-92b to lock it in a rG4 con-
taining non-canonical form, as a mean to stop Dicer medi-
ated miRNA-92b maturation and upregulate PTEN expres-
sion in non-small cell lung carcinoma cells (201). With the
advancement in delivery mechanisms in recent years, such
strategy could find stronger practical ground as more selec-
tive rG4 targeting approach.

Quite recently an rG4 targeting aptamer was developed
against human TERC RNA, binding of which prevents
native rG4-protein interactions between TERC and nucle-
olin (202). Besides targeting the rG4s in cellular transcrip-
tome, engineered induced rG4s (203) and those present
in synthetic aptamers, such as AIR3 aptamer that targets
interleukin-6 receptor (204) add newer dimension in the
therapeutic uses of rG4s. In addition, several RNA ap-
tamers that are evolved against various small molecule dyes
such as Mango and Spinach aptamers have one or more G-
quartets or G4s embedded in them as a key element that
recognizes planar small molecules (205,2006).

CONCLUSIONS, PERSPECTIVES AND FUTURE DI-
RECTIONS

For many decades, formation of rG4s has been merely con-
sidered an in vitro phenomenon with limited impact on
biology. However, since rG4s are evolutionarily conserved
(at least throughout eukaryotes), mechanisms that regu-
late their formation in live cells have also evolved, other-
wise there would be a selection pressure to remove them if
they pose any potential problem. Recent advances in the de-
velopment of highly sensitive genome-, transcriptome- and
proteome-wide approaches allowing for the identification of
new RNA regulatory motifs and RBP-binding sites in vivo
have boosted research in many fields of RNA biology, in-
cluding the rG4 field. Consequently, we are currently wit-
nessing an incredible explosion of studies that shed light
on molecular details of rG4 dynamics and association with
proteins in live cells. Which specific roles (if any) do these
newly identified rG4s play in cellular physiology? Are there
specific cellular conditions that change rG4 dynamics and
signaling pathways that regulate rG4-mediated functions?
Although rG4s are still difficult to study in vivo, we are po-
sitioned to answer these and other questions in near future.

Another important aspect of future rG4 research is struc-
tural. The number of solved rG4 structures is lagging be-
hind their DNA counterparts and is significantly lower than
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the number of in silico predicted pG4s in the transcriptome.
As evidence continues growing that rG4s contribute to mul-
tiple biological processes, understanding of the structure-
function relationship between specific 1G4 and their lig-
ands is important. While high-resolution structures remain
a golden standard for studying RNA molecules, the devel-
opment and application of computer-based approaches will
certainly aid in predicting potential rG4 structures, allow-
ing for rapid analysis of rG4:ligand interactions.

An intriguing question is how the intrinsic property of
rG4s to self-assemble in vitro contribute to the ability of
rG4s to undergo phase transitions and phase separations
in the context of complex macromolecular complexes such
as RNA granules. Which identities of rG4s (sequence it-
self, number of tetrads, length and type of loops) determine
the biophysical properties that grant their participation in
supramolecular biological systems through non-covalent
association with other RNAs, proteins and RNA-protein
complexes? What are the consequences of the altered rG4
dynamics in biomolecular condensation? How feasible is
their application in chemical biology and nanotechnology
(207)?

Finally, an emerging theme in the rG4 field is its poten-
tial relevance to human health and disease. The presence of
rG4s in the important regulatory regions of mRNA, ampli-
fication of sequences able to assemble rG4s in transcripts
of disease-associated genes and their appearance within the
non-coding transcriptome is well documented. Careful as-
sessment of rG4 contribution to specific pathophysiologi-
cal conditions is required, preferentially in in vivo settings
such as in animal models. This may open new therapeutic
avenues to counteract human pathologies by targeting rG4s
and their protein partners.
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